/ Chapter 1 Electrons and Holes
In Semiconductors

1.1 Silicon Crystal Structure

ol

~

o Unit cell of silicon crystal is
cubic.

 Each Si atom has 4 nearest
neighbors.

% i

;L\
\ \
B
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/ Silicon Wafers and Crystal Planes \

3 ; e The standard notation
e, e o for crystal planes is
L : A T i
ey ey Ui~y based on the cubic
oy Tl Ty unit cell.
(100) ¥ (012) (111)

e Silicon wafers are
usually cut along the
(100) plane with a flat
or notch to help orient

|'|- \ : |
_IIIII ' 2 . ’
Flat o Si (111) plane the \{Vaf?r during IC
fabrication.
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/ 1.2 Bond Model of Electrons and Holes \
: S| . SI : SI . e Silicon crystal in

K ° e o a. tWO'dimenSionaI
* Si:Si®Si: representation.

.St . ST S

LI 4 L I J [ 2 4

:SitSi:Si: ¢Sl ¢Sl .S g
(X .K./.f' .C- C- v-c
+Si2Si S e S/ Si 2SI
o N ) [ W .O [ N > B
«Si.Si, S, .Si.Si .S,

¢ \When an electron breaks loose and becomes a conduction
electron, a hole is also created.
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Dopants in Silicon

» Si: Si: Si: ' Si: Si: Si
e e ®e e @ v e o oo

> Sit As: Si: :SJf?B!SiZ

. Si. Si. Si. . Si. Si. Si.

e As, a Group V element, introduces conduction electrons and creates

N-type silicon, and is called a donor.
¢ B, a Group Il element, introduces holes and creates P-type silicon,

and is called an acceptor.

® Donors and acceptors are known M,

as dopants. Dopant ionization Hydrogen:  Ejqg, = 8.4.2h?
energy ~50meV (very low). °

= 13.6eV
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@As, [11-V Compound Semiconductors, and Their Dopzm
?_5?_ ”® L N ® 0

. Ga: As : Ga:

. As. Ga.

Ga. As . Ga.

®® L N ® 0

[ )
>
(@p)
e @

® (GaAs has the same crystal structure as Si.
® GaAs, GaP, GaN are I11-V compound semiconductors, important for

optoelectronics.
wch group of elements are candidates for donors? acceptors?J
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1.3 Energy Band Model

} Empty upper bands

v
v
®
2p ———— m conduction band)

2S  — !
(valence band)
E }Filledlowerbands

.
(a) * (b)

® Energy states of Si atom (a) expand into energy bands of Si crystal (b).
* The lower bands are filled and higher bands are empty in a semiconductor.

® The highest filled band is the valence band.
® The lowest empty band is the conduction band.

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 1-6




/ 1.3.1 Energy Band Diagram \

Conduction band £
C

Band gap

5

///////////// -

Valence band

e Energy band diagram shows the bottom edge of conduction band,

E. , and top edge of valence band, E, .
kcand E, are separated by the band gap energy, E . /
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Measuring the Band Gap Energy by Light Absorption

electron
® £
photons
: Eq
photon energy: hv > Eg
EV
O
hole

* E, can be determined from the minimum energy (hv) of
photons that are absorbed by the semiconductor.

Bandgap energies of selected semiconductors

Semi-
conductor InSb Ge Si GaAs GaP ZnSe |Diamond
Eg (eV) 0.18 0.67 1.12 1.42 2.25 2.7 6 /

—
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1.3.2 Donor and Acceptor in the Band Model

Conduction Band ¢ E.
“Donor Level A "By
Donor ionization energy

Acceptor ionization energy
Acceptor Level

f Sy
Valence Band

lonization energy of selected donors and acceptors in silicon

Donors Acceptors

Dopant Sb P As B Al In

lonization energy, E.—E 4 or E,—E, (meV) 39 44 54 | 45 57 | 160
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/1.4 Semiconductors, Insulators, and Conductos

Ec
Top of
conduction band
Eq=9eV
E. g empty
— . S —
$ Eg=11eV filled
Ev EV Ec
Si (Semiconductor) SiO2 (Insulator) Conductor

* Totally filled bands and totally empty bands do not allow
current flow. (Just as there is no motion of liquid in a
totally filled or totally empty bottle.)

® Metal conduction band is half-filled.

KSemiconductors have lower Eg 's than insulators and can be/
doped.
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1.5 Electrons and Holes

{

(]
T electron Kinetic energy c

increasing electron energy
increasing hole energy

l hole Kinetic energy
O

® Both electrons and holes tend to seek their lowest
energy positions.

* Electrons tend to fall in the energy band diagram.
® Holes float up like bubbles in water.
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/ 1.5.1 Effective Mass

The electron wave function is the solution of the three
dimensional Schrodinger wave equation
h2
2m,

The solution is of the form exp( £ k- r)
k = wave vector = 2r/electron wavelength

acceleration = —

o
) .',l-'i J-“'"-.,

72 dk? m

7,2 Valence band
effective mass = — >
d°E/dk

~

Vi +V(Ny =y Conduction band

For each Kk, there is a corresponding E. v T

E |
ge d’E F T—»k i

_/
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1.5.1 Effective Mass

a="9°%  electrons
mﬂ
a= q° holes
mp

Electron and hole effective masses

In an electric field, E, an electron or a hole accelerates.

Si Ge GaAs InAs AlAs
m_/m, 0.26 0.12 0.068 0.023 2
mp/mO 0.39 0.3 0.5 0.3 0.3
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1.5.2 How to Measure the Effective Mass

Cyclotron Resonance Technique ?B

Centripetal force = Lorentzian force

2

m_ v :

n” _ QVB O Microwave
I

of, IS the Cyclotron resonance frequency.

V= q_Br eIt is independent of v and .
m, Electrons strongly absorb microwaves of
_ v _ B that frequency.
T 2w 27m, By measuring f,,, m. can be found.
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/

1.6 Density of States \
E )

= YV AF
E. — E.
oD
E., Ey
— \ .
number of statesin AE 1
D.(E) = 3j
AE - volume eV-cm
8zm._/2m (E - E,
0. (6= Sl EE)
8zm_./2m _(E, —E)
D, (E) = -y e

Derived in Appendix I/
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ﬂ.? Thermal Equilibrium and the Fermi Functio}

1.7.1 An Analogy for Thermal Equilibrium

Sand particles

. * ®
S _000 4 0,0 ° »
0% o® %% & o o
DlSh — ® '.... IRl X KX

20 %e%e®® 4%

e There Is a certain probability for the electrons in the

conduction band to occupy high-energy states under
\ the agitation of thermal energy. /
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fixed at 3kT/2.

3kT/2 condition.

/p(pendix I1. Probability of a State at E being Occuﬁd\
*There are g, states at E,, g, states at ELECL
E,... There are N electrons, which

constantly shift among all the states
but the average electron energy is

*There are many ways to distribute
N among ny, n,, N,....and satisfy the

*The equilibrium distribution is the distribution that
maximizes the number of combinations of placing n, in g,

1 2 3 4 ... 2
NS R
1 2 3 4 ... g3
N O
1 2 3 4 ... m
B O Oy
1 2 3 4 ... g

slots, n, in g, slots.... :

ni/gi =

1

1 + 4:‘.[ E—E) kT
\EF IS a constant determined by the condition Zni =N J

Modern Semiconductor Devices for Integrated Circuits (C. Hu)



ﬁ?.Z Fermi Function—-The Probability of an Energy S’%
Being Occupied by an Electron

£ (EY 1 E; is called the Fermi energy or
(E)= 14 p(EEDKT the Fermi level.
c Boltzmann approximation:
A —(E-E; J/KT
Tf(E)ze—(E—Ef)/kT f (E) ~ e ( f)/ E_Ef >> KT

f(E)~1—e BN E-E, <<—kT

Remember: there is only
If(E)zl—e_(E’_E)/kT one Fermi-level in a system

\ i >~ f(E) at equilibrium. J
0.5 1
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/ 1.8 Electron and Hole Concentrations \

1.8.1 Derivation of n and p from D(E) and f(E)

top of conduction band

n =j f (E)D, (E)dE

E

c

lll V2m [ JE-Ee "

n=

87M,4/2M, (k. -E, E-Ec e
_ = e (E.-E )/kTJ‘O \/E—Ece (E EC)/de(E—EC)

\_ _/
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/ Electron and Hole Concentrations \

n=N e—(EC—Ef)/kT _ -
e N, is called the effective
32 density of states (of the
N, = 2[ Zﬂrng } conduction band) .
0=N e—(Ef—EV)/kT
’ N, is called the effective

valence band.

v

} |:272'rnka T/Z density of states of the

h2

Remember: the closer Ef moves up to N, the larger n is;
the closer Ex moves down to E, , the larger p is.

Qr Si, N, =2.8 10°cm® and N, = 1.04 10“cm?, /
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/1.8.2 The Fermi Level and Carrier Concentrations\

\_

Solution: (a) n=N_e

Where is E; for n =10'" cm-3? And for p = 1014 cm3?

—(E,~E;)/KT

E,—E, =kT In(N,/n)=0.026In(2.8x10% /10" )= 0.146 eV

(b) For p = 10%%cm-3, from Eq.(1.8.8),
E, —E, =kT In(N, /p)=0.026In(1.04x10* /10* )= 0.31eV

¢ 0.146 eV

. _ S
50.31 eV
E, , E,
(a) (b)
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/1.8.2 The Fermi Level and Carrier Concentrations\

Ec
—(E.—E)/KT
>Ef DO“OY n — Nce ( C f)
5 Acceptop. E, =E,—kT In(N,/n)
Ev ‘?17 o~ ~|

107

1013 1014 1015 1016 1017 1018 1019
\ N, or Ny (cm) /
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@ The np Product and the Intrinsic Carrier Concentram

Multiply n = Nce‘(Ec‘Ef)’kT and p=N g &N

—(E.— —E, /KT
np=NN_e &= N Ne™

np — n.2

—E, /2KT
n, =NNe

e In an intrinsic (undoped) semiconductor,n =p =n;.
\ * N, is the intrinsic carrier concentration, ~10'° cm-3 for Sl/
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EXAMPLE: Carrier Concentrations

Question: What is the hole concentration in an N-type semiconductor
with 10> cm-3 of donors?

Solution: n = 101 c¢m3.
n® 10%cm?

= =10°cm™
P n 10%cm™®

After increasing T by 60 <C, n remains the same at 101°cm while p
increases by about a factor of 2300 because n.” oc ™' .

Question: What is n if p = 10*’cm in a P-type silicon wafer?

N.
n=—-=
p 10"cm™

Solution: 2 20 . n-3
10°cm ]
~ =10°cm™
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/ 1.9 General Theory of n and p \
EXAMPLE: Complete ionization of the dopant atoms
Ny = 1017 cm-3. What fraction of the donors are not ionized?

Solution: First assume that all the donors are ionized.

n=N,=10"cm™ = E, = E,-146meV

Probability of not _ L _ L _0.04

being ionized 1+ le(Ed_Ef)/kT 1+£e((146—45)meV)/26meV
2 2
Therefore, it is reasonable to assume complete ionization, i.e., n = Ny .
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/ 1.9 General Theory of nand p

Charge neutrality: n+N_ =p+ N,

np =n;’

\_

~
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/ 1.9 General Theory of onnandp \

I. N, —N_ >>n. (i.e., N-type) n=N
— Ny

p:ni2

h

N

a

If Ny>>N, , n=N, and p=n’/N,

I.N,—N, >>n, (i.e, P-type)] P=Na—N;
n:niz/p

\If N,>N,, p=N, and r\:niz/Na /
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EXAMPLE: Dopant Compensation

What are n and p in Si with (a) Ny = 6x10' cm= and N, = 2x10% cm-3

and (b) additional 6 x10' cm-3of N,?
(@) n=N,—-N, =4x10%cm™

p=n"/n=10%/4x10" =2.5x10°cm™®

(b) N, = 2x10% + 6x10° = 8x10%° cm= > N,

p=N,-N, =8x10" -6x10" =2x10*cm™

n=n’/p=10%/2x10" =5x10%cm™

XXX n=4x101% cm=3

+++$+++ ......

Ny = 6x10%% cm3

N, = 2x10¢ cm3

ee .. ... ... ..
++++++ Lo

N4 = 6x10%6 cm-3
v N, = 8x10%% cm-3

R SRR

o p=2x10%cm3
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‘ . - - -
intrinsic regime

\ENd

Inn

freeze-out regime

» LT

High _
ter%p Room temp Cryogenic temp

highT: n=p=n = /NCNV‘e—Eglsz

1/2
N.N
IOW T. n = |: C2 d e_(EC_Ed)/ZkT

K.lO Carrier Concentrations at Extremely Higr\
and Low Temperatures

_/
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/ Infrared Detector Based on Freeze-out \

*To Image the black-body radiation emitted by tumors
requires a photodetector that responds to hv’s around 0.1 eV.

In doped Si operating in the freeze-out mode, conduction
electrons are created when the infrared photons provide the
energy to ionized the donor atoms.

electron
o E

photon c

=
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/1.11 Chapter Summary \

Energy band diagram. Acceptor. Donor. m,, m,.
Fermi function. E; .

n— Nce—(EC—Ef )/ KT

D= Nve—(Ef—EV)/kT
n=N,—-N,
P= Na o Nd

" _/
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/ Chapter 2 Motion and Recombination\

of Electrons and Holes

2.1 Thermal Motion

Average electron or hole kinetic energy = ng = %mvfh
v _ |3KT _ [3x1.38x107*JK™ x300K
" m., 0.26x9.1x10 % kg

\ =2.3x10°m/s = 2.3x10"cm/s /
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/ 2.1 Thermal Motion \
&
« Zig-zag motion is due to collisions or scattering
with imperfections in the crystal.

* Net thermal velocity is zero.
* Mean time between collisions is z,,~ 0.1ps
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ﬁ)t-point Probe can determine sample doing type

| }—@—| | Iz’al Hot-point Probe
Hot |/ \/ Cald Hot |/ \/ Cold distinguishes N
‘Ba — o~ ' and P type
N P semiconductors.

Y

- + - +
Thermoelectric Generator [}T ”(l E}T ”(l
(from heat to electricity ) | = R

R N \
and Cooler (from NCol N &L&Hu\\ \ Cold \
electricity to refrigeration)

i %}ﬁ —
F
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e

2.2 Drift

2.2.1 Electron and Hole Mobilities
@

» &

P

™~

\  Drift Is the motion caused by an electric field. /
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/ 2.2.1 Electron and Hole Mobilities \

mpV:CIETmp
qE7,
V= P
mp
V=HE v=—/E
qup T
’up: :Un:q =
mp mn

\- 4, 1s the hole mobility and 4, Is the electron mobility/
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/ 2.2.1 Electron and Hole Mobilities \

V=uE; u hasthe dimensions of vV/E | cm/s _cm’
Viem V-s|

Electron and hole mobilities of selected
semiconductors

Si Ge GaAs INAS
Mo (cm?/V-s) 1400 | 3900 | 8500 | 30000
H o em?/V-s) 470 | 1900 | 400 500

Based on the above table alone, which semiconductor and which carriers
(electrons or holes) are attractive for applications in high-speed devices?
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/ Drift Velocity, Mean Free Time, Mean Free Path \

EXAMPLE: Given u, = 470 cm?/V's, what is the hole drift velocity at
E = 10° V/cm? What is 7, and what is the distance traveled between

collisions (called the mean free path)? Hint: When in doubt, use the
MKS system of units.

Solution: v= uE =470 cm?/V-s x 10° V/cm = 4.7x 10° cm/s
Tp = HyMy/q =470 cm?/V -s x 0.39 x 9.1x1073! kg/1.6x10°C
= 0.047 m?/V -s x 2.2x101? kg/C = 1x1013s = 0.1 ps
mean free path = 7, v, ~ 1x 10135 x 2.2x107 cm/s
=2.2x10%¢cm =220 A =22 nm

W smaller than the typical dimensions of devices, but getting w
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/ 2.2.2 Mechanisms of Carrier Scattering \

There are two main causes of carrier scattering:
1. Phonon Scattering
2. lonized-Impurity (Coulombic) Scattering

Phonon scattering mobility decreases when temperature rises:

1 1
oC
phonon density x carrier thermal velocity T xT*?

\
u= qz'/m \OC T \
\ Vi, o Tllz/
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/Impurity (Dopant)-lon Scattering or Coulombic Scatterinh

Boron lon

Electron
o -9 o n
Electron ¢
Arseni
lon
| 4

There is less change in the direction of travel if the electron zips by
the ion at a higher speed.

3 3/2
Vg T

: .. OC oC
\ zulmpurlty Na n Nd Na n Nd /
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Total Mobility

1

1

1400 + — - -
_ - -

N
Electrons

z-phonon

1

_|_

Z-impurity

1

rim

Holes

:uimpurity

IIIIII 1 IIIIIII 1 IIIIII 1 1 1
1E16 1E17 1E18

Na + |\Id (Cm_s)

IIIIIII 1
1E15

IIIIII 1 1 LI |
1E19
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Temperature Effect on Mobility
10* —
X Mo=10Mem S i
N\ 5
N 3
10%° , :
scatiering _scatieting
F;-\c; \1016
> 10’ \ \\\
3 10" NN
N N
5 NN\ Question:
3 TN <\ What Ny will make
~\\\‘ dg /dT = 0 at room
o 2
» o N temperature”
A N
50 Lo
100 200 500 1000
T [K]
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e

shown in Ch. 6.

\_

Velocity Saturation

* \When the Kkinetic energy of a carrier exceeds a critical value, it
generates an optical phonon and loses the kinetic energy.

» Therefore, the kinetic energy Is capped at large E, and the
velocity does not rise above a saturation velocity, v

* \elocity saturation has a deleterious effect on device speed as

™~

sat -

/
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/ 2.2.3 Drift Current and Conductivity \

Hole current density

J, = qgpv

A/cm? or C/cm?-sec

EXAMPLE: If p=10%cm=and v = 10*cml/s, then

Jp= 1.6x10-1°C x 10%°cm x 10%cm/s
\ 1.6 C/s-cm?® =1.6 Alcm?* /
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/ 2.2.3 Drift Current and Conductivity \

p drift — — gpv = qp:up

‘Jn drlft an - qn:un

Jaritt = In.arite ¥ Jp.arie = O E =(AN,+0pLsy)E

conductivity (1/ohm-cm) of a semiconductor is

o= Qni, + QP
\1/02 IS resistivity (ohm-cm) /
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Relationship between

1021

Resistivity and Dopant Density

SR R MR T S i S R |

SN WO 0 1 O

N | | | | |
1020 | - b o : O T8 511 Cogee e 03 R IR w0

1019

1018

1017

10186

1015

DOPANT DENSITY cm

1014

1012
10—4 10—3 10—2 10—1 100 101 102 103 104

RESISTIVITY (Q-cm)

p =1llo

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 2-15




@AMPLE: Temperature Dependence of Resist®

\_

(a) What is the resistivity (p) of silicon doped
with 1017cm-3 of arsenic?

(b) What is the resistance (R) of a piece of this
silicon material 1m long and 0.1 #m? in cross-
sectional area?

Solution:
(a) Using the N-type curve In the previous
figure, we find that p = 0.084 ©2-cm.

(b) R= pL/A=0.084 Q-cm x 1 um /0.1 pm?

= 0.084 Q-cm x 10* cm/ 1019 cm?
=84x104Q
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QAMPLE: Temperature Dependence of Resist@

By what factor will R increase or decrease from
T=300 K to T=400 K?

Solution: The temperature dependent factor in o (and
therefore p) is x,. From the mobility vs. temperature
curve for 10t’cm-3, we find that 1, decreases from 770
at 300K to 400 at 400K. As a result, R increases by

70 =1.93

400

\_ _/
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2.3 Diffusion Current

Higher particle Lower particle
concentration concentration
Py ® ®

o % 0o Lo * o

e
° . e * ®

* o o, .

&
& & ® & . ® &
e o0 d hd
P ® e o d ™

® &
& @ ® ® & &
:

Direction of diffusion

Particles diffuse from a higher-concentration location
to a lower-concentration location.
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/

\_

2.3 Diffusion Current

qD@ J

n,diffusion — dX p,diffusion o

J —gD

D is called the diffusion constant. Signs explained:

dp
> dx

~

n P
- X X
—f— clectron flow -af— hole flow
current flow ———= ~#— current flow
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/I’ otal Current — Review of Four Current Componenh

JroraL = Jdn + J;

dn
‘Jn = ‘Jn,drift + ‘Jn,diffusion qn/unE * qD &
‘]p o ‘Jp,drift + ‘Jp,diffusion qp,upE - qu dx

\_ _/
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/ 2.4 Relation Between the Energy \

Diagram and V, E

E. and E, vary in the opposite
direction from the voltage. That
IS, E. and E, are higher where
the voltage is lower.

dx g dx g dx

dv 1dE, 1dE,

V(X)

—Eb - EC(X)
B Ey(X)
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/2.5 Einstein Relationship between D and u \

Consider a piece of non-uniformly doped semiconductor.

. —(E,—E; )/KT
N-type semiconductor n = Nce (Bc—E+)

Secrening d O dn _ _ N eeya dE,
ecreasing aonor concentration dX kT dX

—— 0 -_NdE

— KT dx

_________________ Ef
n

KT

_ EW
\— -
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/2.5 Einstein Relationship between D and u \

dx KT
<
J, =gnu,E +9gD, %=O at equilibrium.
_ qb,
0=qgnu.E —Qn E
qnuE —q T
KT . KT
D, =—u,| Similarly, D, =—
g g

\ These are known as the Einstein relationship. /
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/ EXAMPLE: Diffusion Constant \

What is the hole diffusion constant in a piece of
silicon with , = 410 cm* Vst ?

Solution:

D, = LkT jyp = (26 mV)-410cm?*V s =11cm®/s
q

Remember: kT/q =26 mV at room temperature.

\_ /
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/ 2.6 Electron-Hole Recombination \

*The equilibrium carrier concentrations are denoted with
n, and p,,

*The total electron and hole concentrations can be different
from n, and p, .

*The differences are called the excess carrier

concentrations n’ and p’.

Nn=n,+n
P=py+ P

\_ _/
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/ Charge Neutrality \

*Charge neutrality is satisfied at equilibrium (n’=
p’=0).

* \When a non-zero n’ Is present, an equal p’ may
be assumed to be present to maintain charge
equality and vice-versa.

o|f charge neutrality iIs not satisfied, the net charge
will attract or repel the (majority) carriers through
the drift current until neutrality Is restored.

" Y
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/ Recombination Lifetime \

*Assume light generates n’and p’. If the light is
suddenly turned off, n’ and p’ decay with time
until they become zero.

*The process of decay Is called recombination.
*The time constant of decay Is the recombination
time or carrier lifetime, 7.

eRecombination Is nature’s way of restoring
equilibrium (n’= p’= 0).

\_ _/
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Recombination Lifetime

7 ranges from 1ns to 1ms in Si and depends on
the density of metal impurities (contaminants)
such as Au and Pt.

*These deep traps capture electrons and holes to
facilitate recombination and are called
recombination centers.

E. d hd
Direct
Recombination — Recombination
IS unfavorable in centers
silicon

__ _/
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Direct and Indirect Band Gap

Conduction band —._ Conduction band

B T
j ................ TrapIsa
o
v yobe, ¥
"'--.-‘ .1-"--._ / * ) 1
Valence band Valence band
E E
T_y ki T—y i
Direct band gap Indirect band gap
Example: GaAs Example: Si
Direct recombination is efficient Direct rec_omt_)ination i_S rare as k
as k conservation is satisfied. conservation is not satisfied
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\_

Rate of recombination (stcm)

an”__nm

dt T

n! — pl

dn" n’ p’ dp’

dat T r dt

~
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/ EXAMPLE: Photoconductors \

A bar of Si is doped with boron at 10t°%cm=3. It is
exposed to light such that electron-hole pairs are
generated throughout the volume of the bar at the
rate of 10%%/s-cm3. The recombination lifetime is
104s. What are (a) py, (b) g, (€) P, (d) ", (€) P,
(f) n, and (g) the np product?

\_ _/
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/ EXAMPLE: Photoconductors

Solution:

(a) What is p,?
Po =N, =10%cm=

(b) What is ny ?
n, = Nni?/p,= 10°cm-3

(c) What is p’?
In steady-state, the rate of generation is equal to the
rate of recombination.

10%%/s-cm® = p’/¢
\ . p’=10%/s-cm3 - 10°s = 105 ¢cm3

~

_/
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/ EXAMPLE: Photoconductors \

(d) What is n’?
n’=p’=10%cm3

(e) What is p?
p=po + p’= 10cm3+ 10%cm3 = 2x10*cm3

(f) What is n?
n =n, + n’=10°cm=+ 10cm3 ~ 10>cm= since n, << n’

(g) What is np?
np ~ 2x10%cm3 -10%cm=3 = 2x10%° cm® >> n.2 = 102 cm®.

!he np product can be very different from n.2. /
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/ 2.7 Thermal Generation \

If n” IS negative, there are fewer
electrons than the equilibrium value.

As a result, there Is a net rate of
thermal generation at the rate of |n’|/t .

\_ _/
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/2.8 Quasi-equilibrium and Quasi-Fermi Lev%
* Whenever n’=p’ # 0, np # n?. We would like to preserve
and use the simple relations:

n= Nce—(EC—Ef )/ KT

p _ Nve—(Ef—EV)/kT
* But these equations lead to np = n;2. The solution is to introduce
two quasi-Fermi levels Eg, and Eg such that

_(EC_Efn)/kT

n=N.e

C

—(E,—E,)/KT

p=N,e
Even when electrons and holes are not at equilibrium, within

each group the carriers can be at equilibrium. Electrons are
closely linked to other electrons but only loosely to holes.
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AAMPLE: Quasi-Fermi Levels and Low-Level Injectih

Consider a Si sample with N;=10%"cm-3 and n’=p’=10%cm-3,

(a) Find E;.
n = Ny= 10" cm3= N_exp[—(E.~ E;)/KT]
- E~Ef =0.15eV. (E; isbelowE_ by 0.15¢eV.)

Note: n’and p’are much less than the majority carrier
concentration. This condition is called low-level
Injection.

\_ _/
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AAMPLE: Quasi-Fermi Levels and Low-Level Injectih

Now assume n’=p’= 10 cm-3.
(b) Find Eg, and Ey .

n=1.01x10%cm3 = N e ‘= =n"

r. E—E;, = KT x In(N/1.01x10%7cm-3)
= 26 meV x In(2.8x10¥cm3/1.01x101’cm3)
=0.15¢eV

E., Is nearly identical to E; because n = nj.

\_ _/
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EXAMPLE: Quasi-Fermi Levels

—(E+ —E,)/KT
p=105cm3=Ne "

- Er,~E, = KT x In(N,/10"cm)
= 26 meV x In(1.04x10%cm-3/101°cm-3)
=0.24eV

¢ 0.15 eV
I
Ef‘p_ _ + 0.24 eV

ﬁ

c

Ef Efn

~

_/
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/ 2.9 Chapter Summary \

- ,UpE ‘]n diffusion — an %
' X
V. =11 E
J o diffusion = —0D %
pdrlft qplup P, GITHSIen P dX
‘]n,drift = qn:unE kT
Dn =— H,
g
KT

N R
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/ 2.9 Chapter Summary

7 1s the recombination lifetime.
n’and p’ are the excess carrier concentrations.

n=ny+n’
P=petp’
Charge neutrality requires n’=p’.

rate of recombination =n’/z=p’/7

holes. —(E,—E,)/KT

n=N_e

~

Ef and Eg, are the quasi-Fermi levels of electrons and

_/
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/ Chapter 3 \

Device Fabrication Technology

About 10%° transistors (or 10 billion for every person in the
world) are manufactured every year.

VLSI (Very Large Scale Integration)
ULSI (Ultra Large Scale Integration)
GSI (Giga-Scale Integration)

Variations of this versatile technology are used for flat-panel
displays, micro-electro-mechanical systems (MEMS), and

&hips for DNA screening... j
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Oxidation

Lithography &
Etching

lon Implantation

Annealing &
Qiﬁusion

/ 3.1 Introduction to Device Fabrication \
Si0.

Si

510, selectively etched

'
¥ | 510,

Si

Dopant atoms introduced into exposed silicon

|1L | ¢ lr| Si0,

Si

5i0;

Dopant atoms diffuse into 5i §j

/

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 3-2



3.2 Oxidation of Silicon

Qu artztu\be\

@4) '. =

—

="

Flow
controller

\
HZO or TCE(trichloroethylene) Resistance-heated furnace

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 3-3




3.2 Oxidation of Silicon
Si+0,— SiO,

Dry Oxidation :
Wet Oxidation : SI+2H,0 — SI0, + 2H,
10 T T T TTTT] T T TTTTI T T T
E
>
z
:
(100) bl
0.01 Lol L1l L1l
0.1 1.0 10 100
Oxidation time (hr)
-
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/ 3.2 Oxidation of Silicon \
EXAMPLE : Two-step Oxidation
(a) How long does it take to grow 0.1m of dry oxide at 1000 °C ?

(b) After step (a), how long will it take to grow an additional
0.2um of oxide at 900 °C in a wet ambient ?

Solution:

(a) From the ““1000°C dry”’ curve in Slide 3-3, it takes 2.5 hr to
grow 0.1m of oxide.

(b) Use the ““900°C wet’” curve only. It would have taken 0.7hr to
grow the 0.1 zm oxide and 2.4hr to grow 0.3 zm oxide from
Qre silicon. The answer iIs 2.4hr-0.7hr = 1.7hr. /
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CResist Coating

Photoresist

(b) Exposure

Deep UltraV|oIet Light
Optical l

Lens syste l l l
\e j

Photomask with
opaque and
clear patterns

3.3 Lithography

(c) Development

Positive resist

Si

~

Negative resist

Si

(d) Etching and Resist Strip
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/ 3.3 Lithography \

Photolithography Resolution Limit, R
* R > kA due to optical diffraction
« WWavelength A needs to be minimized. (248 nm, 193 nm,
157 nm?)
e k (<1) can be reduced will

e Large aperture, high quality lens

« Small exposure field, step-and-repeat using “stepper”
 Optical proximity correction

 Phase-shift mask, etc.

o Lithography is difficult and expensive. There can be 40
wography steps in an IC process. /
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/ 3.3 Lithography \

Wafers are being loaded into a stepper in a clean room.
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/ 3.3.1 Wet Lithography \

___ Photo Mask
Water
Photoresist
Wafer =
(a) (b)

Q/entional dry lithography | |wet or immersion Iithography
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Extreme UV Lithography (13nm wavelength)
s ) €= Reflective “photomask”

Laser produced
plasma emitting
EUV

Laser
Nd:YAG

?1\Cﬂndﬁﬂ$EI #=1.064 pm
\ Optics

= | 4X Reduction '
I Optics

No suitable lens material at this
wavelength. Optics Is based on mirrors
with nm flatness.
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/ Beyond Optical Lithography \

Electron Beam Writing : Electron beam(s) scans and exposed
electron resist on wafer. Ready technology with relatively low
throughput.

 Electron Projection Lithography : Exposes a complex
pattern using mask and electron lens similar to
optical lithography.

* Nano-imprint : Patterns are etched into a durable material to
make a “stamp.” This stamp iIs pressed into a liquid film over
the wafer surface. Liquid is hardened with UV to create an

Qprint of the fine patterns. /
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/

3.4 Pattern Transfer—Etching \
Anisotropic etching

Isotropic etching

photpresist

\=/

photqresist

n, =

photoresist

Siqm

iy
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/ 3.4 Pattern Transfer—Etching \

Reactive-lon Etching Systems

Gas Baffle
Wafers

Gas Inlet

RF
Vacuum

kCross-section View Top View /
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/ 3.4 Pattern Transfer—Etching \

Dry Etching (also known as Plasma Etching, or
Reactive-lon Etching) is anisotropic.

 Silicon and its compounds can be etched by plasmas
containing F.

e Aluminum can be etched by CI.

e Some concerns :
- Selectivity and End-Point Detection
- Plasma Process-Induced Damage or Wafer Charging

\Damage and Antenna Effect /
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Scanning electron microscope view of a plasma-etched
0.16 pm pattern in polycrystalline silicon film.

F

pm——
e
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/ 3.5 Doping \
3.5.1 lon Implantation

Dopant ions

LU L

i 1 i L .df/_.q'
S Masking material,
for example. resist or 510,

e The dominant doping method

« Excellent control of dose (cm2)

e Good control of implant depth with energy (KeV to MeV)

 Repairing crystal damage and dopant activation requires
annealing, which can cause dopant diffusion and loss of
depth control.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 3-16




[on
analyzer
magnet

3.5.1 lon Implantation
Schematic of an lon Implanter

_ y-scan  X-5Can
Acceleration plates  plates
|

]

lon
selection
aperture

Lens
)
]

Eotating wafer holder

tube
Wafer
|

(electrically groun ded)” [

-
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3.5.1 lon implantation

Phosphorous density
profile after
Implantation

0.2 0.3 0.4
X (fm)

[y
o
—
W
[ ~—] Y
1
1
=]
b
-
-
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/ 3.5.1 lon Implantation \
Model of Implantation Doping Profile (Gaussian)

N (X) _ Ni _e—(x—R)2/2AR2

J27 - (AR)

150
100
—30

o pidd s e sl ligaleratlansly 0
0 40 80 120160 200 240280
ENERGY (kev)
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/ Other Doping Methods \

» (Gas-Source Doping : For example, dope Si with P
using POCl,.

« Solid-Source Doping : Dopant diffuses from a doped
solid film (SiGe or oxide) into Si.

 In-Situ Doping : Dopant is introduced while a Si
film is being deposited.

\_ /
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/ 3.6 Dopant Diffusion \
Junction depth

___________________ Lo o o o i i ] ] P P ] P P ] v
o e e o e o e e e e e e e e e o o | Lo o o v i o o A el PN o o o o v
e Lo e e e e e e e

SRR

n-type 7 /]\

diffusion layer

p-type Si

N (X,t) _ No e—X2/4Dt
- Dt

N : NyorN, (cm?3)

N, : dopant atoms per cm?

t : diffusion time

D : diffusivity, ~Dt is the approximate distance of/

dopant diffusion
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c-11
10

D (cmzfl)

10-13 7
\ 06 0.65 0.7 0.75 0.8 0.85 0.9 0.95

3.6 Dopant Diffusion

'IITII][I[|‘IIT|EI!|I|1lll'lll:

* D increases with
Increasing temperature.

BORON
PHOSPHORUS

« Some applications need
very deep junctions (high
T, long t). Others need
very shallow junctions
(low T, short t).

ANTIMONY

| 1r|n|n| [|WI'I1 AL

lllIIlIl |||n|nl J_Illull:ll :111||||| |||J|t|,||_,|_|_|_|_|,|,|,|

Illlld‘

IIllllllllllll‘JllllllllllllilII

11T (K) x 1073
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/ 3.6 Dopant Diffusion \
Shallow Junction and Rapid Thermal Annealing
o After ion implantation, thermal annealing is required. Furnace

annealing takes minutes and causes too much diffusion of dopants
for some applications.

e In rapid thermal annealing (RTA), the wafer is heated to high
temperature in seconds by a bank of heat lamps.

*In flash annealing (100mS) and laser annealing (<1uS), dopant
ddiffusion is practically eliminated.

\_ /
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;7

Crystalline

Example:
\Silicon wafer

Three Kinds of Solid

Polycrystalline

3.7 Thin-Film Deposition

Thin film of Si or metal.

~

Amorphous

Thin film of

SI10, or Si;N,. /

___”
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/ 3.7 Thin-Film Deposition

Examples of thin films in integrated circuits

o Advanced MOSFET gate dielectric

Poly-Si film for transistor gates

Metal layers for interconnects

Dielectric between metal layers

Encapsulation of IC

\_

/
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3.7.1 Sputtering
Schematic lllustration of Sputtering Process

l.l.l ]
T e

" " s N "

lon (Ar+) Atoms sputtered out of the target

YY Y

Target material
deposited on wafer

YY
YYY YYYYYYYY

YYYYY YY

YYYYYYYY YYYYYY YYYY YYYYYY
YYYYYYYY  YYYYYY YYYYYYYYYYYY
YYYYYYYY YYYYYY YYYYYYYYYYYYYY
Y YYYY YYYYY YYYYYYY YYYYYYY
YY YYYY YYYYYY YYYYYYY
YY YYYYYYYYYYYY
YYYYYYYYYYYY
YYY YYYYYY
Y YY

Ci \A~AfAw
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3.7.2 Chemical Vapor Deposition (CVD)

";h o_» " O g0 O .Xl
. - L | |_-_|‘l 1 i o4 . ﬂ_':,El.l. ]
% 8 O 0O o o Qg o o
os "ow * oF . -
o * e e o o e 29 G5
| - ] . [
. " o * TS 0
om o o8 O )
. o e il ol Ol i L Tl L
w e BN e C -
() oF OB g R o8 OB om0
on O Ol ol ol
I“ .....r l.r_ :‘ - -
- _ B Molecules of
Chemical - T deposited layer

- C e | T
: 4 oy Dl =
reaction / OB oTets U8 0% 08 08
; Dl w808 O g W

& (jas | e 51 wafer

a (as 2

Thin film is formed from gas phase components.

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 3-27




/ Some Chemical Reactions of CVD \

Poly-Si: SiH, (g) —— Si (s) + 2H, (9)
S13N4 : 3SIH,Cl, (9)+4NH; (9) — Si3N, (s)+6HCI(g)+6H, (9)
Si02: SiH, (g) + O, (g) — SiO, (s) + 2H, (9)

or
SiH,CI, (g)+2N,0O (g) — SiO, (s)+2HCI (g)+2N, (g)

\_ /
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/ 3.7.2 Chemical Vapor Deposition (CVD) \

Two types of CVVD equipment:

 LPCVD (Low Pressure CVD) : Good uniformity.
Used for poly-Si, oxide, nitride.

« PECVD (Plasma Enhanced CVD) : Low temperature
process and high deposition rate. Used for oxide,
nitride, etc.

\_ /

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 3-29




;7

\_

3.7.2 Chemical Vapor Deposition (CVD)

Pressure sensor Res}stance-heated furnace

Qu7rtz tube
’ Trf';\p

U=

~

To exhaust

Pump

~0— 17 Source
ases
~D— d

LPCVD Systems

Gas control 7]

/stem

/
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/ 3.7.2 Chemical Vapor Deposition (CVD) \

<+«—— Cold Wall Parallel Plate

Gas Injection l Wafers

Ring
Pum i
P Heater Coil

Wafers
Gas ;m&ii\ Pump
Hot Wall Parallel Plate —» |jofe \ g _F; lead
AN W ower leads

Plasma Electrodes
\ PECVD Systems /

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 3-31




ﬂ?.?) Epitaxy (Deposition of Single-Crystalline Fim
Selective Epitaxy

Epitaxy
SiO SiO
2 2
Si Substrate Si Substrate
- [ - W 1 _ / h
- Epl fllri - S|O2 mEP fign SlO2

\ Si Substrate Si Substrate /
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3.8 Interconnect — The Back-end Process
Al or Cu

Dopant diffusion region

(@)

Encapsulation

Dieledllic L}
Diﬁe ic. _ *_Vi rplug. =
e N E = =
Di.ectric! !J [ | H
silicide N
2 diffusion region
Si

(h)
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3.8 Interconnect — The Back-end Process
SEM: Multi-Level Interconnect (after removing the dielectric)
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/ 3.8 Interconnect — The Back-end Process \

Copper Interconnect

Al Interconnect Is prone to voids formation by
electromigration.

 Cu has excellent electromigration reliability
and 40% lower resistance than Al.

» Because dry etching of copper is difficult (copper
etching products tend to be non-volatile), copper
patterns are defined by a damascene process.

\_ /
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dielectric

dielectric

(b)

dielectric

dielectric
(©

(d)

/ 3.8 Interconnect — The Back-end Process \
Copper Damascene Process

*Chemical-Mechanical
Polishing (CMP)
removes unwanted
materials.

Barrier liner prevents
Cu diffusion.
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/ 3.8 Interconnect — The Back-end Process \

Planarization

A flat surface Is highly desirable for subsequent
lithography and etching.

e CMP (Chemical-Mechanical Polishing) is used

to planarize each layer of dielectric in the
Interconnect system. Also used in the front-end
process.

\_ /
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/ 3.9 Testing, Assembly, and Qualification \

» Wafer acceptance test

» Die sorting w
« \Wafer sawing or laser cutting

« Packaging

 Flip-chip solder bump technology
e Multi-chip modules

* Burn-in e
’ Fmal_ teSt . [ ||in|||:uiilﬁuin‘ulni|I||i.m;:Iulil |||=u|iim||;_ = .
e Qualification

\_ /
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Chapter Summary-A Device Fabrication Example

3.10
(0) P-Si (4)
Wafer
(1) bIUZ'
Oxidation E_SI ©)
uv
(6)
@ 44 4 144
Positive resist
Lithography I
P-Si
3) S0 | | SI10, (7
: P-Si
Etching

Arsenic implantation

YVYVY VYV Y

S10, ] | S10;
P-Si

uv
T M

lon
Implantation

Annealing &
Diffusion

Al
Sputtering

Resist

—W -A\I
SIQ | SIO,

\ IN* /
P

Lithography
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3.10 Chapter Summary-A Device Fabrication Example

Metal (8)
etching

cvD (9)
nitride
deposition

. (10)
Lithography

and etching

(1)

Back Side
milling

| ; J/ Al ]
10, S0,
. |

N+
—
SizN,

Al

[SIO, ] = )

|;/

SiN;

Si0, + f‘éf\olz_.'
\\ N7

P

Photoresist

(12) Sk Ny Back side
SI0, } f—s.-o—.- metallization
Au
wire
(13) Si,N;
= - A
SO ] g [SO.__
P
AU

Si, N ‘
N -

PlastiC package
®—_____ metal leads

Dicing, wire bonding,
and packaging
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ﬁapter 4 PN and Metal-Semiconductor Juncm

4.1 Building Blocks of the PN Junction Theory

_@:
Donor ions 'y
VYVYVVYVY LN | P
N-type
_— IA _m_
—— diode
——————————————— / SymbOl
> \/
Reverse bias Forward bias

Wunction IS present in perhaps every semiconductor devicy
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4.1.1 Energy Band Diagram of a PN Junction

N-region «— | — = P-region

E; Is constant at
equilibrium

E. and E,, are known
relative to E

S E
3 E,
(0) B e - E,
| E,

E,
/ Ec
9 - —— S E,

E. and E,, are smooth,
the exact shape to be
determined.

Neutral Dépletion Neutral

-reai layer
- N-region I| iy -

-
i
D
Q
S
5

A depletion layer
exists at the PN
junction where n ~ 0
and p = 0.
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/ 4.1.2 Built-in Potential \
N-type P-type

(a)

Nd Na
z EC
¢Di/
(b) - - - - . — . — . _E
/ fEV
AV
Doi
TN

’ \
| | -

Xy O Xp
\Can the built-in potential be measured with a voltmetey
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/ 4.1.2 Built-in Potential

KT , N

N-region n=N,=N_e ¥ = A=——In—¢
q N
n’ KT . N.N
P-region n=—=N_geg " = B=—In—-2
N, q n;
4 = KT (|- NN, ]
—A=—- 2
g N,
['T:""'“- / lfﬂ:’
s
———'—-'""'«T; —————————————— — 1 I
bi 2
\ q If']I
—
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/ 4.1.3 Poisson’s Equation \
Gauss’s Law:

eC(x+A)A—g E(x)A= pAxA

&: permittivity (~12¢, for Si)
. charge density (C/cm?)

E(x+Ax)— E(x) _P

\_

Ax £,
dt p
dx &,
v __dt__p
dx* dx &

—

.
E(X) E(X+ AX)

Poisson’s equation /
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/

4.2 Depletion-Layer Model

4.2.1 Field and Potential in the Depletion Layer \

Neutral Region [ eplefiion’Layer Neutral Region On the P-Slde Of the
N | » | depletion layer, p=—-gN,

XN 0 Xp

A» dE __aN,
dx &,
AN

1 XP—>X E(X):—q_l\lax-FCl:%(XP_X)

b =0Na 85 85
AE On the N-side, p = gN,

_ONg
/\ . E(X) = : (X - Xy)

_/
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/4.2.1 Field and Potential in the Depletion LayeN

Neutral Region Depleftion Layer Neutral Region

N P
Xy O X,

The electric field 1s continuous at x = 0.

Na [Xp] = NglXp]

Which side of the junction is depleted more?

Q)ne-sided junction is called a N*P junction or P*N junctiy

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-7




/4.2.1 Field and Potential in the Depletion LayeN

On the P-side,

AE
/ v(x)= Me (5, - )2
_ 2¢,
Xy 10 Xo X
" Av Arbitrarily choose the
N voltage at x = x,as V = 0.
| \_L » X
& e On the N-side,
Ry =
¢Di,$uilt—in potential V (X) —D-— qu (X — Xy )2
________________ — Ef gS
E
' N
\ / %'qzd(XXN)Z/
gS
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/ 4.2.2 Depletion-Layer Width \
Neutral Region

Deplettion” La'yer Neutral Region

N P
Xy O X

P

260, 1 1
xP—xN:Wdep:\/ 0 (N +Ndj
If N,>> N, as in a P*N junction,

2 :
Wiep =4 Cflilfm z‘XN‘ |XP|:|XN|Nd/Na =0

What about a N*P junction?

where —=——+— = :
Wdep :\/253 ¢bi/qN N N, N, lighter dopant densit

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-9

Viscontinuousatx=0 —




/EXAI\/IPLE: A P*N junction has N,=102°cm-3 and N, \
=10%cm=. What is a) its built in potential, b)Wg, , C)xy
and d) xp ?

Solution:

a 20 17 -6
PR U NoNs _ g.026v1n 10210 cm

q n 10*°cm™

oy 1/2
b) W, ~ 2805 _ 2><12><8.8_?9><10 _ x11 0.12 um
qN, 1.6x107 x10

C) |Xy|* Wy =0.12 um

Q)‘XP‘:‘XN‘Nd/Nazl.leO4um:1.2AzO /
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4.3 Reverse-Biased PN Junction \

2¢, - potential barrier

A Ec _ 2‘95 (¢bi + |Vr |) _
M Woss = N N
E, ‘ E g q

1 1 s 1 1
N N, N, lighter dopant density

a

* Does the depletion layer
widen or shrink with

Increasing reverse bias?
EV
(b) reverse-biased
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/ 4.4 Capacitance-Voltage Characteristics \

N Ng (N p
' Conductor ' Insulator ' Conductor '
- - - -
1 1 Wdep 1 1
Reverse biased PN junction is C,. =A &s
a capacitor. T Wy,

» Is Cyep, @ good thing?
\ « How to minimize junction capacitW
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/ 4.4 Capacitance-Voltage Characteristics \

2
1/C ey 4 ® ® ® Capacitance data

1 Wdep2 _ 2P +V)
2 A2852 CINES AZ

C

dep

Slope = 2/gN gA*

>\,

— i Increasing reverse bias
P

\:rom this C-V data can N, and N, be determined? /

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-13




EXAMPLE: If the slope of the line in the previous slide is
2x10%3 F2 V-1, the intercept is 0.84V, and A is 1 um?, find the
lighter and heavier doping concentrations N, and N, .

Solution:

N, = 2/(slope x qe, A®)
=2/(2x10%” x1.6x10™"° x12x8.85x10™* x10~°cm?)

=6x10"” cm™
2 ady 0 om
Dyi = kc-:- In Nhlz\ll = N, =nNLe kT Z%GO'O% =1.8x10" cm™®
n , x

\Is this an accurate way to determine N;? N, ? /
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4.5 Junction Breakdown

F!
H
i Forward Current
1
Vg, breakdown
voltage i
. L 12 =V
T 4 « R
: Small leakage : ;?g AR
: Current ENER
PN
R C
AB ¥y
3.7V
s IC

Zener diode # 7,

Bs
D

A Zener diode is designed to operate in the breakdown mode.

Slide 4-15
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4.5.1 Peak Electric Field

' Neutral Region
increasing :

reverse bias

N
0 Xp 2N 1/2
‘ g
E A E, = E(0)= @ +|V
gy , = EO0)=| T (4t IV, )
Ep \ S
|  increasing reverse bias
N
AN
\<{ N\ V — gSEcrlt ¢
s = X B 2 bi
%, gN
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4.5.2 Tunneling Breakdown \

/7
Breakdown

Dominant if both sides of
a junction are very heavily
doped.

J=Ge M

E =E, ~10° V/cm

p/
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4.5.3 Avalanche Breakdown
 Impact ionization: an energetic

original electron generating electron and
electron  hole, which can also cause
Impact ionization.

 Impact ionization + positive
feedback—=>avalanche breakdown

2
5 EE.
electron-hole % V, = ¢ Eeri
pair generation \| 2qN
E 1 1 1
_____ Efn VB oC — +
N N \

\_
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/4.6 Forward Bias — Carrier Injection \

V=0 Forward biased
1=0 v

r / S Ec
: _ E, |

Efn _ ; V o Efp
/ EV
Drift and diffusion cancel out -

\ Minority carrier injection
/

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-19




/4.6 Forward Bias - \
Quasi-equilibrium Boundary Condition

(%) = Nce—(EC—Efn)/kT _ NCe—(EC—Efp)/kTe(Efn—Efp)/kT
E—Ep)/KT
Sgd e e
HiH e C

En * The minority carrier

------------- Eyy densities are raised

AR E,, by edVikT
$ %% 5 o° * Which side gets more

|| . X carrier injection?
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/4.6 Carrier Injection Under Forward Bilas— \
Quasi-equilibrium Boundary Condition

2
N
n(XP) — npoqu/kT — _|qu/kT
N,
n 2
p(xe) = pyoe™ " =1 —e™
d

N'(Xp) =N(Xp) —Npy = npo(eqv/kT -1)

p’(XN) = p(XN)_ Pno = pNo(qu/kT -1)

\_ /
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/ EXAMPLE: Carrier Injection

A PN junction has N,=10%cm and N;=10%¢cm=. The applied
voltage is 0.6 V.

Question: What are the minority carrier concentrations at the
depletion-region edges?

Solution: n(x,) =n,e™* " =10xe®¥*%% =10 ¢m™
p(x,) = pNOqu/kT _10% x 260026 _ 1% o3

Question: What are the excess minority carrier concentrations?

Solution: n'(x,)=n(x,)—n,, =10 -10=10" cm"

P'(Xn) = P(Xx)— Puo =10" -10* =10" cm® /
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7

4.7 Current Continuity Equation

J, (X J, (X+ AX
a0y LAY P
q q T
J (X + AX ,
p(X + AX) J,(x+A%)-1,()  p
— — q L
AX T
Volume = A-Ax _d'J_P = E
dx T
- /
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/ 4.7 Current Continuity Equation \

_%:qﬂ Minority drift current is negligible;
‘ . J,=—qD,dp/dx

de pr

D — 00—

s dx* | T,
der pr pr dzn’ B n’
dX2 - Dpr |_|O2 dX2 an

L, and L, are the diffusion lengths

\ L, =4D,7, L, =4D,7, /
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ﬁ Forward Biased Junction-- Excess Carriers\

P O N d 2 pr pr
? » X p'(c0)=0

p'(Xy) = Pyo (™™ —1)

pI(X) _ AeX/LIO n Be—X/L

\ p'(X) = Pyo (e /KT —1)e e, )Dy

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-25
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4.8 EXxcess Carrier Distributions

Ng = 2x10Y" em

-3L, -2L, -L, 0 L,2L,3, 4.,

o

p'(X) = Pyo (€™ —1e x> x,

nr(x) _ npo (qu/kT _1)e(x—xp)/Ln’ X < Xp

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 4-26




EXAMPLE: Carrier Distribution in Forward-biased PN Diode

N-type P-type

Ny =5x1017 cm® N, =107 cm™
D, =12 cm?/s D =36.4cnv/s
,=1ups =2pus

* Sketch n'(x) on the P-side.

vV /KT n,’ VKT 107 p0.6/0.026 __ 1 )13
/ — q — 1 q
n'(X,) =Ny, (e —1)_N—a( 1)_107 =10 cm™
A
4 108cm?
N-side \ M pside

w@p’)

p’(:n’)/z’lo12

Wi TS ———

P X
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AAMPLE: Carrier Distribution in Forward-biased PN Dioh

* How does L, compare with a typical device size?

L =/D.z. =4/36x2x10° =85 um

* What is p'(x) on the P- side?

\_ _/
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4.9 PN Diode I-V Characteristics

% _ 7“‘ ‘lotal
J o e
total / J — ‘Jtotal / n total p
/l
‘]nEV/ k\ J \
—('/// \\.Bi\l n \\:.]\pN
P-side 0 N-side P-side 0 N-side
dp’(x) D V /KT —(x—xy /L
J..=—qD =q—> py, (VKT —1)e T
PN p NO
dx L,
dn’'(x) D .
J — D — n N qu/kT _1 e(x XP)/Ln
e = U, dx q L PO( )
Total current = J (X )+ J o (Xo) = Dy L VAT _1
— Ypn AN p(Xp) =10 L Pno+ 0 L Npg (e )
p n
=J atall x
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/ The PN Junction as a Temperature Sensor \

1,000 r —a&— - 25C l
900 —o— 25C

—=— 75C
800

200 g /
100 | / s
’ o ;’_k/
0 s aannnn0=00 o g0 0 o s p B | !
0.1 0.2 0.3 0.4 0.5 06 07
Voltage (V)

\What causes the IV curves to shift to lower V at highery
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4.9.1 Contributions from the Depletion Region

140" 110" N~ p~= n.edv/2kT
1| o Data . ] ] ! ]
| |——Eq494uith] =1 8e-124 Net recombination (generation) rate:
110" - 11x10"
~ Slope=6Omyidec " N, (eW/2T _1)
< 1yio'] : 1 110" T dep
] Reverse hias Forward bias
10" I 0™ qn.W,
] I _ I (qu/kT _1)_|_ A ep (qu/ZkT 1)
. T
o 10" dep
08 04 00 04 08 /
V, (V) .
Space-Charge Region (SCR) current
| _ A qninep
leakage = "0 +
Tdep Under forward bias, SCR current is an extra

current with a slope 120mV/decade

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-31




/

N-side

4.10 Charge Storage \

10%3em™3 Qo l
P-side

| :Q/Ts
Q=Ir,

J

What is the relationship between z, (charge-storage time)
vnd r (carrier lifetime)? j
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/ 4.11 Small-signal Model of the Diode \

ey G Eiz dl _ d Io(eq\//k'r —1)ziloqu/kT
i | R dv dv
V gﬁ R —:— C -
ﬂ ' =%|O(eqv’”)= oe /=0

What is G at 300K and I =1 mA?

Diffusion Capacitance:
c — dQ di KT

—dV :Tsd—V:TSG:TSIDC/F

\Which IS larger, diffusion or depletion capacitancey
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ﬁ?art I1: Application to Optoelectronic Devices\

4.12 Solar Cells

O
o
o

:l Total energy consumgtion |

£
o
o

300

]
[
¥

! Natural gas}
' @l !Coal__?

200 |

_ Worid energy consumption
(Billion tons/year : Petroloum equivalent)

100

.,
———

—
g

il
A
|

sl

5}

5t

Year A.D.
N

*Solar Cells is also known
as photovoltaic cells.

«Converts sunlight to
electricity with 10-30%
conversion efficiency.

1 m? solar cell generate
about 150 W peak or 25 W
continuous powetr.

L_ow cost and high

efficiency are needed for
wide deployment. /
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light

\_

4.12.1

Short Circuit

Solar Cell Basics

{ N .

e

' Dl -
M
E, &_,/

= 1™/ —1)—1,,

o

SC

A

A
Dark IV '
Eq.(4.9.4) 71
|
1)
)
0 / 0.7V
Solar Cell
IV ~p
Eqg.(4.12.1)
Maximum

power-output

_/
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Direct-Gap and Indirect-Gap Semiconductors

*Electrons have both particle and wave properties.
*An electron has energy E and wave vector k.

Conduction band . Conduction band
. Phonon k :
- - —
Photon ;‘F Fhoton ,r-f_'._ﬁ
energy f ey . Al
S i ™ J \
Valence band Valence band
direct-gap semiconductor Indirect-gap semiconductor
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ya 4.12.2 Light Absorption

Light wavelength, pm

2 1 05 0.3
. | | |
- - | Solar spectrum -
E 10F
P E
3
- lFE GaAs .
2 -
)
—
= ot _
%) {
= InP |
~ |
= t] |
S e GaN
= |
Q » f
h B I}
S ek
: =
-
] |
I[;l'..||'||||||||||||||

1.0 1.E 2.6 34 4.2 .
Photon energy /iv,eV

A thinner layer of direct-gap semiconductor can absorb most
of solar radiation than indirect-gap semiconductor. But Si...

(.01

0.1

104

L 1000

5.0

Light penetration depth, pm

Light intensity (X) oc ™

a(1l/cm): absorption
coefficient

1/a : light penetration
depth

Photon Energy (eV) = %

1.24
=———(um
p (um)
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ﬁ.lZ.B Short-Circuit Current and Open-Circuit Volﬁ\

If light shines on the N-type
semiconductor and generates
holes (and electrons) at the
rate of G slcm3,

der B pr - G
Volume = A-Ax dx 2 sz D p

If the sample is uniform (no PN junction),
d*p’/dx?=0 2 p’=GL4/D,=Gr,
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/ Solar Cell Short-Circuit Current, 1. \
Assume very thin P+ layer and carrier generation in N region only.

s, G

p'(0) =12 —=7.G
. p Dp P
LT p'(0) =0
X
— pr(x) _ z_pC;(l_e—X/LIO)
P’
A T dpr(x) Dp L
: J, =—qD =q—17,Ge "
1 Tj/G \ p q p dX q Lp Tp
0 L, X . =AJ (0)= AqL,G

Is really not uniform. LIO needs be larger than the Iight/

G
\penetration depth to collect most of the generated carriers.
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/ Open-Circuit Voltage \
«Total current is I plus the PV diode (dark) current:

2

n- D
| = Ag—— —2 (™'Y _1)- AgL.G
qu Lp( )—AqL,

*Solve for the open-circuit voltage (V,.) by setting 1=0
(assuming e >>1)

2
0= " Do gt _y g
Ny L,
Y :k—T|n(pr|\|d /n?)
g

\ How to raise V. ? /
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/4.12.4 Output Power
A

particular operating point on the
solar cell 1-V curve maximizes the
output power (I XV).

Output Power =1 xV_ . x FF

dominates the market now

14

0

Dark IV ,__| \
Eq.(4.5.4)

«Si solar cell with 15-20% efficiency —1_

—*

Solar cell
IV gl

Eg.(4.12.1) |
1 - Maximum

- power output

*Theoretically, the highest efficiency (~24%) can be obtained with
1.9eV >Eg>1.2eV. Larger Eg lead to too low Isc (low light
absorption); smaller Eg leads to too low \Voc.

«Tandem solar cells gets 35% efficiency using large and small Eg
aterials tailored to the short and long wavelength solar light.
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/4T3 Light Emitting Diodes and Solid-State Light}g\

Light emitting diodes

and GaN.

recombination.

E

(LEDs)

C

Radiative
recombination

Non-radiative
recombination
through traps

\\\\¥ Ey

S

o LEDs are made of compound semiconductors such as InP

 Light is emitted when electron and hole undergo radiative

_/
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Direct and Indirect Band Gap

- . _ & el : '|| ..-
Conduction band Conduction band

B T
j ................ TrapIsa
o
v yobe, ¥
"'--.-‘ .1-"--._ / * ) 1
Valence band Valence band
E E
T_y ki T—y i
Direct band gap Indirect band gap
Example: GaAs Example: Si
Direct recombination is efficient Direct rec_omt_)ination i_S rare as k
as k conservation is satisfied. conservation is not satisfied
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/ 4.13.1 LED Materials and Structure \

I P
g - arten R
' " \a ::.';:'!f'f'. pe= Emitted
é Lens .: .ﬁp_:“--f photons
' N
; ":‘r'_/ sV EL.
e i
y R
L _qg' al
” ?:.%:ﬂ' %ﬂqgﬂ%
1.24 1.24
LED wavelength (x m) = ~

photon energy ) E, (eV)

\_ _/
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4.13.1 LED Materials and Structure

Wavelength

Lattice

Ey(eV) (am) Color corE/s:\t;nt
InAs 0.36 3.44 6.05
InN 0.65 1.91 infrared | 3.45
InP 1.36 0.92 i 5.87
GaAs | 1.42 0.87 Red 5.66
GaP | 226 0.55 GBrlieen 5.46
AlP 3.39 0.51 5.45
GaN 2.45 0.37 T 3.19
AIN 6.20 0.20 uv 3.11

Light-emitting diode materials

compound semiconductors

binary semiconductors:
- Ex: GaAs, efficient emitter

ternary semiconductor :
- Ex: GaAs, P, , tunable = (to
vary the color)

quaternary semiconductors:
- Ex: AllnGaP, tunable Eg and
lattice constant (for growing high
guality epitaxial films on
Inexpensive substrates)
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Common LEDs

AllnGaP_ '

~—
P-type GaP substrate

\ 1 -
| N-type .~ AAT
Spectral | Material . GaP 4+
Substrate Example Applications e
range System et
Infrared | InGaAsP InP Optical communication Electrode L
Infrared Indicator lamps. Remote i
-Red GaAsP GaAs | control [~ I
Optical communication. TT—
Red- Alingap | GaAor High-brightness traffic (] %
GaP . .
signal lights g
i i i AllnGaP
Green- | ngan | GaNor :?g;a?sbrlghtneSSSIQnal / Quarcl%tﬁn Well
. . f
Blue SaPPNITe | \/idteo billboards "'é
Blue-UV | AlinGan | SN | soid-state lighting {.:- [
sapphire AN
& E:I
Organic N
Red- . .
semicon- glass Displays l
Blue
ductors
. a‘%ﬁ%ﬂ;“ LT P
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4.13.2 Solid-State Lighting

luminosity (lumen, Im): a measure of visible light energy
normalized to the sensitivity of the human eye at
different wavelengths

Compact

Tube

Theoretical limit at

Incandescent fluorescent | fluorescent White peak of eye sensitivity Theoretical limit
lamp lamp lamp LED ( 1=555nm) (white light)
17 60 50-100 90-? 683 ~340

Luminous efficacy of lamps in lumen/watt

Organic Light Emitting Diodes (OLED) :
has lower efficacy than nitride or aluminide based compound semiconductor LEDs.

Terms: luminosity measured in lumens. luminous efficacy;,
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/ 4.14 Diode Lasers \
4.14.1 Light Amplification

&
(a) Absorption hoton /Wb_@ - (d) Net Light W s
—o— —— Absorption —o-0-00-0—
—o-0-0-0—
(b) Spontaneous —— N — - (e) Net Light M s
Emission ot Amplification —ococeoo-

Light amplification requires
(c) Stimulated — population inversion: electron
oy et occupation probability is

Ana
photon |/ Vi W~ photon
I L

Emission : i
SS10 o larger for higher E states than
lower E states.

\ Stimulated emission: emitted photon has identical frequency and
\directionality as the stimulating photon; light wave is amplified.
N
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4.14.1 Light Amplification in PN Diode

P N*tdiode COuantum-well diode

Population inversion Smaller
- " Larger £;  Larger
Is achieved when i N

- ] Equilibrium, V=0
Incident e Eyy —m ——
light I_‘—— er Epy
. —_—r f'-.] -
Ey p T T T T T e e I___'l

Population inversion, qV > Eg
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/ 4.14.2 Optical Feedback and Laser \

Laser threshold is reached (light

p* Intensity grows by feedback)
light /A \ When
ottt w
Nt R xR, xG>1
Cleaved 7
%ﬁgﬁfl R1, R2: reflectivities of the two ends

G : light amplification factor (gain)
for a round-trip travel of the light
through the diode

Light intensity grows until R, xR, xG =1, when the light intensity
IS just large enough to stimulate carrier recombinations at the same
rate the carriers are injected by the diode current.
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Distance from substrate (m

1.9

7.5

7.1

6.7

5.9

5.5

4.14.2 Optical Feedback and Laser Diode

E,
— p-DBR
AlgsGagsAs

p-InAIP
spacer

[ | InGaP/InAlGaP
- triple SOQW
— Active region

n-InAIP
spacer

L
a
=
=

AlAs/
) AlpsGag sAs

i

: 3
—  AlAs/ o
—1 ]

0 06 12 18 24
Energy (eV)

VCSEL
Light out

InAlGaF optical cavity
with InAIP spacer layers

e Distributed Bragg
reflector (DBR) reflects
light with multi-layers of
semiconductors.
\/ertical-cavity surface-
emitting laser (VCSEL) is
shown on the left.
*Quantum-well laser has
smaller threshold current
because fewer carriers
are needed to achieve
population inversion in
the small volume of the
thin small-Eg well.
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/ 4.14.3 Laser Applications \
R

ed diode lasers: CD, DVD reader/writer
Blue diode lasers: Blu-ray DVD (higher storage density)

1.55 um infrared diode lasers: Fiber-optic communication

4.15 Photodiodes

Photodiodes: Reverse biased PN diode. Detects photo-
generated current (similar to Isc of solar cell) for optical
communication, DVD reader, etc.

Avalanche photodiodes: Photodiodes operating near

avalanche breakdown amplifies photocurrent by impact
lonization.
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ﬁart 111: Metal-Semiconductor Junction

Two kinds of metal-semiconductor contacts:

 Rectifying Schottky diodes: metal on lightly
doped silicon

oLow-resistance ohmic contacts: metal on
heavily doped silicon

\_ /
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@5, Increases with Increasing Metal Work Function

Ly

\
\\\\ Vacuum level, E,
X =4.05eV W\ Work Function
of metal
Ar‘\
\\ X si : Electron Affinity of Si
~—— EC

Theoretically,

\\ E, ¢Bn: WUnm— Xsi

Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-54



4.16 Schottky Barriers
Energy Band Diagram of Schottky Contact

Depleti .
Metal-= elg;e:onF Neutral region

* Schottky barrier height, ¢,
IS a function of the metal
material.

* ¢ Is the most important
parameter. The sum of q¢g,

and qgg, Is equal to Eg./
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/ Schottky barrier heights for electrons and holes

Metal Mg Ti Cr W Mo Pd Au Pt
dg, (V) | 04 05 | 061 | 067 | 068 | 0.77 | 0.8 0.9
P (V) 061 | 05 0.42 0.3

Work
Function | 3.7 4.3 4.5 4.6 4.6 5.1 5.1 5.7
Vi (V)
¢Bn t ¢Bp ~ Eg

?g, Increases with increasing metal work function

\_

/
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/ Fermi Level Pinning \

A . .
T\ Vacuum level, E, * A high density of

X =4.05eV

energy states in the
bandgap at the metal-
semiconductor interface
pins E; to a narrow

Ee range and @g,, iS

£ typically 0.4t0 0.9 V

e Question: What is the
E typical range of ¢g,?

/
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Schottky Contacts of Metal Silicide on Si

Silicide: A silicon and metal compound. It Is conductive
similar to a metal.

Silicide-Si interfaces are more stable than metal-silicon
Interfaces. After metal is deposited on Si, an annealing step is
applied to form a silicide-Si contact. The term metal-silicon

contact includes and almost always means silicide-Si contacts.

Silicide (ErSiy ;7| HfSI (MoSi,| ZrSi, | TiSI, | CoSI, | WSI, | NiSI, | PdySI | PtSI
Pen (V)| 0.28 | 0.45 | 055 | 055 | 0.61 | 0.65 | 0.67 | 0.67 | 0.75 | 0.87
Pap (V) 055049 | 045 045| 043 | 043 | 035 | 0.23

o

/
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Using C-V Data to Determine ¢y

24 A
Afn | | ™. L% -
< i e c
v
& - T Ef
%‘:&:«:&:&:&:&:&:&:&:&:ﬁ\\
N

q¢bi — q¢Bn _(Ec o Ef)

=@, —KT In A
d
Wdep 2‘93 (¢bi +V)
aN,
C=_5% A
Wdep
Question:

How should we plot the CV
data to extract ¢,;?
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Using CV Data to Determine gg

\

=
@
.

\

71 24, +V)
S C® N e A’

\

\
N

Once g¢,; Is known, ¢, can = N

be determined using =

N
%q%n _(Ec - Ef) - q¢Bn -kT InN_C
d
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/ 4.17 Thermionic Emission Theory \

3/2
n= N e VK _ 2{ annkT} Ry
C

Vi = +/3KT /m, Vine = — 2KT / 22m,

Amgm K* __,
_ _ —q¢g /KT ~qQV /KT
Jsom —_Eanthx - hgn Te ™™ e

\ =J,e"'*T where J, ~100e™*""" A/cm? /
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4.18 Schottky Diodes

s = —lIy Is sm =1 hyos=—Iy  Ig_ypy = Ie?™ "
< iy
- - T 3T |r:-| u
bav
Forward
biased
| A
> \/
Reverse bias<«—|- Forward bias
Reverse
biased
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/ 4.18 Schottky Diodes \
y gy = Ipe?™

= " ~100 A/(cm®-K?)

3

h
. . qV /KT . qVv /KT
\ I =1Ts w+Tus =1c€ —lo=15(e -1) /
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/ 4.19 Applications of Schottly Diodes \

| A Schgttlky diode | = |O(qu/kT ~1)
L |, = AKT 274/
\,'\/L P PN junction
o diode
;o
4
T > \/

-----

* |, of a Schottky diode is 10° to 108 times larger than a PN
junction diode, depending on ¢ . A larger I, means a smaller
forward drop V.

« A Schottky diode is the preferred rectifier in low voltage,
high current applications.
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110V/220V

Switching Power Supply

PN Junction

rectifier

AC____b!_

utility
power

Hi-voltage

DC

———3{Inverter

Transformer

100kHz

MOSFET

Hi-voltage

— 3¢

Lo-voltage

AC

Schottky
rectifier

feedback to modulate the pulse width to keep Vyt

.
=1V
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/ 4.19 Applications of Schottky diodes \

Question: What sets the lower limit in a Schottky diode’s
forward drop?

e Synchronous Rectifier: For an even lower forward drop,
replace the diode with a wide-W MOSFET which is not
bound by the tradeoff between diode V and leakage current.

 There is no minority carrier injection at the Schottky
junction. Therefore, Schottky diodes can operate at higher
frequencies than PN junction diodes.

\_ /
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/4.20 Quantum Mechanical Tunneling\

E>V, E <V, E>V,

Incident electran Vi
wave withenergyE =~ ——

\- Transmitted
Welaﬂrun wave

— T —*

Vi

Tunneling probability:

87°m

\ Pzexp(—ZT\/ - v, —E)) J
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4.21 Ohmic Contacts

Dielectric B
TUTiM — -

Dielectric A

02 pm

T e e s _ —
wm#__ﬁ____plﬁm _-._\_
Moetal 1 oA B2

iy Tggeiriae .
. 1 oo MV -oplug

Dxide
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/ 4.21 Ohmic Contacts \
283¢Bn Si|iCid?; N* Si |

Wiep = N fan | i
qNyg O Hemprmammia= ()

Tunneling
probability: !
P ~ o Héen/VNo

%‘W = %quVtth = qNy \/kT /27m, eH(¢BnV)/\/y
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Current [mA]

o
&

-
N

-

o
®

o
o

4.21 Ohmic Contacts

Oaum

1.E-D06

25 °C

]

n+ Si
p+ Si

§

Spacific Intwracs Resisttvity (shm-cm2)

~—p— Rl {FE) 0.5 oV
~8- R {FE): 0.5 oV
—ir— R {FE) : 0.4 oW
—i— Fi {FE} : 0.3 oV

(Fek Erission;, To300 K

0.;)5 0.1 O.'15 0.2
Volitage [V] 1.€-08
-1 Hdg, /
dJ 2€

c 1 v

) qvthx H \/7

S5E+19 1.5E+M Z.5E+X) A HE+20 4.5E+20 5 5E+420

Burfete Doping DensHy {1/omn3)y

H¢Bn/m Q Cm
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/ 4.22 Chapter Summary

Part I: PN Junction

_kTI

NN, The potential barrier

Do
g

n.

2

depletion width

2¢, - potential barrier
Wdep = \/

gN

junction capacitance

Cuoy = A2

dep W

dep

~

Increasesby 1VifalV
reverse bias Is applied

_/
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/ 4.22 Chapter Summary \

o Under forward bias, minority carriers are injected
across the jucntion.

 The quasi-equilibrium boundary condition of
minority carrier densities Is:

V /KT
n(X,) = Npee™’
p(XN) = Pn oqu/kT

e Most of the minority carriers are injected into the
more lightly doped side.

\_ _/
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/

4.22 Chapter Summary \

 Steady-state * Minority carriers
continuity equation: diffuse outward oc eI/t
and e~/
d°’p’'__p° _p » L,and L, are the
&’ D7, L) diffusion lengths

I — Io(qu/kT _1)

D
|, = Agn.”| —>—+ D,
LN, LN,
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/

\_

4.22 Chapter Summary \

Charge storage: Q=Ir,
Diffusion capacitance: C=7G
- . kKT
Diode conductance: G=ly /—
4

_/
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4.22 Chapter Summary \

Part 11: Optoelectronic Applications

Solar cell power =1 xV . x FF

«~100um Si or <1lum direct—gap semiconductor can absorb most of solar
photons with energy larger than E,,.

Carriers generated within diffusion length from the junction can be
collected and contribute to the Short Circuit Current I..

*Theoretically, the highest efficiency (~24%) can be obtained with 1.9eV
>E>1.2eV. Larger E lead to too low I (low light absorption); smaller E
leads to too low Open Circuit Voltage\oc.

«Si cells with ~15% efficiency dominate the market. >2x cost reduction

(including package and installation) is required to achieve cost parity with
base-load non-renewable electricity.
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4.22 Chapter Summary

LED and Solid-State Lighting

Electron-hole recombination in direct-gap semiconductors such as GaAs
produce light.

*Tenary semiconductors such as GaAsP provide tunable E; and LED color.

*Quatenary semiconductors such as AllnGaP provide tunable E and lattice
constants for high quality epitaxial growth on inexpensive substrates.

*Beyond displays, communication, and traffic lights, a new application is
space lighting with luminous efficacy >5x higher than incandescent lamps.
White light can be obtained with UV LED and phosphors. Cost still an issue.

*Organic semiconductor is an important low-cost LED material class.

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 4-76




4.22 Chapter Summary
Laser Diodes

Light is amplified under the condition of population inversion — states at
higher E have higher probability of occupation than states at lower E.

*Population inversion occurs when diode forward bias gV > E,..

*Optical feedback is provided with cleaved surfaces or distributed Bragg
reflectors.

*\When the round-trip gain (including loss at reflector) exceeds unity, laser
threshold is reached.

*Quantum-well structures significantly reduce the threshold currents.

Purity of laser light frequency enables long-distance fiber-optic
communication. Purity of light direction allows focusing to tiny spots and
enables DVD writer/reader and other application.
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/ 4.22 Chapter Summary \

Part I11;: Metal-Semiconductor Junction

|, = AKT %9/

«Schottky diodes have large reverse saturation current, determined by the
Schottky barrier height ¢, and therefore lower forward voltage at a given
current density.

*Ohmic contacts relies on tunneling. Low resistance contact requires
low ¢ and higher doping concentration.
A
_(T¢B\/‘9$mn/qu )Q . 2

\ R, oce cm /
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@z, Increases with Increasing Metal Work Function

B T 4‘}\\
S~ Vacuum level, E,
Jei = 4058V
Q¥m . Idea”y,
AN Pon= Vi~ Zsi
. \\\ E,
‘;} -—
. E
\.\\\ Ev
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Chapter 5 MOS Capacitor

MOS: Metal-Oxide-Semiconductor

MOS capacitor MOQOS transistor
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Chapter 5 MOS Capacitor \

c
—
. -
e e
_ = A Ee
3 st
p i 14 E,
S
(é_) Gate Si
Body
L
| =
EV

wis energy-band diagram for V, = 0 is not the simplest ony
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E
A

o Y s o |

T T

W

:;:; '.::_;

E.E % %
) WV

N* -poly-Si

E, : Vacuum level
E,— E; : Work function

E,—E. : Electron affinity
QSK)2 energy barrier

31leV: :

§9eV

SiO,

/5.1 Flat-band Condition and Flat-band VoItag\
l : i 5o
= Xs| o 2:0.95 eV 1 1

31 eVé Xsi q W= i+ (EcEp)

: =4.05e\;

:

© P-body
: The band is flat at
the flat band voltage.

Vfb — Wg — s

. 48eV
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/ 5.2 Surface Accumulation \
S AR Make V, < Vg,

:1"‘__ V Vg :Vfb +¢s +Vox

- :"1__ f ¢, - surface potential, band
5 ”* By bending
aVg: © i V,,: voltage across the oxide

¢S IS negligible when
vooiTe E, the surface is in
S accumulation.

\I\/I O X S J
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5.2 Surface Accumulation \
Vox :Vg _Vfb

A

Gauss's Law —V_ =-Q, /C_,

—  Gate

mg% Qacc = _Cox (Vg _Vfb)

Accumulation
charge, (),

P-Si body V, =—-Q./C,,

_/
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5.3 Surface Depletion (v, >\, )

gate ST opE
+ 4+ + 4+ I R
SIO, E 7 5 E[;V
BRI AIEIEN aVy

T
¥ T W
: depletion
: region

o LIl
o-i
d

<

Py

D

b

m

1}

v - _ Qup _ ONW,, _ JAN, 2e.6
oX C C C C

OX OX OX OX
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/

\_

Vg :Vfb +¢s +Vox :Vfb +¢s T

5.3 Surface Depletion

JAN,2&6

C

(0),4

This equation can be solved to yield ¢, .

~

_/
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/5.4 Threshold Condition and Threshold Voltagﬂ
/

Threshold (of inversion): / E.
ns — Na’ or ¢s{t£“- _ C&:_¢—J/— - E|
(Ec—Efsurtace™ (Es—Epuic, O A th 7 ',ﬁ\_q . s H
AVy ~av //, "f\ X
< A=B,andC =D E,E ¥
b, =20 =2 KT In( Naj Y1 ool s
g n;
E kT (N kT . (N KT . ( N
=— _(E, -E =—1In| —~ |-—In| —~ |=—In| &
q¢B 2 ( f v) |bu|k q [ ni j q [Na] q ( ni
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/ Threshold Voltage

Vg :Vfb +¢S +VOX

At threshold,

Dst :2¢B :sz |H(Naj
q L n

V. = \/qNa 255 2¢B
0X C

(0),¢

N 2¢g 2
Vt :Vg at threshold :Vfb +2¢B _l_\/q a6 ¢B

\ COX

_/
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V(V), N*—gate/P-body

Threshold Voltage

0.5

V,(V), P*—gate/N-body

1.5

1. E+15 I E+16 1. E+17 1. E+18

Body Doping Density (cm3)

£ 24, 4 , VINw 26,26 |+ for P-body,
Vip £ 205 C — for N-body

OX
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5.5 Strong Inversion—Beyond Threshold

V.> Vt W —\W _ 2‘95 2¢B
9 dep = "Vdmax N 4
q a //
/
//
V, >V, /
/
__//
qVy
i i
Ii'r'hm"l E.E — V¥ |
A /
/
E, /
S S e /
/
M // O
//

\J
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/ Inversion Layer Charge, Q,,, (C/cm?) \

| N, 2& 2 _
. anv :Vfb + 2¢B + \/q a & ¢B . anv
0X Cox Cox C

OX

e I >
L NtO=-OO0O0o0 | by
P-body
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/ 5.5.1 Choice of V, and Gate Doping Type \

V. Is generally set at a small
positive value so that, at V, =
0, the transistor does not
have an inversion layer and
current does not flow

L between the two N* regions

- P-body is normally paired with N*-gate to achieve a small
positive threshold voltage.

* N-body is normally paired with P*-gate to achieve a small

antive threshold voltage. /
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Review : Basic MOS Capacitor Theory
&,

20y T
e
Ed
E2
F
5
—— T T T T T T T T T T T T T T T T ;F - -:.:’ Vg
accumulationvf depletion v inversion
b t
Wdep
A
Wi v
W, = (252¢54N )"
»‘ dmax S a
oC (\¢S)1/2
I
P'Vg

accumulatioan depletion V' inversion

b
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Review : Basic MOS Capacitor Theory

Qdep qN Wdep
accumulation depleulon inversion v tOtaI SuU bStrate Chal‘ge, QS
(@ — 77777 NV\‘/‘? . Q V g
—(qNaWiep \‘HEQ_ — .
f Qs Qacc + Qdep + va
_qNadeax
Qi_nv Qs
accumulation depletifon  inversion accumulation ° depletlon‘ inversion
B e . Ime
(b) v V“\ Fe Vg . regime | regm:]e | reg
fb o " L
., slope=-C,, \ P
. & . :
~ Vv
~ ﬂ"5_+ - =V
Q?cc *+_;'*'—r—=L“‘?“_
*. slope=-C,, - _ Qinv
© N P
. slope = - C,, .
\\\Vfb Vt T~
N e = Vg
accumulation depletion inversion
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5.6 MOS CV Characteristics \

ng _ dQs

dVv dVv

9 9

MOS Capacitor
C-V Meter

/
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5.6 MOS CV Characteristics
ng . dQs

dVv dVv

C =

g g
Qs
- 4 .
accumulation |depletion inversion \
- regime | regime | regime C AC
e ‘ Do ox T
Ve
= O Vi ’
e
P 3
t"'_*—._ Qinv \
slope=—C,, ™. Vl \|/ » V
5 s c b - t o -
accumulation ™ depletion inversion
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CV Characteristics
£ C

0X

=

Vfb Vt

accumulation depletion inversion

1 1
= +
C Cox Cdep

1 [1 20, V)
qNags

In the depletion regime:

c \c?
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Supply of Inversion Charge May be Limited

gate i
— G

++ b FhbdE

Accumulation
P-substrate
gate
—= Cox
__E ENI*E E E E EE:::::::::?::f::f::f::f:-: _:L|r
Inversupn . &7
_~ -7 DCandAC deax

P-substrate

gate
: C.,

- Cde|o _rWdep:

Depletion

P-substrate

gate

Ub-—'rO R £ i

AC-T
Inversion deax

P-substrate

In each case, C = ?

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 5-19




Capacitor and Transistor CV (or HF and LF CV)

ox I

MOS transistor CV at any f, LF
capacitor CV, or quasi-static CV

(HF) MOS capacitor CV

accumulation

Vb

depletion

mnversion
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/ Quasi-Static CV of MOS Capacitor \

31 C

0X

= V

accumulation Vio depletion Vi inversion

The quasi-static CV is obtained by the application of a slow linear-
ramp voltage (< 0.1V/s) to the gate, while measuring I, with a very
sensitive DC ammeter. C is calculated from I, = C-dV/dt. This allows

@:ient time for Q;,, to respond to the slow-changing V. /
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EXAMPLE : CV of MOS Capacitor and Transistor
% C I(\?/Ié)cs:\t/ransistor CV,

Does the QS CV or the HF

o capacitor CV apply?
- iHF capacitor CV
(1) MOS transistor, 10kHz. (Answer: QS CV).
(2) MOS transistor, 100MHz. (Answer: QS CV).
(3) MOS capacitor, 100MHz. (Answer: HF capacitor CV).
(4) MQOS capacitor, 10kHz. (Answer: HF capacitor CV).

(5) MOS capacitor, slow V, ramp. (Answer: QS CV).

(6) MOS transistor, slow V, ramp. (Answer: QS CV). /
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ﬁ? Oxide Charge—-A Modification to Vy, and V\

\ — Qox/Coy
Ef, Ec E. E;E.
- - +
E, . _ E E Vio
E,
L _ E
E,
gate oxide [(body gate oxide |body
@) (b)

\Vfb :Vbe _Qox /Cox — Wg —WYs _Qox /Cox/
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ﬁ? Oxide Charge—-A Modification to Vy, and V\

Types of oxide charge:

Fixed oxide charge, Si*

Mobile oxide charge, due to Na*contamination

Interface traps, neutral or charged depending on Vg.

\oltage/temperature stress induced charge and
traps--a reliability issue

\_ /
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EXAMPLE: Interpret this measured V;, dependence on oxid
thickness. The gate electrode is N* poly-silicon.

Vi
EY 10 nm 20 nm 30 nm
: : - = Tox
0:
015V
—03V — 7777777777777777 ‘;‘Z = —

What does it tell us? Body work function? Doping type? Other?

\Solution: Vfb =Y, Y _QoxTox /gox /
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from intercept — y, —w, =-0.15V

EO, vacuum level

% W = y +0.15V
3
E,E_.___Y . E
v C
- T T E
E, E,
N*-Si gate Si body

N-type substrate, N, =n=N_e**** ~10" cm?®

from slope —Q,, =1.7x10° C/cm?
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/ 5.8 Poly-Silicon Gate Depletion—-Effective \
Increase in T,

Gauss’s Law | Wy,o, = &,Eq / QN

poly
1 1
> polySi C :L 1 N 1 ] ZLTOX +deolyj
' _I_Cpow COX Cpoly €ox &5
T, —
1 PooosseE | T, +W,,, /3

If Wypo,= 15 A, what is the

\ effective increase in T,,? /
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/ Effect of Poly-Gate Depletion on Q;,,,

Qinv — Cox (Vg B ¢po|y _Vt)

W0 l \-\ * Poly-gate depletion degrades
3 at I T MOSFET current and circuit speed.
E,E 4 e How can poly-depletion be
TR minimized?
g poly ‘%
\\\“ .
R Ef
\\.\____, EV
P"-gate N-substrate

~

_/

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 5-28



/ EXAMPLE : Poly-Silicon Gate Depletion \
V,, , the voltage across a 2 nm thin oxide, is -1 V. The P* poly-
gate doping is N, = 8 x10'? cm™ and substrate N is 10*’cm.

Find (a) W1, » (B) B0y » @nd (C) V-

Solution:
(@ W

dpoly

/quon V /quNpon

3.9x8.85x10* (F/cm) x 1V
2><10 tmx1.6x10C x8x10°cm™
=1.3nm

\_ _/
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/ EXAMPLE : Poly-Silicon Gate Depletion \

260,
() Wy, =J a2l
quon

¢dpo|y = qN pOIdezpon /25S =0.11V

(C) Vg :Vfb + st +V0x +¢

poly

E
V, =—-— KT In[ N, j =1.1V-0.15V =095V
q g N,

V,=095V-08V-1V-011V=-1.01V

\ Is the loss of 0.11 V from the 1.01 V significant? /
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5.9 Inversion and Accumulation Charge-Layer
Thickness—Quantum Mechanical Effect
Average inversion-layer location below the Si/SiO, interface is

called the inversion-layer thickness, T;,, .

A
Electron Density

poly-Si T.

Gate depletion Si 02 (_)Inv Si
;region

Quantum
mechanical theory

-

50 -40 -30 -20 -10 O 10 20 30 40 50
~Physical Ty, ™

<—Effective Toy—»

n(x) is determined by Schrodinger’s eq.,
Poisson eg., and Fermi function.
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Electrical Oxide Thickness, T,

-..J

E |

c Solid  Tox= .

A [ e

& Open  Tox=30A | A N =x10" om?®

% 4- * N, =2x10"cm?

£ :

% 3 Hole ! Electron

| -

T ] T~

3 21 "

5 wﬂdﬂ

(o] om

-a 1_

& | —— Modeixac.eec : 6:2x10%(VgeyTax)®% cm

2 ol Mbdel Xac. hole 7. 75x10%1(Vg+ Wy Toxi 4 cm

— 1 v I v 1 T T T

@ -1x107  -5x10° 0 sx16®  1x107
(Vg+Vt)/Tox (V/icm)

17%1' e T.., Is a function of
S the average electric
1@ field in the inversion
.8 layer, which is (V, +
2 V6T, (Sec. 6.3.1).
S «T. ofholesis larger
E than that of electrons
>2  pecause of difference

0 In effective mass.

T, IS the electrical

oxide thickness.

Toxe = Tox +Wd

poly

[3+T. 13 &tV =V
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Effective Oxide Thickness and Effective

Qinv = Coxe (Vg _Vt)
:Tox +Wd

T

oxe poly

& Mmeasured data

[3+T

Oxide Capacitance

/3

nv

AC

o~ Basic CV

C

0X

“\with poly-depletion and
charge-layer thickness

. With poly-depletion
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Equivalent circuit in the depletion and the inversion regimes

1
S Cpoly 1 c

—— Cox

| |
| |
O
|
I
O
o
=
<

OX

-1 Cdep

O
o
8
|
| |
| |
I
O
2
|
| |
I
O

Cdep,min _

(a) (b) (c) (d)

General case for
both depletion and
Inversion regions.

In the depletion
regions g
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/ 5.10 CCD Imager and CMOS Imager \

5.10.1 CCD Imager

E. )/'@
- Ef —_ -
E, f
E Ev

(@) (b)
\Deep depletion, Q,,,= 0 Exposed to light j
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CCD Charge Transfer

(b) F9P99 Gepletion region ©

oxide
(SR X]

SEEEE depletion region
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/ two-dimensional CCD imager \

‘
N
%
N
[
N
(
_ éf 7//—| >—> Signal out
Reading row, %// / 7 !
shielded from light Charge-to-voltage converter

The reading row is shielded from the light by a metal film.

\The 2-D charge packets are read row by row. J
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V1

V2

V3

5.10.2 CMOS Imager

PN junction
charge
collector

Nl
il

e

K

Shifter circuit

o,

switch

/

“Amplifier
circuit

}—» Signal out

CMOS imagers can be
integrated with signal
processing and control
circuitries to further
reduce system costs.
However, The size
constrain of the sensing
circuits forces the CMOS
Imager to use very
simple circuits
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5.11 Chapter Summary

N-type device: N*-polysilicon gate over P-body
P-type device: P*-polysilicon gate over N-body

Vfb — Wg —Y T (_Qox /Cox)

Vg :Vfb + ¢s +Vox + ¢po|y
:Vfb + ¢s _Qs /Cox T ¢po|y

\_

_/
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/ 5.11 Chapter Summary \

O, =12¢, or *(¢; +0.45V)

sub

\/qNsub 283 ‘¢st ‘
St — C

OX

\ + : N-type device, —: P-type device /
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/

5.11 Chapter Summary

N-type Device P-type Device
(N*-gate over P-substrate)  (P*-gate over N-substrate)
Hat-band

Vg=Vp<0 Vg=V,>0
Br- — -k
M - e

V=0 / /— Threshold V=<0 \

5. Y| S

Ef__r ¥_Ef
N

What's the diagram like at vV, >V, ? atV = 0?

_/
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/ 5.11 Chapter Summary \
N-type Device P-type Device

(N*-gate over P-substrate) (P*-gate over N-substrate)

A QS CV A
Transistor CV

Capacitor
(HF) CV

: g
\Y \Y

9 g

\V\/hat is the root cause of the low C in the HF CV branch? /
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/ Chapter 6 MOSFET \

The MOSFET (MOS Field-Effect Transistor) is the
building block of Gb memory chips, GHz
microprocessors, analog, and RF circuits.

Match the following MOSFET characteristics with their
applications:

o small size
 high speed
* low power

\  high gain j
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e

o

6.1 Introduction to the MOSFET \

Basic MOSFET structure and IV characteristics
Gate

P Semiconductor body

What Is desirable: large |, small | 4 /
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6.1 Introduction to the MOSFET \

Two ways of representing a MOSFET:

Circuit Symbol

Gate—

Drain

|

-

Source

Simple Switch

Drain

Gate—<

Source

_/
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Early Patents on the Field-Effect Transistor

Jan. 28, 1930, J. E LILIEMFELD 1,745,175

METIIID ANT AFPARATIS TOR CONTFOLLING ELECTEIC CUARENTS

Filed Oot. B, 1535
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/ Early Patents on the Field-Effect Transistom

\_

7 W

e P—
4 S

In 1935, a British patent was issued to Oskar Heull.

A working MOSFET was not demonstrated until 1955./

Using today’s terminology, what are 1, 2, and 67
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e

1.2

6.2 MOSFETs Technology \
Polysilicon gate and 1.2nm SiO,,

i

R B g

Silicon

nm SiO, used in production. Leakage current through the

@e limits further thickness reduction. /
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/ 6.2 Complementary MOSFETSs Technology\

NFET PFET

CIORORCRORORO)

P-Si N-51

0
When V,=V,4, the NFET is on and the PFET Is off.
\ When V, =0, the PFET Is on and the NFET is off./
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/ CMOS (Complementary MQOS) Inverter \

Vi n D Vo ut
ID .
4| s —~C:
N FET_.I capacitance
(of interconnect,
OV OV etC.)

A CMOS inverter is made of a PFET pull-up device and a
NFET pull-down device. V,,, = ?if V,, =0 V.
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CMOS (Complementary MQOS) Inverter

Vin
!

P-substrate

)Y, L Vo, L Vg
S

 NFET and PFET can be fabricated

on the same chip.

Vid

(\_1 C?ntact

1 WL/
s el
||."_‘I|| |||’_“.||
I||.’1_‘||ll|||’_1‘4|I
|L<IT I [T PFET

IDALL DR 2

sl Wl 2
e
|r,1_<|||l|||541|

in

=_ull
o 1
| NFET
(O X

DX IDZl
ILm__ = 1N

|| N*
e basic layout of a
CMOS inverter
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/6.3 Surface Mobilities and High-Mobility FETN
6.3.1 Surface Mobilities

Vg = Vg Vgs = Vg

CIORORCROROROIC)

P-Si

0

How to measure the surface mobility:

Ids :WXQianV :WQinVIunsE :WQinVIunsVds / L
\ :WCoxe (Vgs _Vt)lu nsvds / L /
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Mobility Is a function of the average of the fields at the
bottom and the top of the inversion charge layer, E, and E, .

V,
From Gauss’s Law, |

Eb == Qdep/ & 3 Gﬁlei T
Y
Vt :Vfb + st _Qdep /Coxe _ .'l 0800006 e lul
h/';___rf'ﬁ__ilﬂizﬂi_i\h
Therefore,
E_ % Y _¢ P-body
b g, (Vt fb st)

1 C
S —(E,+E)="2(NV_ +V, -2V, —2
Et — _(Qdep +va)/gs 2 ( b t) 288 (\/gS t fb ¢St)
C COXG
=E, —Q /6= E, + ;Xe (Vgs Vi) ~ 2¢ (Vgs +V,+0.2V)

S S

C Vi TV, 102V
— ~oxe —V. — —_9 t
\gs (Vgs fb ¢St) 6Toxe /
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550

500

450

400

350

300

250

200

150

(S-/\/zWd) AMjiqow sdens

100

Universal Surface Mobilities

(Vgs +Vi+0.2)/6Toe (MVicm)

00 02 04 06 08 10 12 14 16 18 2.0

B Noub __
-y W | 1 1 eSurface roughness
& Electron (NFET) o 6x10° | - -
: —we | SCattering Is stronger
' 1 (mobility 1s lower) at
onhen Ry moi., | higher Vg, higher V, and
STk thinner T,..
50 I{EFFET]

00 02 04 06 08 10 12 14 16 18 20

~(Vge + 15V~ 0.25)/6T,, (MV/cm)
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EXAMPLE: What is the surface mobility at V ;=1 V
In an N-channel MOSFET with V,=0.3 V and TOxe

nm?

Solution: (Vg +V, +0.2) /6T,
=15V /12x10"cm
=1.25MV/cm

1 MV is a megavolt (10° V). From the mobility figure,
1,—190 cm2/Vs, which is several times smaller than

the bulk mobility.

\_ _/
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/ 6.3.2 GaAs MESFET \
gate

source | drain
‘ metal ‘
\ N / N-channel | N /
GaAs

Semi-insulating substrate

MESFET IV characteristics are similar to MOSFET’s but does

not require a gate oxide.
Question: What Is the advantage of GaAs FET over Si FET?

@5: depletion-mode transistor, enhancement-mode transisy
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/6.3.3 HEMT, High Electron Mobility Transist(N
N-GaAlAs

N-GaAlAs |
| - 2-D electron gas

source meté}' gate / drain /L,,/
v
| ] | Metal [ __¥__________ E

A
N+ /..........\ N+ gate

Fn

Undoped GaAs

Undoped GaAs

A large-Eg semiconductor serves as the “gate dielectric”.
*The layer of electrons is called 2D-electron-gas, the equivalent

@e Inversion or accumulation layer of a MOSFET. /
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/ 6.3.4 JFET \

source P+ gate drain
* \ ] N
\ N’ ,/ N-channel \ N /
P-Si

*The gate i1s a P*N junction.

*The FET Iis a junction field-effect transistor (JFET).

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 6-16




/ 6.4 V,and Body Effect \
How to Measure the V, of a MOSFET

Ia. A P
Vi = 0 mV
A/
f
f
.-'Illl
llfll
: B /
01 x ¥ (uA) - —-—- —F -
V,
*Method A. V, Is measured by extrapolating the | versus
Vs curve to Iy = 0. W

Idsat = TCoxe (Vgs _Vt)/unsvds OCVgs _Vt
Wthod B. The Vg at which Ids =0.1 A xW/L
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7

C

MOSFET V, and the Body Effect

e Two capacitors => two
charge components

1
OX€ —1— # Toxe

N Ty Ve \

I@@@@@@@@

Cdep

P-Body

- E
dep_W

d max

S

C

™~

Qinv = _Coxe (Vgs -V ) + Cdep sb

— _Coxe (Vgs (Vt

* Redefine V, as

dep Vsb ))

OXG

\_

v,

Cee
Vt (Vsb) :VtO + Cd : Vsb :VtO + avsb

OoXxe

/
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e

 Body effect coefficient:
Vi =V + Vg, 02+

a = Cdep/ Coxe
= 3T,

MOSFET V, and the Body Effect

 Body effect: V, iIs a function
of V.. When the source-body v, (V)

junction is reverse-biased, - A NFET
Vi increases. — model M
x x x data 04 -

02 4+

™~

-2 -1 0 1

oxe / Wdep Ve

Qdy effect slows down circuits? How can it be reduced?/
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Body doping (¢cm ™)

Retrograde Body Doping Profiles

1018

107 Uniform body doping

Retrograde body doping

—1

W imax fOr uniform doping

0.0 0.1 0.2 0.3

Depth (pm)

* Wy, does not vary with V.
» Retrograde doping Is popular because it reduces off-state

0.4

0.6 4
—— model
x x x data 04 4

0.2 -

0.2 S

prET 94
0.6 -

leakage and allows higher surface mobility.
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/ Uniform Body Doping \

When the source/body junction is reverse-biased, there are
two quasi-Fermi levels (Eg, and Eg)) which are separated by
qV,- An NMOSFET reaches threshold of inversion when E,
Is close to E¢, , not Eg, . This requires the band-bending to be
2¢5 + Vg, , NOt 2¢;.

N 2
Vt :VtO + \/qCa i (\/2¢B +Vsb Y 2¢B)

oxe

=V, +7(\205 +Vy, —/205)

Qis the body-effect parameter. /
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ya 6.5 Q... in MOSFET \

e Channel voltage
V.=V atx =0 and
V=V atx = L.

e

° Qinv == Coxe(Vgs - Vcs o VtO - (Vsb+vcs)
== Coxe(Vgs o Vcs — (VtO ta Vsb) - Vcs)
== Coxe(Vgs — mvcs — Vt)

e m=1+a =1+ 3T /W
m is called the body-effect factor or bulk-charge factor
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/ 6.6 Basic MOSEET IV Model

Ids: WQianZ WQinv:UnsE |

=WC (Vgs_ mvcs _Vt)/unsdvcsl dx

W

m
| ds — T Coxe:us (Vgs _Vt - Evds )Vds

\_

oxe
L Vds VS
I Idsdx :WCoxe:unsj (Vgs B chs _Vt)dvcs
0 0 b ody
Idsl- = WCoxe:uns(Vgs_ Vt_ des/ 2)Vds L—bx |Vb "
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V. - Drain Saturation Voltage

2 Ox10™ - L = 10um, W = 10um
Toye = 4nm, V, = 0.3V il

<T

= 1.0x10" -
(V2]
_'D
5.0x107° -
0.0 0.5 1.0 1.5 20
Vds (V)
dl, W Vg =V

—0=—C SV —mV) ==V, =
dVdS L oxeHns (Vgs t ds) d
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Vcs
A
a —
( ) Vds - Vdsat
0 L

(Pinv:' Cox(vg - chs - Vt)

(b)

I i HpQiny AV cs/dX

©

dsat

E..©

—=
™~

(d)

E, 209

source

Vds > Vdsat

VCS

A
©) Vis

Vdsat

0 —>
® \

0 >~

I : HnQinydVcs/dX

@

dsat

0 > %

(h)

drain
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/ Saturation Current and Transconductance\

* linear region, saturation region

20x10% 7 L =10um, W= 10um
T e = 4nm, V, = 0.3V

W
1.5x10 2
Idsat = omL Coxe:uns (Vgs _Vt)
g 1.0x10"
50:10° * transconductance: g,= dl,/dV

00 05 10 15 20 W

Vis V) Omsat = Coxe/uns (Vgs _Vt)

-
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// 6.7.1 CMOS Inverter--voltage transfer Cur\h

.
f 2V Vip =0V ‘rdf (mA) Vi, =2V \
j ¥ T 02 —
PFET
S
—
D .
! in ——# :+—| 'r’nm
D
NFET |5
IAY S
—2.0 —-1.5 —1.0 —0.5 0 0.5 1.0 1.5 2.0
Vas (V)
VOUt(V)
A
Vids —p 2.0
1.5 4+
1.0 4+
0.5 4
L . Vg
—— | SR T Vo (V) | | .
0 0.5 1.0 1.5 2.0 « T T Vin (V)
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6.7.2 Inverter Speed — propagation delay
Vg

P Vy i - Vo §1E
C= =L C=
v
= 2
Vg — — - ——
2 Vs
= ‘-‘ =
Vl A
0 =l 7 —

. propagation delay
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/ 6.7.2 Inverter Speed - Impact of |, \

T, z%(pull—downdelay + pull —updelay)

pull —up delay <NV Vad
2IonP _4
pull —down delay ~ CVao Vin_ Vout
onN
S —

CV 1 1
Ty = 4dd (I +—)

onN onP

Qow can the speed of an inverter circuit be improved? /
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Logic Gates \
IVdd

e

- This two-input NAND
_ gate and many other

| logic gates are
extensions of the

= inverter. /
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/ 6.7.3 Power Consumption

Pynamic = Vaq X @verage current =k CV f
Vad
Paatic = Vaa lof
v

Total power consumption

P=P, . +P

static

dynamic
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6.8 Velocity Saturation

6 x 10°
—~ 5% 10° E
o
B 4x10° 1+ —
13
§ 4 % 10 E -
b f
'g 3% 10° -
E — B N, =8x10%cm™ E << Esat "V = :unsE
£ = ® Roughened, N, = 8 % 10¥em ™| |
= i A N, =25%10"cm™ y C Ny —
g 1x10° — Nitrided, N, = 2.5 x 107 em™3 | E>> Esat .V Hps Esat
0 o SOLN,=15x%10"7cm™
’ I | |

0 1 % 10t 2 x 10° 3 x 10° . .
Tangential Field (V/cm) * \elocity saturation has

large and deleterious
effect on the I, of
MOSFETS
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ﬁ9 MOSFET IV Model with Velocity Saturatich

=WQ,,v
a1 dV [ dx
Ids :WCoxe (Vgs - chs _Vt) dV
1+ |Esa
dx

.‘-OL IdeX - J';/ds [\NCoxeluns (Vgs - mvcs _Vt) - Ids | E sar]dvcs

m
I ds L= WCoxeluns (Vgs _Vt - EVdS )Vds — | dsVds | E sat

\_ /
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ﬁ}) MOSFET IV Model with Velocity Saturatim

\_

Ids

W

m
Coxelu ns (Vgs _Vt - Evds )Vds

1_|_ VdS

E satl—

Ids

_long -channel 1
1+V [ E L

_/
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/6.9 MOSFET IV Model with Velocity Saturatm

Solving ddlds =0,

ds

2V, —V,)/m
Vdsat =
1+ J1+2(Vy, —V,) /ME g, L

A simpler and more accurate Vg, IS:

1 m 1
_|_

Vdsat ) Vgs _Vt E sat L

E o = 2
ILInS
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/EXAMPLE: Drain Saturation Voltage \

T

\_

oxe

Question: AtV = 1.8V, what is the V,, of an NFET with
=3nm, V,=0.25V, and W, = 45 nm for (a) L =10
um, (b)) L=1um, (c) L=0.1 gm, and (d) L = 0.05 zm?

Solution: From V,, V,, and T, 1. iS 200 cm?V-1s,

gs’

E...= 2V /u s = 8 x10* V/cm
m=1+3T JW, =12

OXxe

-1
V. = [ m N 1
dsat VgS _Vt E sat L J
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EXAMPLE: Drain Saturation Voltage

-1
v =M 1
dsat Vgs _Vt E » L

(@) L =10 gm, V.= (1/1.3V + 1/80V)! =13V
b)L=1um, V= (L/1.3V+1/8V)l =11V

(©)L=0.1um, Vy,=(1/13V+1/.8V)L= 05V

\(d)L 0.05 um, Vy,.= (1/1.3V + 1/.4V)1= 0.3V /
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/ | ... With Velocity Saturation \
Substituting V4, for V4 In 1 equation gives:

LW, (Ve —V,)®  long-channel Iy,
dsat 2mL oxe’ s 1_|_Vgs _Vt 1_|_Vgs _Vt
mE, L ME, L
Very short channel case: Eo L <<V, -V,

| geat :WVsatCoxe (Vgs —V, —ME L)

Idsat - statCoxe (Vgs _Vt)

* lysqt i proportional to V.V, rather than (V- V,)?, not
as sensitive to L as 1/L.
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04

Measured MOSFET IV

L =0.15um v, =25v |

T T T T T T I T T T T T T T T T [ T T T

1
Vds (V)

lgs (LA/pm)

003 _

L=20um

Vds (V)

What is the main difference between the V, dependence
of the long- and short-channel length IV curves?
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/ PMOS and NMOQOS 1V Characteristics \

The PMOS 1V is qualitatively similar to the NMOS 1V,
but the current is about half as large. How can we
design a CMOS inverter so that its voltage transfer
curve Is symmetric?
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/ 6.9.1 Velocity Saturation vs. Pinch-Off \

Current saturation : the carrier velocity reaches
V., at the drain.

Instead of the pinch-off region, there is a velocity
saturation region next to the drain where Q. IS a
constant (1 4,/W..1)-

\_ /
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/ 6.10 Parasitic Source-Drain Resistance \

R,

G

1

Ry

S —W\

o If IdsatO oC Vg_vt’ |

dsat —

NNV—D

I dsatO

l...oR

dsatO" ‘s

4+
(Vgs _Vt)

* |, Can be reduced by about 15% in a 0.1um MOSFET.
Effect is greater in shorter MOSFETSs.

° Vdsat — VdsatO + Idsat (Rs + Rd)

_/
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SALICIDE (Self-Aligned Silicide) Source/Drain

contact metal  dielectric spacer

G g 5555535555500
i gate
‘ oxide
R. R, channel
§ —AAA, ANNV— D

N+ source or drain
NiSi ) orTiSi2

After the spacer is formed, a Ti or Mo film is deposited. Annealing causes
the silicide to be formed over the source, drain, and gate. Unreacted metal
(over the spacer) is removed by wet etching.

Question:
e What is the purpose of siliciding the source/drain/gate?
* What is self-aligned to what?
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/ Definitions of Channel Length

 HXE N H]
HEHEEENN
l.l X -l I.l.l I.>I< =
B -l E )~

H-d B B B
]|

\ L=L,-AL

_/
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/6.11 Extraction of the Series Resistance and th
Effective Channel Length

= WCoxe/usVds (V . _Vt)
L. —AL °
drawn y A X X data
ds ~ :
= Ids(l—drawn _AL) E(Q) o Intercept V=1V
s
WCoxe (Vgs _Vt):us 200
_ _ V=2V
Include series resistance, 2
ds — >
Rds = Rd t Rs ’
1 2
Vﬁ I—drawn —AL AL

Lgrawn (um)

Ry +
\Ids WCoxe (Vgs _Vt ):us /
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Electron velocity (cm/s)

6.12 Velocity Overshoot

1.8 x 10" -
1.5 x 107

1.2 x 107

9.0 x 10°

6.0 x 10°

3.0 x 10°

T =85K ----"““l

® [ =012 pm
v L.g=022 pm
o L.g=0.32 pm
Fu Lcﬂ' =042 pum
B L;=047 pm

2x 10 4x10 6 x 10* 8 x 10*
Tangential field (V/cm)

* \Velocity saturation
should not occur in very
short MOSFETSs.

 This velocity overshoot
could lift the limit on Ids .
e But...
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6.12 Source Velocity Limit

s

Gate
5 D
N | Nt — Vs
» M

 Carrier velocity is limited
by the thermal velocity
with which they enter the
channel from the source.

Idsat — WBVtthinv
- WBVtthoxe(Vgs - Vt)

eSimilar to

Idsat = statCoxe (Vgs _Vt)
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/ 6.13 Output Conductance \

e |, does NOT saturate in the saturation region, especially
In short channel devices!

e The slope of the 1 .-V 4 curve In the saturation region Is
called the output conductance (g.),

dl 04

dsat L =0.15pm

dVds 0.3

gds

Vg = 2.5V

e Asmaller g Is desirable for a
large voltage gain, which is
beneficial to analog and digital etV

circuit applications. e
0 1 2 25
Vds(V)
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/ Example of an Amplifier \
e The transistor operates in the saturation region. A small

signal input, v;., 1s applied.

lgs :gmsat'vgs_'_gds"/ds V4
= Umsat “Vin T Yas Vout R %
lais = Vout /R- Vout
Vin

- v “Omsat — L, NFET

OUt:(gdS‘l‘l/R) in

 The voltage gain is g,,.,/(94 + 1/R).
» A smaller g Is desirable for large voltage gain.

\I\/Iaximum available gain (or intrinsic voltage gain) is gmsat/gdS/
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/ 6.14 High-Frequency Performance

High-frequency performance is limited
D by input R and/or C.

?
Re = Cutoff frequency (f) : Frequency at
SR which the output current becomes equal
vl to the input current.
Maximum oscillation frequency (f.,)
Low Frequency ¥ : Frequency at which the power gain
Model Rs = drops to unity
5
Rin = Rg—electrode T Rii

\ Gate-electrode resistance  Intrinsic input resistany
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/ Drain

XA —

Gate-Electrode Resistance \

/ Source

Rg-electrode

(rate
metal line

Drain

i} 2
(sate electrode —
H' m Rg—electrode o /OW /12Tg Lg N f

Multi-finger layout greatly reduces
the gate electrode resistance

(ate
metal line

p . resistivity of gate material,

Source

W, : width of each gate finger,

Drain

T, : gate thickness,
L, : gate length,

\ Source

N; : number of fingers. J
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/ Intrinsic Input Resistance \
G
% Rg-electrode

. L . 4 COX
g (v S == N D
RCh Vdsat
V
R. :Kdech = k&
ds

The gate capacitor current flows through R, to the
Qurce and ground. /
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/ 6.15 MOSFET Noises \
Noise : All that corrupts the signal

External noise:

e Inductive and capacitive interferences and cross
talks created by wiring

* Needs to be controlled with shielding and circuit
layout carefully

Fundamental noise:

e Noise inherent to the electronic devices.

e Due to the random behaviors of the electric
carriers inside the device

_/
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;7

t voll)

6.15.1 Thermal Noise of a Resistor \

White noise

d

Thermal noise: caused by
random thermal motion of the
charge carriers

. N 8

L!

= 4kTAfR = Sy Af

= | I‘w-.ill

= 4KTAf/R = S; Af

S : noise power density

spectrum /
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/ 6.15.2 MOSFET Thermal Noise \
G ?Igz

. =L ol COX (9V_§S _} L

S ““""‘5—*‘2”’”* \, |p o)1 ii O
V
AV dsat S N\ D
_/
V2 = 4KTAF / g,,
G T
= o
> %W L D las = 4KTAfg,,

==

nd
\% T % Parasitic-resistance noise /
B
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/ 6.15.3 MOSFET Flicker Noise \

Vg =0.85V_ E=E. | Charge trapping and releasing
by a single oxide trap generate
Random Telegraph Noise

o RTS ngeform -

Trap filled half the time
0 250 500p 750u Im
Time (s) 1E-16

Many traps produce a 1/f
power density spectrum.
1/f noise

- KF-W I I
i =—— ()" -KTAf =20 100 1k 10k
fL'C,, W Frequency (Hz)
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ﬁ.lSA Signal to Noise Ratio, Noise Factcm
Noise Figure

SNR: Signal power . noise power.

Decibel or dB:10 times the base-10 logarithm of the

noise power.
P 10 x Iog%

Noise factor: The ratio of the input SNR and output
SNR.
- _ SN

- S
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6.16

Memory Devices

Keep Cell size | Rewrite | Write- | Compatible | Main

data and cycles one- with basic applications

without | cost/bit byte CMOS

power? speed | fabrication
SRAM | No Large Unlimited | Fastest | Totally Embedded in

logic chips
DRAM | No Small Unlimited | Fast Needs Stand-alone
modification | main memory

Flash Yes Smallest | Limited Slow | Needs Nonvolatile
memory extensive data and code
(NVM) modification | storage

N—
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/ 6.16.1 SRAM

>Fastest among all
memories.

>Totally CMOS
compatible.

>Cost per bit is the
highest-- uses 6 transistors
to store one bit of data.

BL

M

“LOW”

(H) BLC
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/ 6.16.2 DRAM \

*DRAM capacitor
Word-line 1 Word-line 2 can only hold the data
Bit-line 1 = (charge) for a limited
— — time because of
—c —c leakage current.

Bit-line 2 *Needs refresh.

— — *Needs ~10fF CIn a
small and shrinking
area -- for refresh time

\ : and error rate. /
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/ 6.16.2 DRAM capamtor technology

AR AN B AL G

Stacked capacitor and
Wch capacitor

B
N Tty "'\-Cl.".l.' o
L

s

o

o

o

e
Pt

™ Thin dielectric

i— Cup-shaped electrode

{4~ Second electrode fills
all open space

Bit-line

P
frfr

// 510,
%

Ry

Word-line
and gate

]
+ /

7
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6.16.3 Nonvolatile (Flash) Memory

Gate [nsulator
. Charge-storage layer
F
-« Thin insulator
N A P . N
20V 0wV
T ?
0V 0V —
?_Hf ¢
N* | N* SRS
P P
o &
0V 20V

Tunneling write

Tunneling erase

Ii A No electrons Electrons
stored stored
/.." .-.lll'll
ek {:I 5% -...._ 1 ...-.ll.l'.
Vilow V' high
TV
i *Floating gate
N — :’.;1;” (poly-Si)
NT) * | (N+] <Charge trap
b (SONOS)
o *Nanocrystal
1AY

Hot-electron write
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/ Phase Change Memory
Temperature

Temperature
Melting

]
temperature

IR ——;ifll ————— -
i fﬁ__.___-——__'

ll L\ |

] - .
Time Time

0

Alloy of Ge, Sb, Te has high resistivity In
amorphous phase and low resistivity In

polycrystalline phase.

_/
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3D (Multi-layer) Memory \

» Epitaxy from seed windows can produce Si layers.

 |deally memory element is simple and does not need
single-crystalline material.

Yellow = Con

Blue = Device [ I l l l__l_l_'j_l
ductor

Modern Semiconductor Devices for Integrated Circuits (C. Hu)



/ Resistive Memory (RRAM) \

-- Organic, inorganic, metallic.. material
-- Future extension to 3-D

\_ /
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/ 6.17 Chapter Summary \

e propagation delay
CVy,, 1 1

T, = +
R TRA

onN onP

e Power Consumption
2
P=kCVf+V,l
 body effect

Vi(Vy) =Vio +aVy | for steep retrograde body doping

\0[ = 3Toxe / deax /
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/ 6.17 Chapter Summary \

e basic |, model

W
| ds — T Coxe:us (Vgs Vt 2 Vds )Vds
m=1+3T_. /W, . =1.2

dmax

e Small « and m are desirable. Therefore, small T, Is good.
Ch.7 shows that large W, IS not acceptable.

e CMOS circuit speed is determined by CV /1 4., and its
power by CV 2f + Vg4l 5 .-

\_ _/
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/

6.17 Chapter Summary

dsat

dsat ~—

Vgs _Vt
m
W

2mL

- —Coxe:us (Vgs _Vt)2

Considering velocity saturation,

m
Vsa =
e

_I_

1)

Bl )

\_

|V characteristics can be divided into a linear region
and a saturation region.
|, saturates at:

transconductance:

W

Omsat = Coxe:us (Vgs _Vt)

mL

dsat

_long -channel 1,

Vgs —V,
1+
mE sat L
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/ 6.17 Chapter Summary \
At very small L lgsar =WV Coe Vs = V1)

*\/elocity overshoot can lift v
similar top over |

but source velocity limit sets a

sat !

Idsat = WBVtthoxe(Vgs — Vt)

eIntrinsic voltage gain IS gt/ Jgs

*High f; and fy .y need low Ry =Ry ciecirose + R

R. ocﬂ R

Ids

*Noise arises from the channel, gate, substrate thermal noises, and
\ the flicker noise. /
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6.17 Chapter Summary

SRAM, DRAM, Nonvolatle memory

Keep Data Cell Size Write- Compatible
Without  and Rewrite  One-byte with Basic CMOS Main
Power? Cost/bit Cycles Speed Manufacturing Applications
SRAM No Large Unlimited Fast Totally Embedded
in logic chips
DRAM No Small Unlimited Fast Need Stand-alone
modifications chips and
embedded
Flash Yes Smallest Limited Slow Need extensive  Nonvolatile
memory modifications storage stand-
alone
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/Chapter 7 MOSFETs in ICs - Scaling,

eakage, and Other Topics

7.1 Technology Scaling
- for Cost, Speed, and Power Consumption

YEAR 1992 | 1995 | 1997 | 1999 | 2001 | 2003 | 2005

2007

Technology |05 |0.35 |0.25 |0.18 |0.13 |90 65
Generation [pym |pm |pm |[pm |pm |nm |nm

45
nm

*New technology node every two years or so. Defined by
minimum line width-spacing average.
e Feature sizes are ~70% of previous node’s.

\-Reduction of circuit area by 2 — good for cost and speed./
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International Technology Roadmap for Semiconductors

Year of Shipment 2003 2005 2007 2010 2013
Technology Node (nm) 90 65 45 32 22

Lg (nm) (HP/LSTP) 37/65 26/45 22/37 16/25 13/20
EOT,(nm) (HP/LSTP) 1.9/2.8 1.8/25 |1.2/1.9 0.9/1.6 0.9/1.4
VDD (HP/LSTP) 1.2/1.2 1.1/1.1 1.0/1.1 1.0/1.0 0.9/0.9
Ton,HP (pA/pm) 1100 1210 1500 1820 2200
TIoff, HP (nA/pm) 0.15 0.34 0.61 0.84 0.37
lon,LSTP (uA/pm) 440 465 540 540 540
TIoff, LSTP (nA/pm) le-5 le-5 3e-5 3e-5 2e-5

—»Strained Silicon

|, High-k/Metal-Gate
— Wet Lithography

¢ HP: High performance; LSTP: Low stand-by power

> New Structure
* V44 IS reduced at each node to contain power consumption in spite of

rising transistor density and frequency
* T., IS reduced to raise I, and retain good transistor behaviors

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 7-2




/7.1.2 Strained Silicon: example of innovation\

Gate _
Mechanical Trenches filled
strain \ /with epitaxial SiGe
E‘> - K
Y
J \. J
N-type Si

The electron and hole mobility can be raised

\by carefully designed mechanical strain. /

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 7-3



7.2 Subthreshold Current

* The leakage current that flows at V <V, is called the
subthreshold current.

10000

— E PMOS NMOS
e 1000 —
3 -
= 100F
<E - Intel, T. Ghani et al., IEDM 2003
10
2 - 90nm technology.
< £ Gate length: 45nm
01 Vi
0.01 (V) = 005, 1.2\
ﬂ.{]’ﬂ] :I 1111 | L1111 | L1111 | I L1111 | I | 11111 | 11111

—1

[

-09 -06 -03 0 0.3 0.6 0.9 1.2

- The current at V(=0 and V=V y Is called I
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P ns oC eC](pS/kT

E., E, S

* @, varies with V, through a capacitor network

9 d P Coxe 1
Cox - — -
=, ) AV, C+Cy 7

dep
Cuep T
\ e 1 In subthreshold, ¢, = constant +W

//Subthreshold current oc ng (surface inversion carrier concentm
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Cox ==

Subthreshold Leakage Current

l,c €N, e

Coep ——

Ps

qos KT

oc eq(constant tVys / 77) /KT

qV,d KT
Ids e *

C
=1+
n Coxe

« Subthreshold current changes 10x for »-60mV change in V

Reminder: 60mV is (In10)-kT/q

e

qVgd UKT\

*Subthreshold swing, S : the change in V corresponding to
10x change in subthreshold current. S = n-60mV, typically

/

Q-mmv

I
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/

100xW/L(nA)

\ loff

Log (IdS) N

Subthreshold Leakage Current \

Vis=Vdd

Vi

\Y

= Isubthreshold (nA) 1OOX

gs

* Practical definition of V, : the V at which I,;= 100nAxW/L

e A VgV T _ 1OO><L W qoles

o (NA) =100 x%x 10 Vi/S

IS determined only by V, and

subthreshold swing. /
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Subthreshold Swing

possible value of S Is 60mV/dec.

« Smaller S is desirable (lower 1 for a given V). Minimum

 How do we reduce swing? S = 60MV .(1+
e Thinner T, => larger C,,

dep

oxe

|

» Lower substrate doping => smaller COIeIO
e Lower temperature

e Limitations
current

set by V..

\_

e Thinner T, — oxide breakdown reliability or oxide leakage

* Lower substrate doping — doping is not a free parameter but

_/
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S

gl | Fo ks
yd

another capacitance in
parallel with Cy,

Vg

2>Vg1

/Effect of Interface States on Subthreshold Swim

« Interface states may be filled by electrons or empty
depending on its energy relative to E, i.e., depending on Vg

e dQ;,/d ¢, (number or interface state per eV-cm?) presents

S =60mV -(1+

Cdep + innt

oxe

/d¢sj/

—
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7.3V, Roll-off

.V, roll-off: V,decreases %[ '
i i -0.05} -

with decreasing L. S |

e It determines the B O '

minimum acceptable L, © -0.15; -

- 9 - = Vds =50mV
because I «Istoo large if < 550l o Vds =10V 1
V, becomes too small. 05l T ]
70.01 0.1 1

Lg (um)

K. Goto et al., (Fujitsu) IEDM 2003 65nm technology. EOT=1.2nm, V=1V

 Question: Why data is plotted against L, not L?

Answer: L is difficult to measure. L is. Also, L, Is the quantity that
manufacturing engineers can control directly.
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hy Does V, Decrease with L?— Potential Barrier Concept

Long Channel

V=V, ~0.2V

e When L i1s small, smaller Vg IS needed to reduce the barrier to
0.2V, i.e. V, Is smaller.

« V., roll-off is greater for shorter L
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Energy-Band Diagram from Source to Drain

e L dependence

source/channel
barrier G

long channel

short
channel

log(lys) |

* V, dependence "1

long channel
renne VdS:O VdS=O Vds
VdS=Vdd VdS:Vdd
short channel R
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V, Roll-off — Simple Capacitance Model

Vs helps V to invert the surface, therefore

Vs c
Vt :Vt—long _Vds 'aie
Vt :Vt—long _(Vds +O4) Cd
t Coe

|
Due to built-in potential between N-
channel and N*drain & source

_ « 2-D Poisson Eq. solution shows that
As the Chann_e| length is C, is an exponential function of L.
reduced, drain to channel

distance Is reduced—> Cg V, =V,
Increases

~(V, +0.4). "
where |, ~ 3T, W, X,

—long
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K Vertical dimensions (T, Wy, X;) \

must be scaled to support L reduction

—L/I
Vt :Vt—long o (Vds + 04) e °
where I, = 3T W, X, 100 1
| | Physical SiO2 Thickness

Thickness (A)

350nm
250 nm
180 nm
130 nm

90 nm

_ R,
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/ﬁReducing Gate-Insulator Electrical Thickr@

and Tunneling Leakage

e Oxide thickness has been reduced
over the years from 300nm to 1.2nm.
* Why reduce oxide thickness?
— Larger C_, toraise I,
— Reduce subthreshold swing
— Control V, roll-off

e Thinner is better. However, If the 10

oxide is too thin
— Breakdown due to high field

\— eakage current /
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Gate Tunneling Leakage Current

6

. 10 Direct Tunneling Model
§ 104 { Inversion Bias
< V. |=10V
T 7 ~7 107 F .
______ Z Expt. Data
2 10"}k o Sio, -
S [ 5 i " HfD:
E 10~
/ S 10
l
.’H: &
~ 10

0.5 10 15 20 25 3.0 3.5
Equivalent Oxide Thickness ¢ . (nm)

For SiO, films thinner than 1.5nm, tunneling leakage
current ﬁas become the limiting factor.

HfO, has several orders lower leakage for the same EOT.
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eplacing SiO, with HfO,---High-k Dielecm\

Tihf.caps
TiN hFET

O = . poly-Si/SiQ,
& L
To) O

O
”
TiN/HFO2/ ‘.
chem ox

"« | (After W. Tsai et al., IEDM'03)

0 5 10 15 20 25 30 35
EOT (A)
» HfO, has a relative dielectric constant (k) of ~24, six times

large than that of SiO.,.
* For the same EOT, the HfO, film presents a much thicker

(albeit a lower) tunneling barrier to the electrons and holes.
Qoxe can be further reduced by introducing metal-gate /

technology since the poly-depletion effect Is eliminated.
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/ Challenges of High-K Technology

» The difficulties of high-k dielectrics:

— chemical reactions between them and the silicon
substrate and gate,

— lower surface mobility than the Si/SiO, system

— too low a V, for P-channel MOSFET (as if there is
positive charge in the high-k dielectric).

— long-term reliability

« Athin SIO, interfacial layer may be inserted between
Si-substrate and high-k film.

Question: How can T, ., be reduced?

\ (Answer Is in Sec. 7.4 text) /
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7.5 How to Reduce W,

* Wy, can be reduced by increasing N,

\/qN sub 2‘95¢st 285¢st
o c W

ox" "dep

— If N, Is Increased, C,, has to be increased in order to
keep V, the same.

— Wy, Can be reduced in proportion to T,.

]_:I.'E

Vt :Vfb TPy +

:Vfb T Qg +

» Or use retrograde doping with =
very thin lightly doped surface = [ &
layer a ’ | |
. . £ & Uniform Body Doping

— Also, less impurity s i

scattering in the inversion S Retrograde Body Doping

layer = higher mobility

1018 1 I t I i /
040 0.1 02 03 04
Depth (L)
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/ 7.5 ldeal Retrograde Doping Profile \
o Assume the body is heavily doped

- - Trﬂ
with an undoped layer, T, thick, at / - > E.
the surface. |
e T LV
Vox = Tox8ox = ﬁhstﬁ ——;;?———;T—— Ey

e T

Vi= Vg + qbst('l + EET':'K)
o Compared with uniformly doped body

2(C;STOX
Vi =V + ¢ (1+—7)

ox" "dep
*ldeal retrograde doping yields a depletion region width (T)
was thick as W, of a uniform doped body. /
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7.6 Shallow Junction and Metal Source/Drain

contact metal dielectric spacer
EEEEE if EEEEE I EEEEEEEEEEEEEY
EEEEEEEEEEELE SE
oxide
channel
: : . Shallow junction
: Deep S/D extension

silicide
The shallow junction extension helps to control V;, roll-off.

Shallow junction and light doping combine to produce an
undesirable parasitic resistance that reduces the precious I,

Theoretically, metal S/D can be used as a very shallow
“junction”.
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Metal Gate Metal
source drain
s iz
P-body

To unleash the potentials of
Schottky S/D MOSFET, a
low- @5, Schottky junction is
needed for NFETs and

low- ¢, for PFET.

\_

V=0

S D
, Z-—-—-————-” Er
i W7

/ 7.6.1 MOSFET with Metal Source/Drain \
Channel

ffrd- -\-\\\"I

S%\% EF
Z

(b)

Channel

(<)

Conventional MOSFET
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ﬁ Variations and Design for Manufactur%

1000 7 1000 g L+
j o § _oml®
. ﬁiﬁ E‘II'_'II:I:; 4|:||'|.-':'.'||,|_m . +:;.u:.'|_+" G
= N/ o = | “'f-f..':ﬂ”
E nAJm # E 10 P
™ f T % °
2 1o g 2 o &
14 &
" g é
¢ NMOS : PMOS
L o o B B B . 1 I T e . S S A e S . S S A o R B A
0.8 1 1.1 1.2 1.2 1.4 1.5 0.5 0.6 0.7 0.a 0.9
IDSAT [mAfum) IDSAT (mAdjm)

Intel, T. Ghani et al., IEDM 2003

« Higher I, goes hand-in-hand with larger | ¢ -- think L, V,, T ,,
Vdd.
 Figure shows spread in |, (and | ) produced by intentional

difference in L, and unintentional manufacturing variatons in
L, and other parameters.
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/Variation Tolerant Circult Design\

* Multiple V,
— Lower V, is used only in the blocks that need speed

* Multiple V4
— Higher Vg, Is used only in the blocks that need speed

o Substrate (well) bias
— Only some circuit blocks need to operate at high speed.
— Can use reverse well bias to raise the V, for the rest.

— This techniques can also reduce the chip-to-chip and
block-to-block variations with intelligent control

circuitry.

— Would like larger body effect than conventional
\ MOSFET. /
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/./8UItra-Thin-Body SOl and Multigate I\/IOSFEN

* Reducing T, gives the gate excellent control of Si surface
potential.

 But, the drain could still have more control than the gate
along sub-surface leakage current paths. (Right figure.)

leakage path /
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7.8.1 Ultra-Thin-Body MOSFET and SCN

e UTB MOSFET built on ultra thin silicon film on an
Insulator (Si0O,).

e Since the silicon film is very thin, perhaps less than 10nm,
no leakage path is very far from the gate.

Electron Micrograph of UTB MOSFET

Gate

N N

SIO; Source_ . ¥ Drain -
Si0, PO Wt
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/.,

|, [AJum]

Draim Current,

10

film 1s made thinner.

T,,=1.5nm, N
V=1V, V=0

N | BOX

BOX

00 02 04 06 08 10
Gate Voltage, V, [V]

Ultra-Thin-Body MOSFET \
on

The subthreshold leakage is reduced as the silic

wp=1e15cms3,

BOX

B | mA/cm?
101 102 1Q¢
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ﬁoducing Silicon-on-Insulator (SOI) Substrates\

Wafer A Wafer B

51 bulk SOOI wafer

Voo

\ New A New B

\

Initial Silicon wafer A and B
Oxidize wafer A to grow SiO2
Implant hydrogen into wafer A

Place wafer A, upside down, over
wafer B.

A low temperature annealing causes
the two wafers to fuse together.

Apply another annealing step to for
H, bubbles and split wafer A.

Polish the surface and the SOI wafer

IS ready for use.

Wafer A can be reused.
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/ Cross-Section of SOl Circuits \

= y 3
. é‘ . . &H. i

Si

Si substrate

* Due to the high cost of SOI wafers, only some
microprocessors, which command high prices and compete
on speed, have embraced this technology.

 |In order to benefit from the UTB concept, Si film thickness
must be agreesively reduced to ~ Lg/4

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 7-29




/ 7.8.2 Multi-gate MOSFET and FinFET\

» The second way of eliminating deep leakage paths is to
provide gate control from more than one side of the channel.

e The Si film is very thin so that no leakage path is far from one
of the gates.

« Because there are more than one gates, the structure may be
called multi-gate MOSFET.

double-gate MOSFET /
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FinFET

* One multi-gate structure, called FINFET,
IS particularly attractive for its simplicity
of fabrication.

 The channel consists of the two vertical
surfaces and the top surface of the fin.

e Question: What is the channel width, W?

Answer: The sum of twice the fin height and the
width of the fin.

k SOI FinFET Bulk FINFET /
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Variations of FInFET

FINFET FINFET FInFET

Tall FINFET has the advantage of providing a large W and therefore
large 1, while occupying a small footprint.

Sh(rJ]rt FINFET has the advantage of less challenging lithography and
etching.

Nanowire FINFET gives the gate even more control over the silicon
wire by surrounding it.
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-V of a Nanowire “Multi-Gate” MOSFET

Gate Dr| N

1E-3 |- Mid-gap gate o -
[ v, =1V R=12.5nm
1E-5} T =1.5nm
~— - -
< 1e7 reesm
E =
O 1E9 i
= -
O 1E-11 -
et i
‘" 1E-13 _ _ o
5 ® Dessis 3-D simulation4
1E-15 model .
1E-17 . 1 . 1 . 1
0.0 0.5 1.0 1.5
Gate Voltage (V)

2.0

Drain Current (A)

1.4x10°
1.2x10°F

1.0x10°

8.0x10° }- L=

6.0x10°

4.0x10°

2.0x10°
0.0

® Dessis 3-D simulation |

0.0

05 10 15 20
Drain Voltage (V)
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/ 7.9 Output Conductance \
What Parameters Determine the g4 ?

dldsat dldsat . th

oz = dVdS T v, dv,

dsat __ dSat _ dVT :e_l‘”d

dl
— and
dv, Rdv Imsa AV \

L/I
lgsst IS @ function of Vv, (FTom Eq. 7.3.3, Vt=Vt_jong Vais € a)

L/IO|
|:> gds gmsat

|:> Max voltage gain (R — o) = Omsar _ oL/
qnln

 US

A larger L or smaller 7, 1.e. smaller Tox, Wdep, X], can
Increase the maximum voltage gain. /

*The cause Is “V, dependence on V. ”in short channel transistors.

o

__“
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/ Channel Length Modulation \
« For large L and V4 close to V ;, another mechanism may
dominate g4. That is channel length modulation.

*V -V 4ot 1S dissipated over a short distance next to drain,
causing the “channel length” to decrease. More with increasing
Vd

Sl

\_

L, Ve
ds
L(Vds _Vdsat) P /__
AL
/
Id ~ %/ TOXWdep X ] V=Visat

/
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7.10 Device and Process Simulation
 Device Simulation

— Commercially available computer simulation tools can solve
all the equations presented in this book simultaneously with
few or no approximations.

— Device simulation provides quick feedback about device
design before long and expensive fabrication.

e Process Simulation

— Inputs to process simulation: lithography mask pattern,
Implantation dose and energy, temperatures and times for

oxidization and annealing steps, etc.

— The process simulator generates a 2-D or 3-D structures
with all the deposited or grown and etched thin films and

doped regions.
— This output may be fed into a device simulator as input/
together with applied voltages.
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Example of Process Simulation
FINFET Process

poly gate

The small figures only show 1/4 of the complete FInFET-
-the quarter farthest from the viewer.

Manual, Taurus Process, SynoposysM
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/ Example of Device Simulation--- \
Density of Inversion Charge in the Cross-Section of a FInFET Body

I
-y D~

4 S

™~

C.-H. Lin et al., 2005 SRC TECHCON
Tall FInFET Short FinFET

» The inversion layer has a significant thickness (T,).

 There are more more subthreshold inversion electrons at
the corners.

\_ /
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ﬂl MOSFET Compact Modeling for Circm
Simulation

 For circuit simulation, MOSFETs are modeled with analytical
equations.

e Device model is the link between technology/manufacturing
and design/product. The other link is design rules.

 Circuits are designed A. through circuit simulations or B.
using cell libraries that have been carefully designed
beforehand using circuit simulations.

 BSIM is the first industry standard MOSFET model. It
contains all the models presented in these chapters and more.

\_ /
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Examples of BSIM Model Results

N

WiL=10.0v0.4, T=27"C, VB=0 V¥
ad B
| VGS (V) =
. 2.00
am |l_l_'.f'i.-‘-l'. e b2 2.50
Lt T | 3.00
| 3,50
3.87 ;"f} : 4,00
,r(‘ I I'll-!L"‘-""-""'_l'."J"._4
S et
A
-
290 o : e
i i}". J-FFI-'-" bt
E '.‘ .a-"'"
e oA
._.jj.-' .‘.'_....n-lf"""—'_'"""r
1,84 i d__-"" -
[y )
s
| oA
LA 1
T I L L LR
:I.-.r." _--r'lh"-l-i-'l--|lr-ll' e ' I
s :
T _
.-."..-i
.E. Lines: Mode |
)!.-‘-’ Symbols Data |
B
0.0 0.8 1.6 24 32 4.0

VD (V)

Log 1D (a)

W/L=20,0/0.4, T=27"C, VD= .05 ¥

t g
[y ) Lines: Model
B | -F Symbols: Data
[ /]
LT
. _|‘ ! TTI"
= [ BN
! i ‘I'II1
.I ': ] |I.I
10} ) 1.
O
1%
ETR Y ]
-12 L _
0.0 .66 1.42 1.58 284 a3
VG (V)

5
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Example of BSIM Model Results

— —

Tox=11nm W/L=10/0.4
2 Vdgs=0.1V W/L=10/0.5
| Vbs=0V

WIL=10/0.6

-4

lds (x10 A)

W/L=10/1_

Idsat{r...,

L {um}
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VEh (W)

1.6

14

12

1.4

0.8

LhE

0.4

Example of BSIM Model Results

W=20um Tox=9%nm

Vbe=-3.3V
o a
WVhe=-2_64
=] u
Vhs=-1,58\
3 Ll
Vibs=-1.32V
- ¥ a
Vhs=-0_66Y
I_rj:\_,_L'l— {3 Il
Whs=0V
T s
(=
1 2 3 5
L {um)
E
£
£
]
&

Wil=10.0604, T=27"C, VB= O ¥

24.5 S
VES (V)=
Lirvise: hfnoked T 2.00
Symials Data .____:--; Lot e \\, .50
1R = g a.040
- Y .53
/ - gTE o = - 4.80
= o - = 1
. T e L
147 ,,A ) .f’fﬁ _a*"f -
: - A
. yf - A o
. ___.-:-' o .
&
a6 / -~ < f’#,x.
-
S A A
W ."'-
. ._r"r, -_,.-."'-'- /-/'. .'_,-"' ..-___-'_ =
. . - L
i : r N |
. __."'. ___-" ./.-"f-.__.-'; =
d"f- P v
S, rd .y L -
-~ ‘_J\-' .l_.-'_" e :.-'_" -
AT e -
LN NS . L |
a0 01548 1.42 HE: 264 343
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/ 7.12 Chapter Summary \

The major component of |_ Is the subthreshold current

I« (NA) =100 - WT .e” MK~ 100 WT 10~V !s

V, decreases with L, a fact known as V, roll-off, caused
by drain-induced barrier lowering (DIBL).

V.=V, -V, +04)e""

Id oC %/Toerdep X J

long

Output conductance of short channel transistors

\ gds — gmsat Xe_uld /
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/Chapter 8 Bipolar Junction Transistors\

 Since 1970, the high density and low-power advantage of
the MOS technology steadily eroded the BJT’s early dominance.

« BJTs are still preferred in some high-frequency and analog
applications because of their high speed and high power output.

Question: What is the meaning of “bipolar” ?

\_ /
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8.1 Introduction to the BJT

» VB

NPN BJT:
e <
N P : N Ic A Vge
Emitteré Base Collector ?
e /
0
I.F'..E _;Ir _____ ‘;:I_ _:H\-‘]L I . t_ I
Vael B \S ¢ is an exponentia
it | function of forward
E, - | Ves

of reverse V.

Vge and indepe
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Common-Emitter Configuration

E C
NT P N VeE
I C
—
‘f b 7
B Ve =
VBE /
s 1 1 _

> Vg

I:f

cC

Iy
}f— % Vﬂm‘

0] —

Question: Why is |5 often preferred as a parameter over Vgg?
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ﬁ_z Collector Current . i ayers \

N¥ N

collecton

75 . base recombination lifetime
L, =+/7,D, D; : base minority carrier (electron)
diffusion constant

Boundary conditions :

'(0) = ng (6757 —1)

\n'(wB) (€7 ~1) x -y =0 /
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/ sinh(WB_Xj 8.2 Collector Curr%
N'(X) = Ngo (™" —1) L "

B
sinh(Wj / L) . :‘AEqDB_

dx
n'(x)/n’(0) nZ 2
'(X) = —B_ (@@Vee /KT _q D. n:
1<{n (X) NB (e ) _ AEqW_BN;B(quBE/kT _1)
] %1\ —a— Wy =001Lg 5 B
1 ~ § N — Hf:”_ I.]..c'.lr-H _ qV /KT
k&k —ia— Wp=0915 IC o IS (e > _1)
\K\\
% k’% It can be shown
’%.\ gn; Ik
e .= A ——(e%="*T 1
) : c = A G, ( )
p ; Wg 2
n'(x) = '(0)(L— X /W) G, = [P g
n-2 Voo /KT 0 nIZB DB
=—B (=" —1)(1— x/Wy)
N Ng Gg (s-cm?) is the base Gummel numb
N—
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8.2.1 High Level Injection Effect

At low-level injection, 102t .
Inverse slope Is 60 mV/decade et .
104
*High-level injection effect : -
< 0%
/ / ~ : i
At large VBE, n=p>> NB ol 106 7 -60 mV/decade
r A _ __,-'
nNn=p'=n=p i
2 _q(Eg,—Eg, ) /KT 2
np =netEm ERlT ekt L S
0O 02 04 06 08 1.0
‘N~ p ~N quBE/ZkT VBE
. ~ ~ |
_ GVge / 2KT
o D=0nN Ve [2KT
GB p n,e IC oC nleq BE

When p > Ng , inverse slope is 120mV/decade.
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8.3 Base Current

Some holes are injected from the P-type base into the N* emitter.
The holes are provided by the base current, |5 .

contact emitter base collector contact
I electron flow :

hole flow

——t

H : RS
——t B = -

= W —= 5= W —==
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;7

8.3 Base Current

base

contact emitter

electron flow

hole flow

+ - T
b
qni2 oV /KT : :
I :AEG—(e = =1) For a uniform emitter,
E
We 2 DEniZE qVge /KT
n"- n I; = e -1
Ge = | -—dx : AEqWENE( )
0 r]iE DE

\Is a large I desirable? Why?
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/ 8.4 Current Gain \
Common-emitter current gain, - : |

IBFE_C
Common-base current gain: g
lc =a: ¢
o =|C_ IC _ IC/IB _ IBF
- =—C = - —
I Ig+1. 1+1. /1 1+ 6.
U
It can be shown that |S: =
1-a,

ﬁ — GE _ DBWENEni?B
F

G, DW,N.n2
\ ° P E How can f- be maximized?/
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/ EXAMPLE: Current Gain

Solution:
. =1.+1; =1mA+10pA =1.01mA
Le=1./1;=1mA/10 pA =100
ar =1./1: =1mA/1.01mA =0.9901

We can confirm
__%r

P and S, =

1+ B 1-a.

e =

\_

~

ABJT has I =1 mA and Iz = 10 pA. What are I, - and o?

_/
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/ 8.4.1 Emitter Bandgap Narrowing \

N, nZ To raise -, Ng is typically very large.
p N, nZ Unfortunately, large Ng makes ni >n’
(heavy doping effect).

n2 = N.N, e 5’ Since n;is related to E, this effect is
I C' %V
also known as band-gap
narrowing.

nZ =n2e"ce’ AE e is negligible for Nz < 10 cm3,
is 50 meV at 10%cm3, 95 meV at 102°cm -3
and 140 meV at 10%1 cm.

Emitter bandgap narrowing makes it difficult to raise S- by
doping the emitter very heavily.
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/8.4.2 Narrow-Bandgap Base and Heterojuncion BJN

N. nz  To further elevate S, we can raise n,z by
using an epitaxial Si,_,Ge, base.

With 7= 0.2, Egg is reduced by 0.1eV and n;z* by 30x.

\_ /
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ﬂXAMPLE: Emitter Bandgap Narrowing and SiGe Baﬁ

Assume Dg = 3Dg, Wg = 3Wy, Ng = 108 cm3, and n,g? =

and a SiGe base with AE g = 60 meV ?

(a) At Nz = 10%% cm™3, AE ¢ ~ 50 meV,

Ec /KT
n =n eA oE _ n_2e50meV/26meV 2 192 - 8n

DW. Ngnf  9:10%-n7
DW, NgnZ 10%.6.8n’

Pr =

(b) At Ng = 1099cm™, AE ¢ ~ 95 meV
nZ =38n> B =24

/K
QnIZB — nzeAEgB T — nize60meV/26 meV :10n|2 ﬂF — 237

2. What is

[ for () N = 101% cm3, (b) Ng = 102° cm= and (¢) N = 1020 cms

_/
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collector shorts.)

\_

8.4.3 Poly-Silicon Emitter

A high-performance BJT typically has a layer of As-doped NN

poly-silicon film in the emitter.

= 1s larger due to the large W¢, mostly made of the N* poly-
silicon. (A deep diffused emitter junction tends to cause emitter-

========‘ W-———-c==C

T e e T e T e et e e e e =,
P P P P P P e e P 1 e e e e e e e e e e e =L F— — 7=,
T T T T e e T T e e e e e =,
e e e ey e e R e

N-collector

_/
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8.4.4 Gummel Plot and g Fall-off at High and Low I

| Sl

w02l Highlevel — ___ _— E f
injection in base )% 7 1251 ]
104 - Pt T
oo fﬁ;’ﬁ-’n—n—u:u,_ﬁtgﬁ _
= 10 [ TR
- - % -
Rt n E
u'.j|'. ]
] o
101" + ]
From top to bottom: +
[y pl—
- B Vge=2V, 1V, 0V ]

Vee i w o w o w1
lo| A

Why does one want to operate BJTs at low |- and high 1.?
Why is S a function of Vg In the right figure?
Hint: See Sec. 8.5 and Sec. 8.9.
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8.5 Base-Width Modulation by Collector Voltage

Ic
3_“_"'|"'|"'|"'|'--_
B n___nfﬁfp T -
g T Output resistance :
E :éé:_;.;..-:-:-m__:-:_— —_— -
= M ] ol V
= :Jid,_-mma._,&._.ﬁ_ﬂ_ﬂ-—-hf’ﬁfﬂ . rO = [ ¢ ] — —A
lr.i}g e _ OVe .
'"_“',;g...l...l...I...I...-
0 1 2 3 4 5]
Vee[V] e & o
7 Large V, (large r,)
. Earlv Vol .7 = lisdesirable for a
Va : Early VO tqg_e SIS | o ., large voltage gain
»
YA 20 Vee
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.5 Base-Width Modulation by Collector Voltage

(|
1

VBE
+
N N Y
] . 'CE
emitter collector

~ \I. ‘LI e X

How can we reduce the base-width modulation effect?
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The base-width modulation
effect is reduced if we

(A) Increase the base width, f

(B) Increase the base doping n'
concentration, Ng, or LS

(C) Decrease the collector doping :
concentration, N, .

|-
[

ﬁ.S Base-Width Modulation by Collector Voltagh

N
collector

Wof the above Is the most acceptable action?
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/

\_

saturation :
region gV
|
|

8.6 Ebers-Moll Model

Ic A 5

active region

/
/
/

4

0 >V

The Ebers-Moll model describes both the active
and the saturation regions of BJT operation.

_/
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8.6 Ebers-Moll Model

@riven by two two forces, Vg and Vg .

Pr

VgE Vec
When only V.« is present : ()
Y Vee ISP —CO L
IC — Is(quBE/kT _1)
|B:|_S(quBE’kT -1 —»1 E B C |-

Now reverse the roles of emitter and collector.
When only Vg IS present :

Vg /KT ]
le =lg(e™™ 1) B - reverse current gain

B I_s(quBC/kT _1) [ : forward current gain

lg =
Pr

1
lo=—1_— 1, ==l ,(1+=)(e"="" -1
\ (+ﬂR)(e )

_/
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8.6 Ebers-Moll Model
In general, both Vg and Vg are present :

I =1 (e™e=""T — D)~ I (1+ ﬁi)(equc’kT -1

R

| |
IB :_S(quBE/kT _1)+_S(quBC/kT _l)

P P
In saturation, the BC junction becomes forward-biased, too.

Ic
OAMSCT T T T T T T T T

Vg causes a lot of holes to be injec
into the collector. This uses up muc 0004
of I5. As a result, I drops. 0.003

LR e

O 1 [ e e e a— e
s O—0O—0O—0O—O—0O—0O O
R Y |
o0 0E Yat s

e

o N AT A

—

=

H:—".":—.":—H—?':—H—:-l:—n"

QR
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/ 8.7 Transit Time and Charge Storage \

When the BE junction is forward-biased, excess holes are stored
In the emitter, the base, and even in the depletion layers.
Qe Is all the stored excess hole charge

_ Qe

lc

4=

7 IS difficult to be predicted accurately but can be measured.

7= determines the high-frequency limit of BJT operation.

\_ _/
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/ 8.7.1 Base Charge Storage and Base Transit Time\
Let’s analyze the excess hole charge and transit time in
the base only. ,
Qrs =0AcN (O)WB /2
Qre _ Wy

. T 2D,

4 /

n'=p

<«— N'(0)= %(quBE/kT -1)

\ i
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/

\_

EXAMPLE: Base Transit Time

What is 75 if Wy = 70 nm and Dg = 10 cm?/s?
Answer:

W7 (7x107° cm)?

T =2.5%x10"s=2.5ps
2D,  2x10cm?/s P

2.5 ps Is a very short time. Since light speed is
3x108 m/s, light travels only 1.5 mm in 5 ps.

~

_/
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8.7.2 Drift Transistor—-Built-in Base Field
The base transit time can be reduced by building into the base
a drift field that aids the flow of electrons. Two methods:

* Fixed E g, Ng decreases from emitter end to collector end.
B

C

______________ Ef

Y

e Fixed Ng, EgB decreases from emitter end to collector end.

_1dE,

\_ JL A
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8.7.3 Emitter-to-Collector Transit Time and Kirk Effect

* To reduce the total transit time, emitter and depletion layers must be thin, too.

* Kirk effect or base widening: At high I the base widens into the collector. Wider
base means larger z- .

Top to bottom :
Vee=0.5Y, 0.8V,
1.5V, 3V.
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Base Widening at Large I,

: base }

—E

= N - N*
collector : collector

“base  depletion
width  layer

: TN
: base i collector

—E

+

collector

“base aeblgtibn
width”  layer
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/ 8.8 Small-Signal Model \
B C

. = ISquBE/kT +
Cr2= Ve =Tz G:}Qmee
Transconductance: -
E E
gmzdccc =d3 (1e="")
BE BE

=% 16" = 1 /(KT / )

\gm =1c/(KT/a)| At 300 K, for example, gm:IC/26mV.J
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/ 8.8 Small-Signal Model
B

1 di, 1 di, g,
rﬂ dVBE ﬂF dVBE ﬂF

I"7z:IBF/gm

N

C.= e = : tele =7:0,
dVge dVg,

diffusion capacitance.

Add the depletion-layer capacitance, C g :
\ C, =70, +Cee

This Is the charge-storage capacitance, better known as the

_/
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/ EXAMPLE: Small-Signal Model Parameters \

ABJT isbiasedatl-=1mAand V. =3 V. =90, 7-=5 ps,
and T=300K. Find (a)g,,, (b)r,, (c)C,.

Solution:

IMA _39MA _ 39 ms (milli siemens)
26 mV Vv

(@) 9n =1c/(kT/0q)=

90
r =019, =——=2.3kQ

QQ[ = 7.0, =5x107"?x0.039 ~1.9x10™F =19 fF (femto farad)/
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Once the model parameters are determined, one can analyze
circuits with arbitrary source and load impedances.

B C

The parameters are routinely

Signal [ L, <, D s Load | determined through comprehensive
source | [ 9 " |2 B measurement of the BJT AC

and DC characteristics.

E E

T ¢ .

B s—AAN | ANA—s C

C '-'I-u._-é-r_. (:TE‘C’-E'I'J"'I:-" gf',:. — Canc

E
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/ 8.9 Cutoff Frequency \

Signal 1 Load
source | Cn T Vbe grn (¥ 9mVoe 1

4 polatt, -
| 27t(r- +C kT /ql.)

- P

The load is a short circuit. The signal source is a current source,
l,, at frequency, f. At what frequency does the current gain
L(=i. /i) fall to unity?

I, i,
Voe = = , C_=r7.9,+C
e iInput admittance 1/r_+ jwC_ # = Tedn dBE

IC = gmvbe

Blo)=le|=—Im 1
‘1/rﬂ'+Ja)Cﬂ‘ ‘1/IBF+JCUT|:+JCOCdBEkT/C]|C‘
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8.9 Cutoff Frequency

0 | |
t + Measurement ]
-  —— Model 7
i e e i
_ i ,:[-f“:-’_'" LT ' )
s
T ¥ T W—324
s 0 Ve (V) 16
Ny N 0.8 -
W= |\ i —]
- '.'. -
| | i
)] 1 Lol 1 Lol 1 I TN T I A I |
0.01 0.10 1.00 10.00

TelAE( rm‘h."pmz J
fr = 1/12n( 7 + CygekT/ql)
f- 1S commonly used to compare the speed of transistors.
« Why does f; increase with increasing |.?

» Why does f; fall at high 1.7
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BJT Structure for Minimum Parasitics and High Speed

E

C

e LLLEF\\
3

| B
|
(7
N* polySi P'pnlyﬂi\
It P

P base Shallow

M collector trench

Deep
trench

N* subcollector

N

Deep
trench

« Poly-Si emitter
 Thin base

o Self-aligned poly-Si base contact
« Narrow emitter opening

e Lightly-doped collector

P~ substrate

» Heavily-doped epitaxial subcollector
e Shallow trench and deep trench for electrical isolation
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/ 8.10 Charge Control Model \
_ Qe

*For the DC condition,| 1(t) = Qe(t)/z= | [le =1c/ B =

e Pe
|In order to sustain an excess hole charge in the transistor,

holes must be supplied through I to susbtain recombination at
the above rate.

*What if I is larger than Qg /7. B ?

dQe _ _ Qr
it = lg(1) f

Step 1: Solve it for any given I5(t) to find Qg(t).

Q’[ep 2: Can then find I(t) through 1~(t) = Q(t)/ 7 . J
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e
X

" T

1

Visualization of Q(t)

dQ¢
dt

= IB(t)_

Qe
e Pr
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/ EXAMPLE : Find 1.(t) for a Step I4(t) \
A s

Ic(t) Iso
1 ot
||r|5|.!:| .
- |; A lc(®)
/ -
: dQ Qe .
=1,(t) -
The solution of — s (1) g 1S .
Qr =7 G¢ | Bo(l_e_t/TFﬂF) - ° ©

L) =Q-(t)/ 7. = Bl ,(1—e*7)

\V\/hat 1S 15(0)? QL (0)? Qp()? k\Q /
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ﬂ.ll Model for Large-Signal Circuit Simulatiom

o Compact (SPICE) model contains dozens of parameters,
mostly determined from measured BJT data.

« Circuits containing tens of thousands of transistors can c,

be simulated. 1,
e Compact model is a “contract” between “2 T

device/manufacturing engineers and | =

circuit designers. o

r C
B » '\/\?\f 3 BCn GDIC
QF CBE

IC — IS’(quBE/kT _quBC/kT)Ll_FVCBj_ IS (quBC/kT _1) E? b
\ Vo ) B /
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ﬂ.ll Model for Large-Signal Circuit Simulatiom

A commonly used BJT compact model is the Gummel-Poon
model, consisting of
*Ebers-Moll model

«Current-dependent beta

Early effect

eTransit times

*Kirk effect

* \/oltage-dependent capacitances

e Parasitic resistances
@ar effects /
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/ 8.12 Chapter Summary \

e The base-emitter junction is usually forward-biased while
the base-collector is reverse-biased. Vg determines the
collector current, I.

n’
|C — AEqG—|(quBE/kT _1)
B
Wg n2
GB — J-_'de

2
0 r]iB DB

e Gg IS the base Gummel number, which represents all the

subtleties of BJT design that affect I.. /
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/ 8.12 Chapter Summary \

« The base (input) current, Ig, Is related to 1 by the

common-emitter current gain, S . This can be related to
the common-base current gain, o .

GE a :IC: IBF
Tl 145

e The Gummel plot shows that S- falls off in the high I
region due to high-level injection in the base. It also falls
off in the low I region due to excess base current.

« Base-width modulation by Vg results in a significant slope
\of the I vs. V¢ curve in the active region (known as the

Early effect). j

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 8-41




/ 8.12 Chapter Summary \

e Due to the forward bias Vg, a BJT stores a certain amount
of excess carrier charge Qg which is proportional to I.

F=lete
7 IS the forward transit time. If no excess carriers are stored

outside the base, then ,

Tp =Tpg = We , the base transit time.
2D,

» The charge-control model first calculates Qg(t) from I5(t)
and then calculates 1(t).

dQ _ | 4y Q
" =15 (t) "

\ 1) =Q- )/ 7, /
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/ 8.12 Chapter Summary \

The small-signal models employ parameters such as
transconductance,

J, Edi — |C /k_T
Ve q
Input capacitance,
CJT — dQF — z-F gm
dVge
and Input resistance.
dVge
r = =061/
V4 dIB ﬂF gm

\_ _/
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