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/ Handout content coverage \

Chapter 1 Electrons and Holes in Semiconductors
« Chapter 2 Motion and Recombination

« Chapter 4 PN and Metal-Semiconductor Junctions
» Chapter 5 MOS Capacitor

e Chapter 6 MOSFET

The slides are based on the class notes of Prof. Chenming Hu
(77 &+ ), UC Berkely

Prof. Chee Wee Liu (%¥]3% ), Email: cliu@ntu.edu.tw

QChou (% %), Email: tommyc1031@gmail.com /

There are some “Practices” in the content and exercise chapters for page 2
readers to exam themselves.




/ Chapter 1 Electrons and Holes \
In Semiconductors
1.1 Silicon Crystal Structure
« Unit cell of silicon crystal iIs

cubic

. Each Si atom has 4 nearest| | .
neighbors

« Monolayer = a/4

« Two basis (dumbbell): (000),
(111)*a/4

Some rotatable online Si crystal model
1.
2

3.
kmcticel: draw the diamond structure

FCC

a



https://materialsproject.org/materials/mp-149/
https://sketchfab.com/3d-models/silicon-crystal-lattice-73e292f32ffe4ca490e166faeba317e7

1.2.1 Silicon Wafers and Crystal Planes

. <
A A A

 The standard notation

/ for crystal planes is
- ~ " based on the cubic
v r r unit cell.

(100) o11) (111)
hexagonal sysmetry

Example: GaN on 111 Si substrate . SI | icon wafers are

"
N
-
™
o 1

™
e
L]
-
-

'f,?-}":’}',;'-"-‘,' usually cut along the
".';’,‘1“-%:}_-.:‘,'.;‘. (100) plane with a_flat
it or notch to help orient
(o11) eiimiiy  the wafer during IC

Flat 90 degree: p-type i (111) plane .
180 degree: n-type fabrication.
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Z Direction : [0,0,1]
4 |

/

é/

/racticez: draw the FInFET and nanosheet channels \
FINFET Nanosheet

Top & bottom plane

\ Direction : [0

VA
Top & bottonL plane




1.2.2 Bond Model of Electrons and Holes

« Silicon crystal in
a two-dimensional

Si-Si bond ~2eV cS1 s Sl S
" iy Cr:e:nical bond 1
- S @@ Si ° representatlon

group 4 semiconductor

110 -

— 10—13 —

. . 0
Intrinsic :

S-S St 1023¢m=3 ~ 10%billion

. . ** 1kT=26meV . . .
- S1 0 S10 S1oo @300K o Sglec.t.mnSl NS
1.1eV
° '@' Eregne%% ron ° g ° e
: Si:Si:Sio :Si/‘/Si:Si:
L N ] [ B ] L BN ] hOIe
e ° e e e
- Si - Si:Si - S-S St o

* \When an electron breaks loose and becomes a condu
electron, a hole is also created

\

1

"/
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/ Extrinsic Dopants in Silicon \

S0 810 St 510 810 St

N 6 T N e

D « Ol . S . 1 . A e Sé(. B : S :
et e e hole i.s.in Cher.ni?:al bond

- S1 ¢ S1 ¢ S1e SN N N

« 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 as dopants. Dopant ionization

\ energy ~50meV (very low) /
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1.3 Energy Band Model

Practice3: draw the band diagram
Empty upper bands

: Anti-bonding
20 state (S like) E conduction band)
sp3 behding——— sp3 (Band gap)
DS ——

bonding state

(P like) (valence band)

Spread due to many Si atoms
T o e e e
e e

Filled lower bands
anti-bonding state

o9y
oea

sp3 —
(a) (b)

bonding state

« 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.
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/

N

1.3.1 Energy Band

Conduction band min O

\ 4

Band gap

E,=1.12eV for Si

Valence band max

ez

6%@6@/@/@/@/@///

Diagram

Ec

\

9 60meV = 1decade
e-TI20126 = 1()-1120/60 ~ 1()-19

Intrinsic n; = 10%cm- @300K

n,(400K) > 101%m-3
- Higher kT

\Ecand E, are separated by the band gap energy E .

« Energy band diagram shows the bottom edge of conduction band E_, and
top edge of valence band E,.

_/

Page 9



Measuring the Band Gap Energy by Light Absorption

PL e

lectron

photon energy: hv > E,

Photons(laser) —

oy |
C

- /th:Eg

g

\b

hole

pN—c

E

v

3'd generation (3" kind)

Generation = kind

SiC
GaN

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

Bandgap energies of selected semiconductors Gao
Semi- InSb ﬁ SN/ GaAN\ GaP  zZnSe [ Diamond
conductor ( \ 2"d generation (2"d kind) ]
Eg(eV) = 0.8 \ 0.66 y’ 142 ) 2.5 2.7 \\6/

15t generation (15t kind)

4™ generation 4™ kind
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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 (T=77K),
conduction electrons are created when the infrared photons
provide the energy to ionized the donor atoms.

Black body radiation of human: A = 10 um

(Oelectron
A E

photon c
0.12eV - night vision (10um)

\ 4

A =1.24eV-um/E |
Si: inter-band transition (E, 2 E_), A < 1.1um = CIS

\_ -
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1.3.2 Donor and Acceptor in the Band Model

Conduction Band l Os

O E E
1\ Ny d
Donor ionization energy

Donor Level

Acceptor ionization energy
Acceptor Level l
QN E
-h\— a E
T ©) v Toxic!
Valence Band AsH, is also toxic
Asadin 2>As203

lonization energy of selected donors and acceptors in silicon

Donors Acceptors
Dopant Sbh | P |(A)| B | Al | In
lonization energy, E.—E4 or E,—E, (meV) 39 44 54 45 57 | 160

1kT=26meV @300K
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1.4 Semiconductors, Insulators, Conductors, and
Semi-metal

E, > 5eV (6eV) Ec

E,=1-3eV E Top of conduction band
E,=112eV empty
E, =%V A E
fully filled  Ev  filled 'EV
C
S (Semicond not fully filled
| (Semiconductor) fully filled E, (Conductor) (Semi-metal)

SiO, ~ HfO, (Insulator)

 Totally filled bands and totally empty bands do not allow current
flow. (Just as there i1s no motion of liquid in a totally filled or
totally empty bottle.)

« Metal conduction band is half-filled.

¢ Semiconductors have lower E’s than insulators and can be doped
*\g-Sn : E. = E,, = zero bandgap semiconductor, not semi-metal
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1.5 Electrons and Holes
1.5.1 Effective Mass

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

No scattering

—eE
a= electrons
n
_ —eE
a= m—p holes J = nev
| = J*A
Electron and hole effective masses 7 = CV/I

SiO, is good insulator _——~_ bad reliability
and GeO, Is bad Si 'Ge GaAs InAs AlAs

m_/m 0.26 0.12 0.068 0.023 2
"0 5iGe in 5nm nod

mp/mo .39 0.3 0.5 0.3 0.3
\/When n is small, conduction band is a circle
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1.5.1 Effective Mass

The electron wave function is the solution of the three
dimensional Schrodinger wave equation

Bloch’s theorem  Free electron

_ \ 'l_i."nnductj{:-n band
The solution is of the form eXik T Envelope function

kK = wave vector = 2z/electron wavelength \
For each k, there Is a corresponding o/

E(K) (eigen energy). Band structure: E* - IL g&z
Is function of K. .. 4z25 & N

Acceleration = — ﬁ@ = . a may not

Valence band be at k=0

_ _ R? ; M\ f {
Effective mass = 5/ (X)= fla) + —>teza) +

Free electron : E =

h
I — 2 —
Zm VY V(r)¥ = EWY
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Practice4: derive formula of effective mass

« E=E.+ ak + bk*+ ck® +dk* + -

« Assume parabolic band: E = E. + bk? > E =E. +
dZ_E _ 72 = 72

dk?2 m* d2E /dk?

 The electron’s behavior near approximation point is

just like an electron with effective mass m”.
Q: Which one has larger effective mass?

h2k?
2m*

h2K? p?
A = = - For
E 2m* _ me
1 same E, if Ak is larger,

then m is also larger
2 Ak, > Aky - m,; > m]

Ak
! Ak,
Same E

Page 16



1.5.2 How to Measure the Effective Mass

B
Cyclotron Resonance Technique T
Centripetal force = Lorentzian force S
mnvz @
" = evB

v = Microwave
mn

 f,, Is the Cyclotron resonance trequency,

for = —— = e which is independent of v and r.
2nr  2mm, ]
« Electrons strongly absorb microwaves of
W = 2fsy = Ten_B that frequency.

« By measuring f.,, m, can be found.

Quantum Computing: MRS bulletin July, 2021
Low temperature similar to Cyclotron Resonane: < 4K
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1.6 Density of States To determine n

Fermi-dirac distribution similar to boltzmann distribution
High density Higher energy, higher density

E
= | )
2m* L, T VE
E.

2
ek ey k) = =5

VE for 3D
> p Constant for 2D

E, .
| = N\,
The higher energy, the lower occupation probability

D.(E) = number of states in AE 1

o(B) = AE - volume eV - cm3

3D density of state Conduction band edge
8rrm,,J2m(E — E,) +— (minimum energy)

X ym,m,m, D, (E) =

h3
density of state effective mass

8mmy,/2m,(E, — E)
3

Dv(E) =

Page 18




1.7 Fermi Function—The Probability of an Energy State
Being Occupied by an Electron

E; Is called the Fermi energy or
the Fermi level.

f(E) = 1 + e G—Ep)/KT

Practice5: Plot f(E) and prove the _ _
area above and below fermi-level are  Boltzmann approximation:
equal and compare T1 and T2, T1>T2

f(E)Ne—(E—Ef)/kT E — Ex>>kT

F(E)~1 — e~(ErBINT B BpeskT

1 — f(E)~e~(Er~E)/KT | hole distribution

TﬂE )= 1 — ¢ (Ep~ BJKT
| _ i_
0.5 1 f(E)
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/ 1.8 Electron and Hole Concentrations \

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

__ rtop of conduction band
= Jg,

f(E)D (E)AE (cm™2)

N = 87tm7;:3/ Zmnj /E — EC e_(E_Ef)/kT AE
Ec

Boltzmann approximation

_ 8mmy./2my e—(EC—Ef)/ij me—(E—Ec)/de(E —E.)
0

h3

Practice6: find E(relative to E.), where
f(E)*D(E) is maximum.

\_




/ Electron and Hole Concentrations \

Practice7: write function of n and p

— —(Ec—Ef)/kT . .
n=Ne 70 N, is called the effective
)T 3 density of states of the
Ne =2[—=5X? conduction band.

Density of state effective mass
60meV—->10X concentration

N, is called the effective
3 density of states of the
h? valence band.

p = Nve—(Ef—Ev)/kT

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

Qor Si, N, = 2.8*10%m-=3 and N, = 1.04*10%cm-3 /
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1.8.2 The Fermi Level and Carrier Concentrations

Degenerate
Practice8: calulate E; of n and p for 400K semiconductor (E~E,

E -

200meV

p = Nve—(Ef—Ev)/kT

N
WK B =E, + kTIn—~
300 p
E, | | | | i ]
10]3 10]4 10]5 -1016 -101? 1018 1019 -102()
60meV=kTIn10 @T=300K N, or Ny (cm™) n=10->E¢E=660meV (wrong)
80meV=kTIn10 @T=400K 2E~E,

Page 22



1.8.3 The np Product and the Intrinsic Carrier Concentration

Multiply n = Nce_(EC_Ef)/kT and p = Nve—(Ef—Ev)/kT

np = N.Nye~ Ec~E/KT = N N, e~Eg/KT
Practice9: calculate the exact location of E;

CZ) E, .2
np — nl'
n=p
(intrinsic) 5
n; = /N.N,e Ea/2KT | nZc 73 Eg/kT
E
+ Vv

* Inan intrinsic (undoped) semiconductor,n =p =n; .
e n,isthe intrinsic carrier concentration, ~10%° cm- for Si.
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Si bond \

k(T)
[A][B] = K[C] = constant

np = constant = n;? = 10%%(cm®) n2 oc

Practice10: What is n; in 0°K

o~

H,0 S H* + OH™

+ -1 = _ 10-14(n\2
[H*][OH™] = k[H,0] = 107**(M*) @300K _ @70k
If A+B 5 C+D is at equilibrium —~n=0 since no enegy
- [C][D)J/[A][B] is a constant (function of T)
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1.9 General Theory of nand p

EXAMPLE: Complete ionization of the dopant atoms
Ny = 10" cm3. What fraction of the donors are not ionized?

Solution: First assume that all the donors are 1onized.
n =Np* =10%cm=3 2 E;= E_-140meV

l45mev 140 meV | o
____________________________ E. Practicell: compare ionization rate

o T __________________________________ = dEf w/ and w/o coefficient due to spin

f(E) = 1 + e E—EQ/KT

EV
. 1 1
Probability of not _ =—7 = 0.04
being ionized ~ 1 @(Ed_Ef)/kT 1+ 78(140—45)meV/26meV
ue to spin

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:

Practicel2: derive this two eq.
n+N,=p+N;* np=ny?

[ 2
Ng — N Ng — N
p=—"" d+(“2 d) M\d = Ng = Ng
_ +

N~

N =5 SO S) @Ed
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1.10 Carrier Concentrations at Extremely Higm

Arrhenius plot and Low Temperatures
000y VS 1T

A Intrinsic regime

Ec
nl > Nd+’ Ef — EI e ‘ Low T: E¢
Ed

n =Ny

Slope = (E. — Ey)/2
freeze-out regime

In n

ﬂl Ev
| Slope = -E/2 (activation energy) UT
Hightemp  Room temp Cryogenic temp T

High T:n =p =n; = \/[N.N,e Fa/2kT

\ Low T:n = [NCZNdr/Z e~ (Ec—Eq)/2kT /
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/ Chapter 2 Motion and Recombination

/

&

E change - inelastic scattering

of Electrons and Holes

O

|

O

E not change - elastic scattering
 Zig-zag motion is due to collisions or scattering with

Imperfections in the crystal.
-\I\Iet thermal velocity <V> is zero (Ensemble average).

« Mean time between collisions (Scattering time) Is 7, ~

©,
O

v

\

Ensemble statistic: average <V,;> =0
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/ 2.1 Thermal Motion

\_

<\/2>

Average electron or hole kinetic energy = %kT =

\

1 2

—

3kT 3% 1.38x 10723JK~1 x 300K

Vth =

B X 9.1 x 1031k
\ meff \ @]t g

=2.3x10°m/s ={2.3x10” cm/s|

Saturation Velocity ~1E7 cm/s

_/
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/ 2.2 Drift velocity \

Distance | in time t - Drift velocity :% V

& >

eE/m*t

N\}/@ r 2t 37 4t |

<V> =V = % *eE/m*t =
Thermal it i
ermal vElocity - eE/mir (stochastic process)
a=F/m=eE/m Varin = HE
AV = a*t =eEt/m

 Drift is the motion caused by an electric field.

 IfE=0-><1>=0(ensemble) 2> v, =0
Real V = V+AV,
Drift Velocity=<V> = <V, > +eEt/m"= 0+eEt/m” = uE
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2.2.1 Electron and Hole Mobilities

/ V= Vy
* eTm
Ap=FAt m'v =eEt, n=—
m
1, scattering 2,4 SCattering eET « High mobility channel (SiGe
m :
> V= - for pFET) used in N5
v=0 V=Vy m * 90nm: strained Si for both
Assume v=0 after scattering nFET and pFET
Uy = UnE Up = 'upE
eTmn et
Hn = * Hp = T:‘lp
my, my

* u,ls the hole mobility and g, Is the electron mobility
* Mobility is the most important knob
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/ 2.2.1 Electron and Hole Mobilities \

cm/fs

cm?

%
= uE ; u has the di
v = uE ; u has the dimension of —= [V Tem

J=neuk

area of pFET > area of nFET due to smaller 4,

V-s

Electron and hole mobilities of selected semiconductors
Due to small n

Si Ge As | Inps”
1o (Cm?/Vs) | 1400 | 3900 | 8500 >K30000
o (cM?/Vis) | 470 | 1900 0 | 5

SIS mosr used

->Si0, is a good oxide Mo = 2,400,000 @<1K Not For CMOS

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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Name Symbol |Germanium |Silicon
Band minimum at k=0
Minimum energy E g.direct [eV] 0.8 3.2
Effective mass Sphere (m,=m,=m,) me I 0.041 || 20.2?
Band minimum nof at k=0 L(lll)g AO.SS%(O(
Minimum energy Eg indirect [6V] @ 1.12
Longitudinal effective mass ellipsoid me__';*fmg 1.64 0.98
Transverse effective mass me__,*fmg 0.082 0.19
Wavenumber at minimum k[1/nm] XXX XXX
Longitudinal direction (111) (100)
Heavy hole valence band maximum at E=k=10
Effective mass m ;.‘.,;.‘.,*fmo 0.28 0.49
Light hole valence band maximum at k=0
Effective mass mg;:’m(} 0.044 0.16
Split-off hole valence band maximum at k=0
Split-off band valence band energy Ey 5o [V] -0.028  ||-0.044
Effective mass mj, S:fmo 0.084 0.29

A0.85§(001)
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A

E(k) Space: band structure

Si: A point, 0.855(001)

| the valleys are available 7 direction
k, [001] m Big = n Big
X direction  [010)

n Big

Degeneracy = 6

1I-V %~1 like a sphere

t

k, [100]
m, = 0.98
m
— ~5
m

Ge: I point, —(111) Only half of the valleys can be

N

- Share with other bw zone

t Like a hotdog

Degeneracy = 8

=1.64

™ 20

m,

Like a bamboo
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Constant E-surface for Valence Band

Warped Surface

4'L (111) T (100) X

2 271.4 2 2.7.2 212 2.2
E=E,~AK’ 7. [Bk* + C*(K2k> +K2K2 + k2KD))

Si: A=4.29,B=0.68,C=4.87; Ge: A=13.38,B=8.48,C=13.15
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| oy IMprovement -- strain

[110]

/

Before Compressive strain along [110]

Heavy hole Same energy line

Heavy hole

Light hole

Light hole

Optical

, warped Surface

Compressive strain along [110]

Heavy hole

Ligyble

Heavy hole
k along chann

Channel along [110

Confinement (MOS) along [001]

Light hole

el directi
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| o IMprovement -- strain

 Channel direction transport mass: m*l - uT-J1 ] = neukE

 In—plane confinement masssm*T—->D(E)T—-] 1
 Confinement mass T— ground energy |
— wavefunction more localize
 nFET(electron):tensile strain along channel—> A2 valley energy
becomes lower— transport mass = 0.19m,/confinement mass
= 0.92m0,
 pFET(hole): compressive strain along channel-> Light hole energy
becomes higher.
— transport mass = 0.16my/confinement mass = 0.49m,
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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 = lattice wave: T=0K minimum
T1, phonon scattering 1

Phonon scattering mobility decreases when temperature rises:

1 1 3/2)
/uphonon o z-phonon oc . ; — 172 ocT
phonon density x carrier thermal velocity T xT

\ \ \

_flm 12
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Impurity (Dopant)-lon Scattering or Coulomb Scattering

Boron ion Electron
© W o
Electron Repel +. Attract
— Arsenic
Same scattering rate ion
NO

@ —> Noscattering
Ng2*
@ —> Sameas 2N,

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

3 3/2
Ve T

: .. OC oC
/ulmpurlty Na@Nd Na n Nd

Same scattering rate
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Bulk mobility: no surface

roughness scattering
1600 —

Total Mobility

Matthiessen's rule

] Impurity Dominates 1 1 N 1
1400 - 3 z-phonon Timpurity
- 1 1 1
1200 + i
a0 1 H y2 phonon /uimpurity
"oy 1000 -
N> 800 - _
£ ] Scattering rate =
~ | I »
> 600 Scatter!ng ratet1 + et,, )
= ' 4 Scattering rate 2» p=—— m=026m
400 - ‘ =
cza _ Holes m”  m,=0.39m,
200 -
O —
L L L L LR
1E14 E15 8 E19 E20

Phonon Dominates

Screening Dominates
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E=0

/I\Id++Na' Not N*-N,-

repulsive scattering rate = attractive scattering rate
O

\

Higher T-> less scattering for both cases,

o~ T3/2
+
I\Id

_/
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Bulk Silicon, not MOSFET (including surface roughness scattering)

10*
:iNDzlol“cmﬁ T
N N &)
N\ o)
1015 =
Impurity  Lattice
tterin tt
— \1016 scattering scattering
Z  10° \\\
<X 107 NN
™ N AN
= AN \N
) ANEAN
[ S \\
3 | N\
T 108 \\\‘\
Less impurity ANE
1 19
102 /O/'- N~ \
/,
\\
50 L
100 200 300 400 500 1000
T [K]

Temperature Effect on Mobility

Practicel3:

What Nd will make dp, /dT =
0 at room temperature?
Practicel4: draw the bulk
mobility vs T
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/ 2.2.3 Drift Current and Conductivity \
Practicel5: derive current densit

formula.

p*v*At*Area: Total hole number passing unit areg
p*v*At*Area/ (At*Area) *e = current density
Hole current density |, = pev| Alcm? or C/c.r?.z-sec
= -nev
n

EXAMPLE: |f p = 10®cm-3 and v = 104 cm/s, then

Jp= 1.6x1019C x 10%cm x 10%cm/s
\ = 1.6 C/s-cm? =1.6 A/cm? /
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/ 2.2.3 Drift Current and Conductivity \

‘]n drift — —NEV = ne/unE Vn = '/JnE
Jp arife = PEV = Pe4E Vp = H4E

Jarit = Inarit + Jp.arie = 0 E =(Nezy,+pessy)E

. conductivity (1/ohm-cm) of a semiconductor is
O = Neuy, + Pes,

o = 1/o=Is resistivity (ohm-cm)
Wafer spec: 1~10 ohm-cm
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ﬂlationship petween Resistivity and

1021 BT ;
:\ 3
£ 0o b A
(&) A AR 1
i P~ ;,Uu' 04 =
(7) 10 ——---."5\ ‘I
pa . |
L S ]
a 10 j !
T . l
2 \ ]

101 ™

k%: Unep(NgtN,) = p(N*=n) = p(No-N*)
RESISTIVITY (Q-cmﬁJ

104

n=N_=N*

Dopant Dem

/
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2.3 Diffusion Current

nv nv
Higher particle —« Lower particle

concentration <« concentration
>
Py ® &
e ® T o Lo ¢ o
LN
PY & & & & &
* ¢ e, .
&
e @ ® L ] ® ® &
e o0 d d
e ® e d *
e o ® ® 1 ®
& ®
= {5

Direction of diffusion

Particles diffuse from a higher-concentration location
to a lower-concentration location.
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2.3 Diffusion Current

dn dp
Jn,dif fusion = eDna Jp.dif fusion = _era

D is called the diffusion constant. Signs explained:
N P

Electron flux A Hole flux__ Current

Current Slope is positive

»

Slope is positive

> X > X

<«—— Electron flow <« Hole flow

Current flow ——> <— (Current flow
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ﬂ' otal Current — Review of Four Current Componen}

Jtotat = Jn -

_]p

Jn = Jnarift ¥ Indif fusion

]p — ]p,drift +]p,diffusion

\ TCAD: diffusion-drift model

=|neu,k

— pe‘upE

Drift current

—leD.. —

Diffusion current

_/
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6 Relation Between the Energy Diagram and \A

[ V(.r)@ >

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

dv| 1dE. 1dE,
E(x) = ———C=C

dx| e dx e dx
Defination




/2.5 Einstein Relationship between D and u \

Consider a piece of non-uniformly doped semiconductor.

For non-degenerate
n = Nce—(EC—Ef)/kT

- d_n — _&6_(Ec_Ef)/kT%
Decreasing donor concentration dx kT dx
Electron Diffusion
Nk > /)N n dE,
Electron Drift Eelx) kT dx
'''''''''''''''''''''''''' EF n
E flat > Thermal equilibrium = ——¢FE
eJ =0 kT

\ // E,(x) /
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/2.5 Einstein Relationship between D and u \

dn n
- ax - rrt
J, = neuy,E + eDnd—n = 0 at equilibrium.
* When i1=0

e n
- neu,E — enﬁE =0

kT . kT D kT
D, = — Hn Similarly, |D,, = —Mp e

Know pto get D

\ These are known as the Einstein relationship. J
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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

concentrationsn’and p’.

n=n,+n
P=Po 1P

\_ _/

Page 52

Excess carrier can be generated
by electrical field or light




/ Charge Neutrality \

« Charge neutrality is satisfied at equilibrium (n’=
p'=0). Ng*+po=N,+n,

« When a non-zero n’is present, an equal p’may be
assumed to be present to maintain charge equality
and vice-versa. Ny +po+p’'=N,+ny+n’

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

nl — p|
\ But ny # Py, Or Ny=Pg=n; /
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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 iIs the
recombination time or carrier lifetime, 7.

« Recombination is nature’s way of restoring

equilibrium (n’=p’=0).
Rate of recombination (stcm-)
dn’ B n’ N Steady state: dn’/dt =0=>n’ =g*t

9t ¢ 0 d'_ n_ p_dp
n’: p’ dt T T dt
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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 (E, around midgap) capture
electrons and holes to facilitate recombination
and are called recombination centers.

E

®

C

Direct Recombination

(radiative recombination)
Is unfavorable in silicon
due to indirect bandgap

E

v

— Shallow level trap

Recombination
centers

:

_/
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Direct and Indirect Band Gap

Practicel6: what is k of 1.1eV photon

Conduction band

; T

Eg

e

.._.-'.' L%

Valence band

e

Direct band gap
Example: GaAs

Direct recombination is efficient
as k conservation is satisfied.

.. Conduction band

Valence band

E L .

Indirect band gap
Example: Si

k of hv=0

Direct recombination is rare as k
conservation is not satisfied
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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 .

Chemical bond

np > n;?2 = recombination -
np < n -> generation )
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/2.8 Quasi-equilibrium and Quasi-Fermi Lev%
« Whenevern’=p’= 0, np # n?. We would like to preserve
and use the simple relations:

n = N,e~Ec=Ep)/KT

p — Nve_(Ef_E’U)/kT

« But these equations lead to np = n?. The solution is to
Introduce two quasi-Fermi levels Eg, and Eg, such that

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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Thermal equilibrium Quasi equilibrium Quasi equilibrium

Efm = Efp Efn Efp
Efp Efn
np = n;? np > n;? np < n;?
—>recombination —>generation
E:, Is above E;, E, Is lower than Eg,
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{hapter 4 PN and Metal-Semiconductor Junc@

4.1 Building Blocks of the PN Junction Theory

I/1: ion implantaion Forward bias:
Tens of keV, | controls dose ~ @ +
Implant annealing afterward n o
Ast Ast bonorions AsT AsT Iy Kl
2 2 T T T S R N P diode symbol
Niype B — Forward bias:

P type I p: positive potential
n: negative potential

Now: epli, In-situ doping

v >V

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;

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

(a) ‘‘‘‘‘‘‘ E ‘‘‘‘‘‘‘‘ Ef
Si bandgap: 1.12eV | < Depletion region— B
£ Np': 1620 Fermi level line up c
(0) A NN\ S ittt
E —————. ) E,
. 2 recontbine AE\,= AE;=1080meV
v DN, 1e18
Charge neutrality: Wn*Np*=Wp*N, EC
Electron energy WN( c
© Ny A — - f
Np* - E,
Nt /A
Neutral Déapletion Neutral
e N-region l<_l5ayer )! P-region

A depletion layer
exists at the PN
junction wheren = 0
and p ~ 0.

Not exactly 0, ~1/1

Practicel7: plot band diagram for pn junction
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/ 41.2 Built-in Potential \
KT N,

N-region n=N,=Ne Ak 5 4 =—"[n-2=
e Nd
2
n; kT N.N
P-region n=-—t=Ne K ,p=—|n-8
Na e n;
kT N_.N, N,
¢bl o ( niz Nd

Example: n=10%%, p=10%7, find ¢; E.
A:(9+7)-60mV = 960mV |+ Q= Fe;%i level TeB
— — = ifferenceé v 420mevV
__ Kl 7 Na Na B SR S At F
bpi =— (In — In " 540meVI IS E/
QmV*(Iog(Na/niﬁIog(Nd/ni))




4.1.3 Poisson’s Equation

Gauss’s Law: The total of the electric flux out of a closed surface

GaUSS,S LaW is equal to the charge enclosed divided by the permittivity. ﬂ |
EE(x + Ax)A — e,E(x)A = pAxA ’ &
(dielectric constan _ i [ -
e.(K): permittivity tk~11.9¢, for Si) E() ., E(x+Ax)
p: charge density (C/cm3) S:119e, <-——= | | ——7%
Si02: 3.9¢, pi———
Ge: 16¢, /,/
E(x +Ax) —E(x) p sibandgap: 1.12eV
— - . Ax
A Si02 bandgap: 9eV < >
X & Ge bandgap: 0.66eV
dE  p |dV .
— = R, — —E TSMC 5nm
dx & dx PFET channel: SiGe (guessed)
d2V dE D nFET channel: Si
— = ——— = ——| Poisson’s equation k: SiGe > Si
dx dx Ee

Practicel8: derive Poisson’s equation
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4.2 Depletion-Region Model
4.2.1 Field and Potential in the Depletion region

E f— =
Nemiregith Lo weareon | ON the P-side of the depletion
N e | region, p=-eN,
IR |
A Total Charge=0, dE  p qgN —
i jﬁnctian E = 0 outside dx g = gSa EP,CfiT_qNa/‘C’*Xp
N p
4 E=—-|—dx
P P sseN eN
XN \&N Y E()=——2x+C= = (xp — x)
\ a SS 85
Nd: 1e18, Na: 1e1f |
Wan + Wgp = 1:10 | A7 On the N-side, p=eN,
eNd
\ E(x) = (x — xp)
S
> + —
Nl b Xp X N;W N W
+—0—> Emasz(O)= dg = = ag F
O—>

racticel9: draw the electric field and potential vs position for PN junction
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/4.2.1 Field and Potential in the Depletion Layelx
/

Neytral region

A

Depleftion layer Neutral region

h

-l-r.,,; {:] X P
The electric field is continuous at x = 0.
Charge neutrality

unit: cm=3*cm=cm Na_lxpl = Nc-ll_lle

Which side of the junction is depleted more?
One sided abrupt junction ~ N7/ N; or N;/ Nj = 10
Depletion region in lower doping side

Qme-sided junction is called a N*P junction or P*N junctioy
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4.2.2 Depletion-Layer Width

Neutral region Depletion layer Neutral region

N

.l'r..; {:] X P

V iIs continuous at x =0
2€s¢bi< 1 + 1
2 2&

— xP_xNZWdepz\/ > Na Nd
If N,>> N, as in a P*N junction,

_ WEnax _ qNWZ
) vy = W

gs¢bi Nd

W == o~ — —_—

dep eN, x| |xp| |xN| Na = ()
g i N)N,
What about a N*P junction? Vs = g57-y= Practice20: derive N
2e.bp; 1 1 1 1
Waep = h =—+—=
dep eNg WhELe Ny N, N, lighter dopant density
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4.3 Reverse-Bilased PN Junction

V
+| = Forward: p connects with +, n connects with —

= Reverse: p connects with -, n connects with +
e R 2e5(0pi + 1Vr]) |25 - potential barrier
q(l)b/é.t _C dep eNpg eNg
E.__ =
= AT 1 1 1 1

Ng N N, * N, ~ lighter dopant density

f / E,
E

Q: Does the depletion layer widen or
shrink with increasing reverse bias?
A: widen

(b) reverse-biased
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/ 4.4 Capacitance-Voltage Characteristics \
dQ=+ dQ=0 dQ=0 dQ=-

T
T
+
Ly
N iNdi N, P
i i w . Zss(q)bi-l'vrev:
dep — eN
XN Xp B
' Conductor '  Insulator ' Conductor ' _ _
| > - »-! Small signal capacitanf
I I Wde I 1
p
Differential charges are on the edge of W, s A
S

Reverse biased PN junction is a capacitor.| C oy =

Wdep

» Is Cye, @ good thing? Capacitance is controlled by Voltag
» \Varactor: voltage-controlled capacitance ) = —
\/LC
How to minimize junction capacitance? (the principle of adjusting

Minimize W, = Low doping ~ 114,15  the freq. of radio)
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/ 4.4 Capacitance-Voltage Characteristics \

2¢ i + |V
W, - J s(@bi + V1)

1 . Wdzep . 2(¢bi + V)
Ciep A%€5 gN e A2

Si atom density: 5e22cm-3
[B]:5e17cm=3-> 10ppm—-> SIMS measure

(DbiSEg ’ -

N 1/Cye,? A

® ® ® Capacitance data

Given A, doping is known

Na measured by CV can be lower

If VV > cut-in voltage (0.6V),
then the current is significant

o

than SIMS detection limit > Vi
Increasing reverse bias

P

\From this C-V data can N, and N, be determined? /
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/ Considering variation in area measurement

(slope is fixed)
N x A% = const.
d N x d* = const.

AN+4Ad_O
N d

—> length error results in 4 times doping error.
« Large area capacitance is preferred.

Ad small, d should be “large” enough for precise measurement.

o

In(N) + 4In(d) = const.

/
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4.5 Junction Breakdown

for core logic V, for advanced node = 0.7V
A >Vg is not important

Forward Current large

Vg, breakdown

Breakdown: __voltage Y,

1. tunneling T 4 |! R
2. impact ionization Zhall leakage 5
o+©@ O L =
Power amplifier needs larger breakdown voltage
KCHIORCION Wl
Ao AN

Input electron energy 37V [ | Application: regulator
- /_ .
> 15X E, Zener diode LS/ Different current
Bo Same voltage
D

A Zener diode is designed to operate in the breakdown mode.
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4.5.1 Peak Electric Field

One-sided junction 2 x,~ W,

‘. Neutral Region
ircreaIS| 2(¢b' + |V D
rdverse Igigas Ep = l — N 1- EP T
N+ N, ~ P Wd
0 %o 1
2eN 2
E E, =E(0) = = (ppi + [V,])
c _r Es
p

. _ .
\mcreasmg reverse bias  Assyme E,=E, at breakdown

E, T>E ;1 E, = Ecrit~106v/cm

2
gsEcrit ¢
~ _nr  WVhi

a (impact ionization)

T )ﬁo n = X VB —
1 (3@ generation semiconductor) ZBN
V. + ¢p; = > X xp X Ep GaN, SiC : E_;= Si 10X
- Vg = Si 100X
= \/ng(‘/’bi +1ViD - High voltage applications
qN > However, Si IGBT can still gave higf Vg
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4.5.2 Tunneling Breakdown

Dominant if both sides of a

Filled Stat Enfpty S iuncti i
illed State mpty States. —junction are very heavily doped.

Eg T— Ecrit T

Same tunneling §

rate i\ Small
\W\ tunneling rate

\\/

Barrier height = E,

-2 low W, (ilonm)

v > \/

/7‘
Breakdown

E,>>E, ] =GXe —H/ Ep (empirical formula)

WKB can provide better calculation
H is material dependent Hg; > Hg;

Practice21: explain why we need large enough
reverse bias to have tunneling current?

SiC/GaN have large bandgap Tunneling

—> Large barrier height distance<10nm
—> Large tunneling distance

—> Small tunneling rate
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4.5.3 Avalanche Breakdown
electron (primary)-> electron (secondary) + hole

E PSS ~ = Impact Ionization: an energetic

glre'g{;‘g‘r'] electron generating electron and
hole, which can also cause impact
lonization.

O * Impact Ionization + positive

@ feedback - avalanche breakdown

gsEgrit
2eN

electron-hole

pair generation Vp =

©

: E; 1 1 1
Real: >1.5E to make\the€nefgy - £, |Vp x —|= — +—
N| N, N,

and momentum conseyvation _
Higher bandgap can have
higher critical field
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lel7

4.6 Forward Bias — Carrier Injection (dark)

Electron: Diffusion: electron n=> p

Electron: Drift: electron p—=> n
Hole drift and diffusion
current also cancel out

Drift and diffusion cancel out (equal)

Practice22: draw reverse bias band diagram and validate drift and diffusion current (bigger or smalle

V=0short p-n Forward biased
=0 60me\//dec ‘]n,drift =—env = enp,E
E-E : N: 0 P: positive
- 160meV-> density 0.1X — 1+ P
= kT |
o N P -
O= ‘ E. N P
@@ q¢0l / . lj__l > Dlﬁ:UDIUItI x,ll;lrent
0.72eV Le17 ée%) 06eV o Xponentia yﬁ:-
S E— ] _E € a
2, 5800TNLL Ly e
/ i l 1(]_‘11\_ - Efp

I—dybe <Wd(v O)
/I E|-> Drift current
44—'~ 31 ! slightly smaller

Minority carrier injection

S

Practice23: draw the hole case
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P(Xp.) = Po N(Xp,) = NZ/py*esViKT = nyeeVikT

lEfn | [ - | ()
I :
- —]. — I _______ |Efp

° °

Practice24: derive np = n?e®/*T by band diagram with law of junction

4.6 Forward Bias —Quasi-equilibrium
Boundary Condition

Law of junction: Fermi levels are flat in depletion region

The minority carrier

densities are raised by
eEV/kT

Which side gets more

carrier injection? /

Page 76



/ 4.6 Forward Bias—Quasi-equilibrium \
Boundary Condition

Law of junction (low level injection)

2

n(xp) = npye®’/ I = N‘ e®V/kT (assume p=N, n’=p’<N,)
a
n2

p(xy) = proe’/*T = ZLe€V/KT (assume n=N,n’=p’<N,)

Nd

excess carrier (An =n —ng, Ap = p — py)

n'(xp) = n(xp) — npg = npo(e®/¥T — 1) | Pside

\ p'(xy) = p(xy) — Prno = PNo(e

eV /KT _ 1) N side

_/
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100 @

Jy (X).»

—

Current dirdg

-100

4.7 Current Continuity Equation

X X+ Ax n'
@ _ A
e e T
X+ Ax X n/
e e T
98 ©
=0 (A0 Ja(x+A0) —J,(x)
Electron current diréction = e—
« Ax T
Current direction
-98 ,
— e —
Volume = A-Ax T
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/ 4.7 Current Continuity Equation \
, Minority drift current is negligible;

d]p p e

- =e— .".J,=—eDdp/dx -

]

P
d2p pl P

eDPW — ea %dx B
dzp/ B p/ B p_/ dzn/ B n'
dx? D,t, L2 dx? ~ [2

L, and L, are the diffusion lengths

Solar cell needs large life time (ms)
VLSI small life time (us)

\Lp = [P L, = ,/Dnrn/
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[\

/4_

8 Forward Biased Junction-- Excess Carrieﬁ

: electron movement .
Q Practice25: solve the

pl
nl

recombine : : :
@—> @— > @— differential equation
207 /
} P S N d”p _ p_
| 2 g2
‘ ; F dlx I lhlpb d
W or solar cell, the bounaary
P §(<F|:| W, = Lp condition is different
——
® (') » X Q,(OO) =D
np = n_Zee;//kT p'(xy) = pNO(eeV/kT _ 1)
n; _
p(xy) = e/ p'(x) = Ae*/'» + Be™*/'p
NN
d p/(x) — pNO(eeV/kT _ 1)8_(x_xN)/Lp,x > Xy

(x) = pNO(eeV/kT _ 1)6_(x_xN)/LP,x > Xy
(x) = npo(e®V/*T — 1)e*=*P)/Ln, x < xp /
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4.9 PN Diode I-V Characteristics

Current (electron) Current (hole) Negligible for depletion region
< < A \][
KCL - total current finchanged —~——— lotal
,J \]n drlft = Jt()\ta]\_\{pN //, -
Electron hole = nepE (Jp drift= Jiga — Jnp
diffusion N J.» diffusion > find% 1
| P —— PN \&P
= =X
N-sid -Si
N-side 0 P-side e 0 Prside
dp'(x) D

X=Xy ]pN = —er dx e_ppNO(eeV/kT — 1)3_(x_xN)/Lp

Lp
dn'(x) D — B
]nP = eDn dx = eL—:nPO(— 1)e(x xp)/Ln

Practice26: Electric field at Neutral region =?

D D
Jtotar = Jpn(xn) + Jup(Xp) = leL_ppNo + eL—nnpo] (ecV/kT]
p n
=Jatallx V=0 > 1=0
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;7

I I
: | : I .
Neutral region : Deple'n\ﬂn layer I Neutral region
|

_ |
N | /!

| P

/ nr/ 0 Xp
Jon(Xn) \ Jnp(Xp)

Jon(0)=dn(Xn) Jnp(0)=Jrp(Xp)

Jiotar=Ion(Xn) +np(Xp)

 No drift electron/hole current in the depletion region
* No recombination in the depletion region
—> diffusion current is the same inside depletion region

\_ _/
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Q: x=-X,: electron drift and diffusion, Neutral _R_egion has sufficient majority carrier
x=-o0: electron drift and diffusion has sufficient drift current

J
total —
Jariee =0

for n and p Drift: neuE-> since n is majority carrier (n-type)
- n large, E small
Diffusion ~0 P Diffusion ~0 D Dn
Drift dominate & Drift dominate= T, % * €T, o] (7 1)
=
D D, KT ] .
= eL_:PNo + eanpo] (e?/¥ — 1) P-side -Xp XN N-side
At x = xy Drift:peV = peuE~0
dp'(x) D
_ — P eV/kT _
]pN = er dx = e Lp pNO(e 1)
D D
p n
e—pno + e—mnpo| (e€V/¥T — 1) | 1kT
L, Ly
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The PN Junction as a Temperature Sensor

temperaturet->electrons are more likely jumping from Ev to Ec - current?

PN junction is not a good temperature sensor

1000 ¢ A _9BC Bipolar is a good temperature sensor
900 | —o— 25C
—n— 75C
2 00 I = IO(eeV/kT _ 1)
S 700 L
= 600 Ln<< Wp
= i
g 00 L Lp<< Whn
8 o | ! 2< DP Dn >
300 - IO = Aen: +
| l
200 _/- / / Lde L,N,
100 | / !/O )
0 I LS A ) | v EC
0.1 02 0.3 04 . 05 06 07
Voltage (V) @ 1.12eV
Ev

Practice27: What causes the IV curves to shift to lower V at higher T ?
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4.9.1 Contributions from the Depletion Region

f)
1x10‘1E — 11x10'1 |n~p~ni€ev/2kT|'
| —Eq48duty I0=1.Be-12A\ | - - :
- : ¢ Netrecombination (generation) rate:
SIope=60mV?dec n; (eeV/ZkT _ 1)
%107 ’ 113107 Tdep .
! ; Assume there are defects In W,
, 10_15 Reverse bias Forward hias :1 /g /
o x _ eV /KT enine’{, eV /2kT
I 1=|l(e —1)[+]4 - (e —-1
13 s 13 ep
MO 04 o0 o4 s MO 1KT / kT
v, (V) nkT, I<n <2
en; Wy ep Space-Charge Region (SCR) current
Licakage = Iop + A Under forward bias, SCR current is an extra
Tdep current with a slope 120mV/decade

« For good device: no 2KT current
« For sollar cell n >>2
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Neutral

Depletion , Neutral

N-region ! layer P-region
< '; — >
oo »@ Diffusion current (1KT) c
Forward bias: | ¢
|_|i |
o E, (defects at midgap)
E, v I E;
@ E,
— recombination current (2KT)
a|ﬁu3|on@ : Exp(qV/2KT)
np>n;?
log(l) 1KT+2KT
1KT
2KT
 low current 2 2KT
1<n<2 * n="?If E,not In the midgap

v

* high current 2> 1KT
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PN junction at V=0: PN junction at at forward biased:
Electron current=0 (diffusion+drift)  Electron current + Hole

Hole current =0 (diffusion+drift) current(Both diffusion)
Bipolar device: electron + hole + FET: majority electron (NFET) or
diffusion majority hole (PFET)
drift (more important
90nm node ( portant
Metal
p~1020cm-3 OXl_de Vds<0
p-SiGe (0V) -defects p-SiGe
PppPpppppppp

$/ n~10tcm3
/ n-31 (Vy=Vpp)
after annealing generation current = large loee

 After annealing, the dopants of p-SiGe (B) diffuse out,
the defects are no longer inside the depletion region
—> Less recombination current
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reverse bias: C =

A

1073¢cm3

N-side

y%%////

P-side

n’=Ap

Negative charege - n
= positive charge - Ap

in same region
Q

P

diffusion length

wn’(x) . linear

Practice29: caculate t, for short
diode, namely physical size <

/ 4,10 Charge Storage \
£/Wqy

X

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

Practice28: caculate t, for long diode

Q <1 Q=jooon’dx

I'=Q/ts
Q= It

A




/ 4.11 Small-signal Model of the Diode \
| Z=jo L, o is lower 1GHz, L can be negligible

— c_1l_di_d
_ . R av av’®

(eeV/kT _ 1) %I eeV/kT

V =< R

]

il peV /KT — Inc

. T kT° kT /e 0 +0

What is G at 300K and I, = 1 mA? ;Ql |_| |7
€s

Caep = W g;/debye legnth(flat band) +Q,
d
Diffusion Capacitance (small signal): —I |—

c_de__di__ . In
—av o av T T T kT /e @”_—2

Which is larger, diffusion or depletion capacitance?
\Bdep and C; are parallel, C g larger ‘ /
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/4.12 Metal-Semiconductor JunctiorN

Two kinds of metal-semiconductor(MS junction)
contacts:

» Rectifying Schottky diodes: metal on lightly

doped SIliCON  one bias voltage has current, while the other doesn’t.
There is sufficient current only at
forward bias

« Lowe-resistance ohmic contacts: metal on
heavily doped silicon There is sufficient current at both

forward and reverse bhias

\ Depletion region /)» = tunneling /
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dg, Increases with Increasing Metal Work Function

Free electron

Vacuum level, E,

Y, -Work Function of metal

Xsi-Electron Affinity of Si

Theoretically, ¢, = ¥y, — Xsi

E, * defect/MIGS of interface are not
taken into consideration (Metal
Induced Gap States)

* Fermi-level pinning
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Practice30: draw the band diagram for Schottky diodes

vacuum level

Regard metal as p-Si

Vm

> Apply positive voltage to

forward bias
Fermi level line-up

Accumulation region

<
<

Xs Eliectron Affinity of Si

q$Bn E i qVhpi Ec
' Ef

Ei
Q¢Bn o (EC _ Ef)

_— O . o . o . .

. %%%K et ey

N, Xp=N4"Xy

There are 1e22 electrons in metals,
only W,/1e5, very small

- neglectable
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4.13 Schottky Barriers
Energy Band Diagram of Schottky Contact q¢g,, =?

Depleti .
Metal < elgyee:onF Neutral region

_ M ike P+ -
ngi N\Lk:’ v | oo =+ Schottky barrier height, ¢,
o2 NN —

7// L E; Is afunction of the metal
/  N-Si material.
Z

\\'
1 - | |
! , ® ¢p Isthe most important
Yy . parameter. The sum of
_ | P-Si q$pn and g g, Is equal to
. E Ey,.
! E

|
' \Y;
Like N+ P
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/

Schottky barrier heights for electrons and holes

Metal Al Mg | Ti Cr W Mo Pd Au Pt
per (V) | 04 |(05) | 061 | 0.67 | 0.68 | 0.77 | 08 | 09
o (V) | cingle 60 | 05 042 03 | ()
Work For p?
Function | 37 | 43 | 45 | 46 | 46 | 51 | 51 | 57
W (V)

$pn + Ppp = E;(even considering Fermi-level pinning)

¢, Increases with increasing metal work function

* Due to large D;, at M/S Interface

« Small barrier height metal can be used in night vision goggles
 MOSFET needs ohmic contact (small barrier height)
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/ Fermi Level Pinning
A °
Vacuum level, E;,

A = 4.05 eV

Barrier height (Fermi-level pinning)

74 w

Defect in the bandgap E

\

A high density of
energy states in the
bandgap at the
metal-semiconductor
interface pins E; toa
narrow range and
¢pn, 1S typically
04t009V

Question: What is
the typical range of

$pp? 0.7 tO ozy
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4 N

Metal induced gap state

% D, = inf ~ E~1/3E,, close to Bv
+ D,, = defect + MIGS
//%

>

W within metal ~ 0O
electrons can tunnel

«  Fermi-level pinning at Ey;

\ —> Barrier height is indepent of metal work function /
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Schottky Contacts of Metal Silicide on Si \

Silicide: A silicon and metal compound. It Is conductive

similar to a metal. M+Si > MSi due to thermal budget
Planar technology: After sputtering Source/Drian anneal: 1050°C
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.

TiN is used for metal gate |
Erbium platinum

Silicide |ErSi;;| HfSI |MoSiyp ZrSi, WSI, | NiS, | Pd,SI| PtSI
¢gn (V)| 0.28 | 0.45 | 0.55 0.65 | 0.67 | 0.67 | 0.75 | 0.87
gy (V) 055|049 | 045|045 | 043|043 | 0.35 | 0.23

R_ :contact resistance
Al: workfunction ~ E,
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/ Using CV Data to Determine ¢
Diameter: 5%
Area: 10%

1UC? A Np*: 20%

1 - 2(dy; + V) Slope: Np*

— = —— Intercept: ¢,..

V(re\;erse bias) qdg,

-

R e o
@]
-
o.

>\\

Once ¢,; Is known, ¢z can

-0y e

be determined using

N,
@i = q¢pn — (Ec - Ef) = q¢pn — kT lnN_d

Page 98




/ 4.17 Thermionic Emission Theory

1 90— V) =Ec-Eq E
7 N-type _“\T_‘W; E,
Voe— Silicon —"M —prr - - - - - - 1"
n:NCe—(Ec—Efn)/KT %
n(energy above energy tip)= -

N.e ~(Ec—Efn)/KT , -q$,,/KT
= NCe —Q(I)B/KT

n= Nce_q(¢B_V)/kT — 2[

Vy, = +/3KT /m, Vi = —2KT [ 2m, ?

Half of electrons go left ;
M K™ o qg kM. v /KT
Jem :{%)qnvthX Qn T e "%
\ = there J, ~100e " Alcm?
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4.18 Schottky Diodes

hyas=—l Iy

En
yav
Forward
biased
=
Iy = AKT?e=a9B/kT
Artgm., k?
» K = T 100 A/(cm? - K?)
=gy h3
I =I5,y + Iyss = Ioe?V/KT — [y = I,(e?V/*T — 1)

Reverse |PN: diffusion (minority carrier)
biased Schottky: thermionic emission (majority carrier)—>
high current, high speed
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| A SchotﬂI(y diode

;B PN junction
I diode
S
S/
———— = > \/

4.19 Applications of Schottly Diodes \

| =1, -1)
|, = AKT 2 9/1

-----

|, of a Schottky diode is 10° to 108 times larger than a PN
junction diode, depending on ¢g. A larger I, means a

smaller forward drop V.

high current applications.

« A Schottky diode is the preferred rectifier in low voltage,/
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4,20 Quantum Mechanical Tunneling

E>V, E<Vy E>V,
ncident electron Vi —
wlavecivita elnergy E — » — > q(¢Bn V)
Transmitted L
electron wave
V E., Egpy
-~ T7T—  TPM S T T Ty
. ¢
8n’
P~ exp[_zzr = (V- E)J
h E,
Vu —E =q(¢p.—V)
—>x Small m, large Pj
2
T ~ Wdep _ 6-s(¢Bn - V) A= E VIMeEs
T2 7 2qN, l
_ 8n2m[Q(¢Bn B V)] €s (¢Bn - V) _ 2 meg _ (¢Bn B V)
P—exp(—Zj % Zavg | = P | TR @m V) [ | = e (AT
N4: Doping Concentration
-V -V d _
P =exp(—A M) x exp(— M) ¢, Barrier Height
VNa VNa V. Applied Voltage
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283¢Bn
N

W

dep =

Tunneling
probability:
P~ e_MBr‘/‘/'\Td

T~W

dep
H=—

tunneling current
‘J S—>M

~ EquVtth = gN,

4.21 Ohmic Contacts

Silicide  N*Si
(I)B ‘ L ’\ ‘ (I)Bn_v l
il 11 o< s S
. y Lo EC Ef Efm _______\T/__C
L
EV

/2 =.|e.ds, 1 20N,

thermionic emission : E > barrier height
\/8 m. /q tunneling (W, < 10nm) : E < barrier height
1

> e—H(¢Bn—V)/JNT

n

weak dependence on temperature
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Current [mA]

4.21 Ohmic Contacts R.(2D): Q.- cm

R, : specific contact resistivity (- cm

)

1.2 1

o ©

(o)) ]
[l " 'l [} 'l
L FOITHT FRTTRITNT]

e
»

1.E-058

!

;

Spacinie Intwrace Resistivity (shm-cm2)

Voltage V]

-1

d‘JS—>M
- dVv

20
|l

:Hllnd

=—4— R {FE) .05 &%
~8—RI{FE} : 0.5 &
—ir— R {FE} : 0.4 o
—a—Fi {FE} : 0.3 aV

1.E-{8

2 H¢Bn/m

qvthx H r

Burfecs Doping Denyly {1/ond)

H

Target: 10-10

¢Bn /\/Ni(j Q Cm
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nFET: electron conduction, pFET:

Ve

. //,/”
% Metal \E
@)

SiO,

S

Si body

T Gatc faucet

hole conduction

/ Chapter 5 MOS Capacitor
MOS: Metal-Oxide-Semiconductor

For bulk planar, p-body means nFET.

Vs >0f
Vg
!
drgin hole
Source Gate _
Drain
| SiO,
> N+
P-body /
If it Is n-body

N'S ?9

Normally lowest potential | Va(
For 3D transistor, there is no body

MOS capacitor : MOSCAP MOS transistor: MOSFET
MOSFET (field-effect transistor):drift current

or +)
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(E./E, at Si are flat)

Practice31: draw
the band diagram

3.1eV

/5.1 Flat-band Condition anc
¢S:O N \ - N

for flat band Eu

FINFET Ec shift
near midgap

nMetal: planar = Ec

to

Si is defined as channel

5nm and beyond:
nFET: Si  pFET: SiGe

Flat-band Voltage
+— Eo (vaccum level)
| Xsio, 0.95eV
T "
Ty ey Qs = xsi + (Ec — Ef)
VA4 Ec
______ Y _ _ _Ef
sio, [ _L__ 7 E,
E,= = P-body
9eV
eman|  Vrp = Yu — s
VG — Vfb
RN P
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Short: VG = () x: electron affinity

Erm
No charge at interface

- glEl - 82E2
£g; = 11.9
&sio, = 3.9

&si/€sio, = 3

—E, (vaccum level)

4

| Wsi=
A= 4.05eV

~

q¥s = xsi + (Ec — Ef)

AE,=4.8¢eV
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/ 5.1.1 Oxide Charge—A Modification to Vy, \

Types of oxide charge:

Fixed oxide charge, Si* Pure DI water: 18MQ-cm
Due to CO, in air = 5-6MQ-cm

Mobile oxide charge, due to Na* contamination

Interface traps (D,,), neutral or charged depending on
Vg Defect + electron + hole

\oltage/temperature/current stress induced charge

and traps —>a reliability issue cause defects
— Sl cap on SiGe (5nm) solve the reliability issue
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Flat band considering fixed charge
(fs=0, no depletion region) B,

Yu \ Ps
YA
tO.X'
E¢ym !

+
S

© | ________|_____ E

Vf,b = Yu — Ys — Qox/[ox Ey
Cox = €ox/tox

Vrp < Vg, more negative \
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/

Flat band considering dipole
(fs=0, no depletion region)

V, tuning by high-k dipole

Vflb =Yy — Ys — Qox/Cox

=Yy —YPs — Qx
v_ Eox/tox dlpOle

Vi < Vb

Ywm R
OX
Efm +
+
EfM +
il
0> 8-
t, >0
Q. t,x = constant
—> dipole

Vs

Practice32 make the
band diagrams for the
fixed charge and dipoles
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Wy

5.2 Surface Accumulation

|

Make Vg < Vg

Yy

S

for accumulation

\_

Practice33: draw
the band diagram

Sio,

V,,: voltage across the oxide

®s upward > negative

K g, accumulation.

— T ———— Ef Ds = poe_Q¢S/kT
E

D = Vox o e®s/KT

- ¢, don’t change too much.

Vfb =Yy —YPs
Ve = Vep = Vox + ¢s

¢, - surface potential, band bending

P00y However, Vs don’tincrease exponentillly.
p5>po - V,, don’t increase exponentially, eit

\

¢s is negligible when the surface |s in

er.

/
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4

5.2 Surface Accumulation

— Vep = Vox + &5

V, < Vi

O

define V+

SiO,

Accumulation
charge, Q.

P-Si body

\_

define Q,V + 11 |
L +‘ ‘ -

-

__ Gate

@@@@? define Q+

Q

¢ is small, negligible > Vpx = Vi — Vpp,

\

Gauss’s Law 2 Vyy = — Cacc

CV

CO.’X’

Qace = —Cox(Vg — Vfb)

(negative)

positive

Cox Must be positive

Vox =

Qs

COX

— Silicon

/
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5.3 Surface Depletion ( V, > ) for Off Stam

/]

+ + + +

9eV

15 s = 5 =0

Na:po >ps>ns>n0

— E,
———————— Ef
N, N, ' 5
N, N.-

2 -
depletion region define as no

electron or hole.
p < 1/10N,, or n<1/10N*

Qs

COX

Vox = ==

Vy> Vi

Gate
+ 4+ 4+ + + +

S10;
N, = N, = N, =Ny
Depletion layer
charge, Qgep

P-Si1 body

Qdep

Cox = gox/tox (F/Cm

qN Wd \/ZqN gsd)s

COX

Cox
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ﬂA Wea

K Inversion and Threshold Conditio

concentration

A7 2(1)8 (I)S d)B Surface
) Na>p,>n.>p, i:/i?tabgeecontrolled by gate
Ec
E
Vi o =T 8 W= " E Bk
( & KT 7 N, ) KT, (N
Y ra =—In| — |——1n
A1 N Nens aoAmy e AR
H N:N:'NZ' :k_T|n(Na\
Pactice35: draw the q n)
\?vr;CILi nc\lllsgsriiw for Th_reshold (of inversion):
vV & n,=N,, or - N,
7 ¢st:2¢8_2—| ( } /
q n;
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/ 5.5 Strong Inversion—Be_/ond Threshold \
| W deax _ \/288 2¢B

dep
aN,
g _ Vox=Vg-Vey- 208
Wy, S Vg >V,
Gate
++++++++++
Vm N, N, N/ N SiO,
N N. N, N, N, OO0OO0O
o |5
J+r E=0 (0Os=—¢&4E Q+ O
sees de inv
; Vg, |7 el PR ’
i All charges in P-Si1 substrate
+
+

SiO semiconductor
Practice36: draw the
| A | Aracra nA £y

/ | WACI RV | uluylulll AV |

strong inversion Page 115




Poisson’s Equation

Physically not exist

9 _ _g &
= " d—,§=——=—§p<x>—n<x>.—1v(x)
N—N

d

n(x) = nje~EEA/KT — p o (Er=ED/KT _ p oa($()~p)/KT — n; i ad(x)/kT

Nq
0(x) = ne EEN/KT =y 0a(@p=¢/KT = | o=aX)/kT
2 n? Ng (x)
:> d*¢ q

— T — _ 2N (e 9P/kT _ 1) — L (pq®/kT

dx? Ei a(e ) (e
d?¢ d
d f d) = ——[N (e=#F — 1) — 2L (o - 1)]

X
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d de
)=

@ew . derive the Qs formula

\_

d’¢p d n?  q¢
* = —— N (6 kT — 1) —l (e_T
dxz d (c:Sl Na
1i(d_¢)2_ _gi Na(e_kT 1) (ekT -1 ]
mtegratlon
dp., 2kTN, ( _a¢  q¢ n2
(X) - ( ) Eqi [ e T + kT 1 NZ (
_ qds "'2
Qs = —e4Es = i\/zgsikTNa[ kT + k_T —1 NZ (e

5

q(/b

kT + — 1]

q¢
kTS 4 39s qPs

kT

1
2

D]

_/
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Log scale

Q. (Clem®)

10°¢

. St (300 K
A‘; ZFL’:X ll:)" cm‘)' 120mV/dga
n
103 - eXp (:/%/E
(Strong inversion)
positive
C P e WB’E 2€5Qs
10* (Accumulation) d =
hole qNq
Qs:quNa
107 F_—_ W0 ’
Flat "
band VOs s=Po
10* | Exp(q¢s/KT)
1kT—> SS >3
' 1/2—
E o B (l+x);.‘_ 1+1)/2x
10°0 Ly ‘e /1 o
-0.4 -{).2 0 0.2 0.4 0.6 0.8 1.0
¢51V)

60mV/dec
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Inversion Layer Charge, Q,,, (C/cm?)
Strong Inversion/l 5y )
0 2 ([ afs 2

—% q¥s nl 2
Qs = —&5Es = £/ 265;kTN, [ e kT +ﬁ —1|+—=l|eklT +——-1 ~Qaep + Qinv

Q e inv QNaZES 2¢ inv
Vg =V + 20 - 2 _Vfb+2¢8+\/ T

oX COX OX COX
Qinv . -
=V, _C— . Qinv — _Cox (Vg _Vt)
(0).4
Ve 1;’ Vi Electron for nFET Vg? Vi

\ \\Gate \\ \\Gat'e

] SiO, | Si0,
+ + + N-Si1 +
L |[NOFOOOCOOO (N | L | N7 ‘ N

\ P-body P-body
~ = = /
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/ MOSFET Charge and Potential

Qacc="Cox(Ve VFBM

VEs

Gate Voltage Vj (V)

Gate voltage equation:

Ve — Vg = Vox “[ ¢s F

Metal Oxide p-type PP, I S | _
T silicon Na =10 "cm tox = 10 nm
Vo / 1.2 1E-6
1 i Fe — [bs(Max)=2¢g
- - gy |~ " & S 1 BE-7
e :I:;;....r.'.................... ”'Ej- {DE L _ﬁ/& /
p >0 / B3 20 BE-7
& Deple-  Neutral q:} 0.6 - .
tion region E ' Q 4T
< @ 0.4 _C(*‘)X(VG )
Inversion H - l:l
rcgiczlild) 1 0.2 d. . .|2E-7
S__ <19 Pl IQd;—qNaWd \/qNQZSQ)S
0E+0
Oy 05 1 Vt1 5 2 25 3 35

—Qs

Cox

1 &s
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/ Threshold Voltage
90nm node: 1.5
T, =20nm

Q= Vip + 205 +

1.5
EOT=1nm 10nm
Ng>1E17 _  If - ak
_ . ,
ViomVp>0 2 5L m ) os
5 n
2 —_—
S0 0 W#“‘ 0
+I _________.-“-*-_-"- _-"
Z — ‘ 2n
S 05 4nmq —0.5
N PFET
-1 10nm Y\, | !
20nm
—15 | | —-1.5
1.E + 15 1.E + 16 1.E + 17 1.E + 18

Body doping density (cm ™)

VANp2&:2¢5 + for P-body(nFET)
COX

V(V), P*-gate/N-body

/

— for N-body(pFET)
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/ Planar (modify doping)

qNz Wy
Vi = Vip, + 2 C =
/ 0X
Q Mutiple Vt:

om — 95 — —= FInFET- @,, Qox(dipole)
OX  Nanosheet=> Qgx

W. N
V= Vip + - A+ 2
(0),4
_qW. N
Vip=Vip chm t—2¢p

0X
%ctice%: what is the metal WF choice for n/pFET?

_/
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/ 5.5.1 Choice of V, and Gate Doping Type \

V>V, _
V, is generally set at a small

\\%\\ \\ positive value so that, at V, = 0,

SiO, the transistor does not have an
n N-Si + ] :
L N N* | inversion layer and current
Ph does not flow between the two
-body )
N* reglons

nFET - nS/D, n metal (planar)
. Ws normally paired with N*- -gate to achieve a small

positive threshold voltage.  ns/D, p metal (planar)
PFET

« N=bedy is normally paired with P*-gate to achieve a small
negative threshold voltage.
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Al: work function near Si E, - nMetal
Pt: work function near Si E, 2 pMetal

For planar FET

adjustment of n

adjustment od p

For FINFET, nMetal and pMetal have to move
toward to midgap due to undoped channel,

dual metal gate

~ET

nMetal I1s needed for Vt
~ET, pMetal is needed for Vit

™

/
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Constant current V,and Transconductance Vt

I—og (Ids) y . . .
600 second Derivative method V,=10 mV 1
00 -
100xW/L(nA) 5
400 -
< \
% 300 - 1
lorr _ ‘ ";; 200 ‘\F
Practical definition of V, : the A | |
I — | Ab 1 — measured data I
Vgs at which Ids WIL 100 - v,=o‘57dvda|:do.esv |
I (C(jéli]st.iurlr(:)rlg W q(]:fi;vt)  p— ';‘,‘j‘i%f‘;?i’f'
subthreshold (NA) = X L Xe 2000 02 04 05 08 10
Ve (V)
=100 X w x 10WVgs=V0)/SS
L V, can be found at the
7% : 2 2
ep(nA) = 100 X — x 10=Ve/SS maximum of d“I, /dV/

Page 125




5.6 MOS CV Characteristics \
Small signal cap

| e dVg dVg
!cap
tOX
W Vg>0->Qg>0
Vac N v Qs: _Qg
C=dQ/dV=dQ/dt*dt/dV
% /—/_/ Given the AC voltage, and measure fhe
: AC current. We can find out the current
has 90 degree phase difference,. In this
case, we the calculate cap.
C-V meter MOS capacitor

\CSRS vs CpRp modes
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Supply of Inversion Charge May be Limited

S ,Géle, o Gate
C:dQ/dV J_ C.. J_ .
I 1
| t_@@t@_)@@@@ \ _ _J|:_C_dc5 jIWdef’
relaxation time ~ peg ~ ps Soicomd
Accumulation Depletion
P-substrate P-substrate
Electrons supplied
by S/D would be Gate Gate from valence band
fast if Lg is short. L c from /D L. = takes time
— ’ |®@®-®®C—j : —000POO0O ! .
. : T _9_% / If D, 1s small,
Inversion = -1- - / it
o i ac—"" *  |the speed of S/D
R — Inversion YWam: supply electrons
P-substrate P-substrate i S SIOW

l

Electrons can follow AC voltage

Electrons can not follow AC voltage
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Accumulation
Vg
A tox COX
JWa

Weak inversion

Vg
A tox COX
@@@ Ideex

dQ = N.dW,
Depletion
V, +dV,

A
tox COX

--------- N, N N,

17,3 o 1%.3

Strong inversion
V, +dV,

A
tox COX

SCCIC Idee

dQ - dNa-\Ndmax =0

dW,

t

inv

~1nm
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Equivalent circuit in the depletion and the inversion regimes

¢S —_— COX
\

Cdep ::
EOT=W,/3

General case for
both depletion and
inversion regions.

inv

C

0X

| |
I
O

EOT=t, /3

O
o
D

o
3
=
I
I
=
=
I
=
<

(b) (c)

In the depletion regions+ V,=V
weak inversion

Q: what about C;, ?

g

(e) Accumulation

(d)

) Strong inversion

_—C

0X

[ —acc
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C

C

oX

acc IN Series

Wq ||

Cox In series with Cgg,

_ Low frequenc
O AC Wd_deax d 4

C., inseries with C;,

(0),4

Cmos = Cox In series with C

Vi

Accumulation

Vg < Vi

A tox

Depletion Inversion

t...~1.2nm
ace measured

CICICIC

t.,, = 1nm, t,. not
negligible /

EOT=CET-0.4nm

Csi = Ciy In parallel with Cy,,=C;,, (large)+Cye,

Practice39: draw the CV
curve for n/pFET
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Quasi-Static CV of MOS Capacitor
guasi-static: slow Ccll—':, not phasor AC Cows

Cox B

Stand-alone device S/D, hv

C_dQ dQ/dt T
_dV av/ar) iV

V =V =|Veexp(ig)pxpict) |
PNasor stand- alclme device sz’ high f -
Vi Vi &
Accumulation Depletion 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 |, = C-dV./dt. This allows

9 g
Qﬁicient time for Qy,, to respond to the slow-changing V. j
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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 ,
s T v
Gate Egpﬁetilo 510 ) <_>an S
L Quantum CET=EOT + T, /3
‘_—’ Naatanc e - inv

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

<—Effective Toy—»

n(x) Is determined by Schrodinger’s eq.,
Poisson eq., and Fermi function.
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potential inf 4 4 potential inf

_ h%k?

2m

E

#0 /\7&0

/\égen energy
+0 V 70

#0 £0

solution: if inf potential, Airy function
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AC inversion centroid in silicon (nm)

Lh

.

(98]

3]

[y

Electrical Oxide Thickness,

— Open Tx=30A

Solid T=T0A
+ Center T,,=50A

Hole —
_%Ef

ot

|
|
f -
ﬁ o 1o
eclron
NE " l

—— 6.2 X 10°((Vy + V)/T,,)""* em
——= 775 X10°I(V, + V) T,) " cm

BN, =2x10°cm™
AN, =2x10"em™
¢ N,=2x108em™3| 17

(W) ssouyoIy) 9pIX0 Jud[eArby
°

| 1 \ 0 °

-1 x 107 -5 % 10°

0

5% 10° 1% 107

(Vy+ V)IToy (Viem)

EOT =ty + tiny,/3

| The definition is different

from the previous one.

Toxe = Tox + Wpoly/3 + Tiny/3 at Vg = Vyq

-

oxe

T;,, 1S a function of
the average electric
field in the Inversion
layer, which 1s (V, +
V)/6T,,.

T, of holes is larger
than that of electrons
because of difference
In effective mass.

T .. IS the electrical

oxe

oxide thickness.
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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.

Field-Effect: inversion charge induced by gate voltage

Match the following MOSFET characteristics with their
applications:

« small size

* high speed

* low power

\ + high gain /
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6.1 Introduction to the MOSFET
Basic MOSFET structure and IV characteristics

Drain

Vds>0

Gate Gate
Source Drain Source Drain
V>0 V>0
Oxide 0 Oxide 51/

Si on nothing
cavity

77 U ¥sor [ v v (e¥ietion rJian

For FINFET and GAA there is no body contact
\ NnFET or pFET is determined by S/D, not body /

: UM /=0
Odee P Semicon®ucfor body )%

Body contact, 4 terminal device for planar
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/

1
I

6.1 Introduction to the MOSFET \

nFET

Gate o

| direction |

Drain

]

Source

Vds>0

PFET

Usually high voltage is up above

>0
Source Vaa>

I dlrectle_T ‘
Gate o

Drain

« S/D is defined by circuit designer
« DTCO: Design Technology Co-Optimization
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Gate leakage current

1E+6

wem Data
IE+5 F__ \MOSFET mw—
1E+4 |- 0
€ 1Es3 — |
S B2t
> 1B+l |
g 1B - 4= - -
S 1E-1|
-
g 1E-2 /
B
5 1E-3 4..’-‘-
S 1E4 s>
& 1E-5
1E~6
1E-7

1E-8
0

Gate voltage (V) Ref : Yuan Taur

« Jg~103A/cm?at V; = 0.5V and t,, = 1nm.
« Jo~10*A/cm?atV; =1V and t,, = 1nm.
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ﬁComplementary MOSFETs (CMOS) Technolcm

nFET PFET
Vg = Vaa Vg_s = Vad Vg =0, Vg_s =~V
Gate Gate
S D Vg>0 S D V<0
gRooo00600 Wl— /00060006 B
ds ds

N-S1

P-Si (body) N-Si (body)
reverse bias (V<V_,.in)

0V (the lowest voltage) V4 (the highest voltage)

* When V=V, the nFET is on and the pFET is off.
» When V, =0, the pFET Is on and the nFET is off.
 Schottky barrier FET: Pt for pFET, Al for nNFET
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Jtin Practice: derive Id formula

The unit of Qjy = € XN X tiny,

V>0 4 f ) X tiny = C/cm3 X cm = C/cm?

L (p-Si)
Ip =] X A =nevxWtj,,,n: cm™3,e:C,v: cm/s,]: A/cm?

DS
* Qinw zeantinv»vzﬂEzﬂT_)ID = Qinvx.UTXVDS

Also,Qipy = Cox (Ve — V), Cpoy: F/cm?
VGS > VGD - Qinv(s) > Qinv(D) - Cox(VGS - Vt) > Cox(VGD — Vt)
1 1
Average Qinv — E [Qinv(s) + Qinv (D)] — E [Cox(VGS _ Vt) + Cox(VGD o Vt)]

C
Take source asref = Vgp = Ves — Vpg = Qiny = % [2(Vgs — Vi) — V]

np = %ucox¥ [2(Vgs — Vi) Vps — Vis] source reference (SPICE)
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Practice: explain saturation region and
channel length modulation

1 w 5
Ip = EHCOXT [2(Vgs — V)Vps — V]

ID A

Qinv(D)< 07?

ID,Max

v f(x)=ax?*+bx+c-oatx = —E,f(x) has maximum

~ At Vps = Vgs — Vi |lp =

E,uCox o (Ves — V)? is maximum

V. =2V VGS - VT VDS
EVELY e V..>V.> Q, existsatV,<V.-V,

VS:OVA.. ﬁxide | Vp=3V At source: Vge =2V =2 Q;,, eXists
S { anie D Atdrain: Vg = -1V = Q;,, = O(accumulation)

N LI<L

saturation region
v Qiny(D) < 0iswrong (Charge can't be < 0)

=~ Ip will keep at maximum after Vpg = Vs — V4 / Xva(D) <0
VsV, Is define as V,, (overdrive voltage)
Ve /(L-L) is large enough, drift velocity is large  linear/triode

region

Ve =1V=V, 2 Q;,, =0

Ip
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\_

1

oy IMprovement -- Overview

Caticeélo: repeat this page

W
Coy ; Vos — V)% n (floor number)
\ -> Nanosheet (N2)

FINFET (16nm) : 2H¢,\+Wg

g .
2% HK (45nm node) Intel - 22nm

ox

Eox _ EHK __ €ox EOT = tHK €ox £ = kgo

Cox §287% o EOT EHK

t., >1nm. Otherwise, I, is significant

~

_/
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/ lon IMprovement -- W \
FINFET = Tri-gate

I Nanosheet = GAA

Wfin
—)
A A
Wch
<< >
HC
Hfin I_Ifin h 1 1
v \ 4
substrate substrate

W =2Hq + Ws, W= (2H,, + 2W_,) X floor number
\Footprint = W5, XL /
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Scaling length

L>

c _ Eox XA gox XW XL
GC — —
d tox
_ESi XA, _‘gSi XWXtSi
CDS - d’ - I
Ref: J.-P. COLINGE, ROMJIST, Volume 11, Number 1, 2008, 3-15 . gox X W X L > SSL X W X tSl
t oy L
‘" Gate control needs to > S/D effect _, 72 > 5t te; X toyx
= Cgc > Csp Fox
Vertical E field > Lateral E field -
Si

— X tg; X tyx = l(scaling length)
gO.’X,'

AV
AV

t

L > I the more excess—=> DIBL (-

), SCE (L|=>V,]), SS (small) better
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Scaling length
g 1eng W, =t

'm SI

(]

Eox Exi=

1/3 (Si0y) Lg>2)\

= In the lower right
corner, =3
i~ Wo * [(66/ oo
So high-k gate
insulator helps.

a0

>

=
.

= But it is only valid
when f, << A.

=t JAis limited to % ,

=
(]

Normalized gate oxide thickness, f,, /A

1 i 1 i L i 1

"o 0.2 0.4 0.6 08 1 8., 4> 21,
N alized Si depleti spth, W/
Normalized Si depletion depth, W, /A Ref Yuan Taur
Ng = 10Ycm™3 - W,,,,~100nm
W,, = 2¢5i2¢p Ng = 10¥%cm™3 -» W,,,,~10nm
qNp Ng T- ul— FinFET is undoped
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How will the scaling length change if the channel material is Ge?

EOXXWXLGQ _gGeXWXtGe

Coc = =
GC o SD I

v Cgc > Csp

onXWXLGe>€GeXWXtGe

Lox LGe
S, > ii X by X by v £pp(= 16) > £5;(= 11.9)
L 16 X Lg; > L
Ge — |71 q " Lsi Si
—)LGe >\/‘Zﬂ><tGeXtox '\1 11'9
% . channel length will be longer
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How will the scaling length change in the double gate structure?

' Capacitance in parallel

oxide

nannel

Channel

Gate

ox XW XL

CGC(double gate) =GC(single gate) =|le'E

CGC(double gate) > CSD

tOX

_>2XgoxXWXLdouble >€SiXWXtSi
tox Ldouble
2 1 Esi
- Ldouble > E X < X tSi X Tox
00X

1 Egi
= Laoubte > \/E X— X lgi Xlox ~ 0-707Lsingle

gox

~. channel length can be shorter
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How will the scaling length change in the GAA structure?

' Capacitance in parallel

Eox X W X L
Oxide Coccan) = 4Cec(single gate) = 4 X "
0x
v Ceccan) > Csp
AFume the four /
sie length of the . .
channel are equal. 54X Eox X W X Lgyg > Esi X W X tg;
tOx LGAA
— 2 1 €si
| | | | Galo ox
izl 1 &g 1
Channel " —___ = Lgaa > Z X a Xitgy X oy = E lsingle

=~ channel length can be shorter
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/6.3 Surface Mobilities and High-Mobility FER
6.3.1 Surface Mobilities < Bulk mobility
due to surface roughness scattering

VE—’- = Vdd* Vg.{:s = Vdd

Gate

S D Vg=>0
—Nt ) 0000000 \N*|<—

split CV|: ] = nep@z %

b-si +IV
ov
How to measure the surface mobility:

lys =W X Qipy XV = WQinplnsE = WVds/L
\ =WC, .o (]{qs — Vt)ﬂns Vys/L Field effect mobW
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obility Is a function of the average of the fields at the

bottom and the top of the inversion ch%rge layer, E, and E,.
’
From Gauss’s Law, Gate
Eb - = Qdep/gsi %li iTuxc OXide
Ve =Vep + ¢s — Qdep/Coxe v ..??..ﬁ... \\\N
z_’ h de.n
Therefore, P-body
. Cox
Ep = e_ (Ve = Vep + ¢5) : -
Sl ox
(Qdep + anv)/ESl E (Eb T Et) = E (V + Ve — vab — 2¢s)
— Qinv/ & = Ep + gox (Vgs — V) ~ Cox (Vgs + Ve +0.2V)
Sl gSl
Vep — bs) _Vgs +Ve+ 02V
6L,
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E(0) = (Qdep + Qinv)/gsi
E(tiny) = Qdep/gsi
Eavreage = (E(0) + E(tiny))/2

Qaer)tQiny

g;  BysplitCV

/ Simple Eyeraqe Model for On state \
t.
I

Metal
oxide

-=dE/dX /
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FinFET(undoped Si) strained Si (90nm) Un Ve rsal MObI | Ity
nFET - tensile

DFET - compressive

\/. \ As device scaling
)

7~ T

K - L > E_XtSlXtox
Coulomb Scattering 0x
(screening) SNy T Wy, =t Lo L
Phonon Scattering e F. = 2ldeptQiny
(oxide scattering) avg 2&g;
T NBT_)QdepT_)Eang.u‘l’
/ RN — Using strained Si to enhance u
/ ’ N .
) Surface Roughness Scattering
N, / (wave function at interface)
N2 ..'.
N, ' « At high electric field, the
: — mobility merge together
Doping concentration: N; <N, <N : .
PINg L2 - Universal mobility

> Eavg
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Retrograde Body Doping Profiles

1018 = T S .
— | Wimax fOT Te€trograde doping
r |
How | gl
- high
s flat
= 10V B9 Uniform body doping
S [ I Retrograde body doping
aa] | i
i AN
: W imax fOr uniform doping
|
1016 L | I I I
- 0.0 0.1 0.2 0.3 0.4

Depth (pum)
* Wy, does not vary with Vg, .

» Retrograde doping is popular because it reduces off-state
leakage and allows higher surface mobility.
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Sub-Fin Isolation Pathways

Towards un-doped channels Fin undoped by Epi growth

I

Obti Implant Thru Fin | Solid Source Diffusion SSHW: Implant + Epi
: M T : o :;::51 ptl(}ﬂ SSRW : Super Steep Retrograde Well
.

{1 Heavily doped

b prinFET %,

Hermabred Current (Ahsm)
1‘)‘.‘
L i_._

: : v Liem, W _-Snm Ty 1 Details
d S |
w ".-._-‘k._.)“” 1
L) S AL, L
A7 48 45 4 43 42 41 & -
i 1aey  SseVeRe M) .,
. N ) (+) Easy Integration (+) Self aligned (+) Undoped channel
* Sub Fin leakage control critical for bulk FinFET {-) Unintentional channel | {+) Undoped channel {+) Damage free channel
scaling doping = variability (+) Damage free (+) Scalable
(-) Damage/Leakage (-) Non scalable (-) Non self aligned

* Doping traditional used for counter doping
* Variability strongly increases with channel
doping

(-} Integration
complexity/cost

ion implantation/epi
FinFET

w

nanosheet

N
N\ 27 (OUPSIN N ] af
N N

cavity

»p&s,iﬁ)‘{vz
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/ CMOS vs CFET \

« CMOS: nFET + pFET
* Planar (>N20): area pFET > nFET
—> Because hole mobility < electron mobility
 FINFET: area pFET = nFET
—> Because of undoped channel

 CFET: pFET on nFET or nFET on pFET-> 2X
transistor density
« CFET are expected to use nanosheet

\_ _/

Page 155




6.7.1 CMOS Inverter--voltage transfer curve

W, = 2W

For 5nm FinFET, Wn~Wp
2V

I —
PFE'l’j S,Jd Vs = Vg -V,

O
wf) -

N-Body ground= 0
I\‘FE'I’_{S

oV

Vig — 2.0 — —
Vt,n—'vt'p—o.?)v
Vout - Vdd+Vds,p
Vout - Vds,n
\Y/
dd Id —
x T L Vin (\/)

Vaur (V) 0 05 10 15 20
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The Effective Drive Current in CMQOS Inverters

A v
Vid—
Vgs=Vdd/2 V5
\Jds=Vdd/2
0 »-
 Falling & rising delays: period from V;,=V /2 to V,,=V44/2
Ion
b ] Vin=1.2v
150 Voult=Vadi2 —- /f-l Vin=1.15V
300 lp=l4s(Vgs=1/2V 0, Vs=Va) )
NFET I, Vin=1.0v
g0 | V=12V eﬁ_/2 (I +IH)
gm Vin=0.8v
* 150 I =l ds(Vds:Vddanszl/ 2V y4)
I Vin=0.6V
100
Vgs¥Vddr2
50

Approximate | trajectory with linearize | ,.(\Vgs,Vds)

0 01 02 03 04 05 06 07 08 09 1 11 12

Vds (V)
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/ 6.7.2 Inverter Speed - Impact of I, \

T, z%(pull—downdelay + pull —up delay)

pull —up delay ~ CVao Vad
2 Ipeff —C{
pull —down delay ~ g\l/dd Vin Vout
neff
lege =% (IL*14) —{ C—

| _Ids(vds_vdd’V =112V )
ly=1gs(Vgs= 1/2Vddivgs =Vyq)

14 = Max(pull-up delay, pull down delay)

wow can the speed of an inverter circuit be improved? /
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6.7.3 Power Consumption

Vou (V)
A

Vid — 2.0 1

denamic = Vpp X Iavg + kCVl%Df

15 4

Pstatic = Voplorr 10 |

05 L+

Total power consumption

Protar = denamic + Pstatic

To reduce |

Id? Id{‘ Id{‘ Id{‘ DRAM
0 ﬁ Ioff i >
| \ Vg Vi V

Vgl« Iof‘fl«
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RC Circuit Energy Consumption
PFET S V|n —I— !

‘G( ’ t =ty > Vour =
V. Vout ‘ | F = F ‘ t=t — Vout = VDD

3 g
"I

P V- -
4| —_ C: out + |
NFET T Capacitance \
(of interconnect, 6/ discharce
oV oV etc) charg t=t, t=t; &
pull-up

w1

t1 Vbp

n AVous ,
Etotal = f I(t) X VDD X dt = VDD j C dt dt = CVDD f dVout = CVDD
t to 0

0

t

f v dVoue Vpp 1 1 2
Ec = f I(t) X Voye X dt = j CTVoutdt = Cf VoutAVour = ECVDZD Loss =E CVDD (pFED
t 0

0 to
e , — _ _daQ @
.KlrchhoffslaW.V—Q/C-IR%I—E—E + t=t0—>QC=O
_)de f__)Q_qet/RC_)I:RiCet/RC t=t; > Q=0

t1 2 2
_qa q* RC
Ep = IthRxdt—j e2t/RCRt =

. ft © to R2C2 RCZ 2

0

(eZtl/RC _ eZto/RC)]

1 ) 1 ) 1
__(Qto Qtl)__Q =EC VDD ZCVDD Etotar — Ec
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Vaa

pull-up (V,,, from 0 — V) ﬁﬁL : ey oo

Erorar = CV5p (total energy from T o YT
source) T s :
E- = 5 CVjZ, (energy stored in capacitance) oV ete) I
1
Er = Eiotar — Ec = > CV{, (energy dissipation in the pFET)
pull-down (V,,, from V5 — 0)
_ 2 (#)Cv2 VDD 1 cycle
Etotar = CVpp Y Vi A < >
L{ D pull-down — — =» 4 — ‘/in
s|] ~C \
E.=—-(CV2 i el =+
C 2 DD 1 oV oV etc) = ] pu!l-up
Ep =E;p1q — Ec = ECVgD (energy dissipation in the Vout:3-|—: - 3
nFET) pullidown

Energy consumption of one cycle = Eg ., + Eg gown = CVip
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Electron velocity (cm/s)

6 % 10°

5% 10°

4 % 100 |-

3 X 10°

2 X 108

1 % 10°

6.8 Velocity Saturation

BN, =8x10%cm™
® Roughened, N, = 8 X 10" cm ™
A N,=25x10"cm™

= Nitrided, N, = 2.5 X 10" cm™>

O SOLN,=15x10"cm™
| ! | ‘ |

0 1 % 104 2 % 10 3% 104

Tangential field_(V/cn})
Along current direction

Velocity  saturation

o= pnE
1+ E/E .
E K Esat: v = ‘unE
UnEsat
E=Egut:Vsar = %

E > EqqiiVsar = UnEsar

has large

and
deleterious effect on the 1, of MOSFETS
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m MOSFET IV Model with Velocity Satura’m

I, =WQ,,v |v= b E=4dV./d
ds — inv 1+E/Esat ‘ = cs/ X‘

Hn dVes/dx

= g = WCOX(VQS —mles — Vi)
1+ %/Esat

L Vs
— j Iysdx = J [WCox.un(Vqs —mlg — Vt) — Ids/Esat]chs
0 0

m
= lgsL = WCpyxlin (Vgs — Vi = ?Vds> Vas — lasVas/ Esat

\_ _/
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ﬁ.g MOSFET IV Model with Velocity Saturatim
dl

solving =0,
dV

2(Vgs = Ve)/m
1+ 142V, — V) /MmEsqL

Visar =

A simpler and more accurate Vg, IS:

1 . m N 1
Vdsat I(gS R Vt EsatL

Esar = 2Vsq¢/lin

\- No velocity saturation — Vg, = (I{qs — Vt)/m /
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/ | 4o WiIth Velocity Saturation
Substituting Vg, for V4 In | . equation gives:

\

LW ’ (Vs —V,)*  long-channel I,
dsat L oxel™s Vgs _\/[ VgS _\/[
1+ 1+
MEsy L MEsa: L

Very short channel case: Eo L <<V, —V,

=Wy, Coxe (Vgs _\/t ~ME g L)

I dsat sat

=WV

I dsat sat

| 4sa¢ 1S Proportional to V.V, rather than (Vg
not as sensitive to L as 1/L.

L

Coxe (\/gS —\/t) Ballistic transport—=> 1=Qy;rce Vi

_ Vt)2 /
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/ Saturation Current and Transconductance\

« linear region, saturation region

1 |14 o
lysar = %ﬂncox T (Vgs - Vi)

(short channel) 1 < a < 2 (long channel)

» transconductance: g,, = dlgs/dVy

L A A
— YYmsat Zm.un ox (gs t)

\_ _/
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/

6.10 Parasitic Source-Drain Resistance \

G
Rs Rd
S—VWWA— —"VW—D
(if R, large)
If IdsatO o Vgs_ Vt’ Idsat = | = E Rs
1+ dsatOf ‘s |
(Vgs _Vt)

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

\ Vdsat = VdsatO T Idsat (Rs T Rd) j
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Ex: TiSi,

ﬁALICIDE (Self-Aligned Silicide) Source/Dram
Contact metal Dielectric spacer  Silicide

G

L R,

S —VW—

Question:

—AM—

No Self-aligned

| !
\ \ Gate, Si
\\ Oxide
’/>\ NN thannel
D
i

Self-aligned

N Source or drain

Silicide

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.

« What is the purpose of siliciding the source/drain/gate?
« What is self-aligned to what?
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Contact metal Dielectric spacer  Silicide
| | N+ poly silicon gate

Conta\ Gate, Si For nFET

Oxide
N Channel

A
|

N* Source or drain

SALICIDE process to reduce RJ/R

Silicide 1. Define_ the length
SALICIDE Tisi 2. Deposit SIO,
TISI; 3. RIE SiO, (Spacer formation)
- 4, Deposit Ti
No TiSi, N+ Poly silicon 5. RTAto form TiSi,
6. Etching Ti
Spacer < Oxide
Silicon
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Electron velocity (cm/s)

6.12 Velocity Overshoot

Has been replaced by injection velocity at source

1.8 x 107 - “.....-ul

1.5 x 107

1.2 x 107

9.0 x 10° ® L;=012pm

¥ L.s=022 pm
o L.g=032 pm
Fu Lcﬂ' =042 pm
B L;=047 pm

6.0 x 10°

3.0 x 10°

0 2x 10 4x10 6 x 10* 8 % 10*
Tangential field (V/cm)

Velocity saturation should
not occur in very short
MOSFETSs.

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

For small L: (e.g.: 10~20nm)

.-
-uH
=

Id:WVinjCox(Vgs' t )

Gate

N t

(injection

velocity)

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

Ballistic factor

cm cm/s C/cm?

| thQinv
= WBVthx oxe (V Vt)

* —_
B Vthx —

«Similar to

| dsat — stat Coxe (Vgs _\/t )

Injection velocity at Source
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/ 6.13 Output Conductance \

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

« The slope of the 1,-V 4 curve In the saturation region is
called the output conductance (g,s),

V., = 2.5V

0.4 -
Jys = dldsat =1/r, L=0.15um
s

d\/ds ~ 0.3

nm

« A smaller g4 Is desirable for aé '
large voltage gain, which is 2
beneficial to analog and digital

vircuitapplications. )
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/ Example of an Amplifier \
« The transistor operates Iin the saturation region. A small

signal input, v; ., Is applied.

lgs :gmsat'vgs_'_gds'vds V4
= Umsat “Vin T Yas Vout R %
ids = Vout /R- Vout
Vin
o v, = Oma ., — |, NFET
out (gds —|—1/R) n

« The voltage gain is g,,.,/(94 + 1/R).
« Asmaller g Is desirable for large voltage gain.

« Maximum available gain (or intrinsic voltage gain) IS g ./ ys
- r
r, depends on channel length modulation ~ °" "

Page 173




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
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/ 6.16.1 SRAM \

 Fastest among all memories.

« Totally CMOS compatible.

 Cost per bit is the highest-- My M, Mq
uses 6 transistors to store| _1° |°‘ “’|

one bit of data. [ [ r —r—1 U
H

— “LOW”
BL (HI) BLC
(LOW)
L
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/ 6.16.2 DRAM

Word-line1 Word-line 2

Bit-line 1
HL

(o]
o]

Bit-line 2

“

.

DRAM capacitor can
only hold the data
(charge) for a limited
time because of
leakage current.
Needs refresh.

Needs ~10fF C In a
small and shrinking
area -- for refresh
time and error rate.

_/
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6.16.3 Nonvolatile (Flash) Memory

Gate Insulator
)/_.{ harge-storage layer
r -
-« Thin insulator
N” v P . N”
20V 0OV
T 7
E},M L 1 {jah N
_4f ¢
NSO NT NSNS
P P
b 5
0Ov 20V

Tunneling write

Tunneling erase

Is A No electrons Electrons
stored stored
ek {:I LE -..-._ 1 -.:.II.I'.
%__,"' +___.--" - _‘r{l‘l
Vilow V' high
TV
i Floating gate
ﬂ_,_:"’f — 2V (poly-Si)
A7 Charge trap
NT]OY Nt
. (SONOS)
: Nanocrystal
5
1AY

Hot-electron write
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/ 3D (Multi-layer) Memory \

« Epitaxy from seed windows can produce Si layers.

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

Yellow = Can

‘Q - 49 - )
-
Blue = Device , l l l _l___l_l__l_.l__'
ductar
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/ 1.1 Silicon Crystal Structure \

 QI1: How many atoms in FCC?
. gl 1_
A1.8*8+6*2—4

Q2: How many atoms in
diamond structure?

A2: 2*FCC=8 3
Q3:Find out Zigzag
A3: on the {110}

Q4: What are the sidewall of |k
nanosheet? 0

A4: {110}
Q5 What’s the thickness of

\monolayer
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~P—> Secondary flat

v

Primary flat

/ 1.1 Silicon Crystal Structure

Q: How to memorize the type of Si (100) wafer by flat?

A

N Secondary flat

v

Primary flat

Q: How about 12 inch wafer (no flat to save area)?

How to distinguish between n and p wafer?
A: Using thermal electric experiment.

_/
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QAI\/IPLE: 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 1,. From the mobility v.s. 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

7o =1.93

400

\_ _/
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/ 1.3 Energy Band Model \

. o ©Si:Si:Si: o9
Q: Why not use O as donor~ N D,

There can be 2 free electrons. 1SitO:Sic
D Si:SitSict

A: O doping is at deep level, only few free electrons at 300K

O

f
| P doping
~ 77 7 Shallow level, n~N,

@_ @ O doping

Deep level

@ B doping
T _|_ ~ Shallow level, p~N,
v EV
(1)
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/ 1.5 Electrons and Holes \

Why not Ge? Ge has low effective mass for
both electron and hole
GeO, Is not good enough
SIO, Is the best

Si cap

SiGe

Solution: Si cap on Ge - Good compatibility
with SIO,

SiGe Is In production for pFET in 5nm node, but
the insulator is still SIO,
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/@I‘he Fermi Level and Carrier Concentr%qs

n = Nce_/kT p = Nve_/kT
E, ©, yy * AtE;,n=p=n;=10%cm?
> n = n,eEFENKT
] « At T=300K, e60/26~10
" P E.-E~E, = 60 meV/decade
E=% (EAE)EE, - = = n=p(intrinsic) |5 9o/
midgap E, p>n |
E, @ -
Q: n=p=n
Assume N, =N, E;=?

N.>N,: E¢ will below E;
E: near E, p1 A — N —
E; near E, nt Aln=p=n, _
Q: If N, not equal N, where is E;?

(relative to E;) Page 184




/

1.8 The Fermi Level and Carrier
Concentrations

\

Where is E; for n =10'"cm-? And for p = 10'4cm=37? let n, = 10%°

Hint :1decade = 60meV

Solution: (@ n/n;= 107 = 7 decade > AE =7-60 meV

E. — E;=0.42eV > E,- E, = 0.56-0.42 = 0.14eV
(b) p/n; = 10* > 4 decade > AE = 4- 60 meV

E, - E,= 0.24eV > E,- E, = 0.56-0.24 = 0.32eV

() (b)

_/
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/ 1.8 The Fermi Level and Carrier

nl-zoc T3e™

A: n?(Ge)

\_

Concentrations

Q: for Si, n; = 1.4x1019, for Ge, n, =7
Bandgap:

Si=1.12eV, Ge = 0.66eV

Eg/KT

= 1E28, n(Ge) = 1E14

\

_/
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ﬁ)t-point Probe can determine sample doing type

| }—@—‘ J aal Hot-point Probe

Hot . \/ Cold Hot |/ \[ Cold distinguishes N
i
+LR_J,Q A0 and P type
N P semiconductors.
Hole is different from positron -:~w~-- ﬁ S
Thermoelectric cooler: \\ ﬂiﬂk\ \\XHNN
carriers go from Ato B with energy ~ — T + T - T + T
. P N P N
Thermoelectric Generator
(from heat to electricity ) u - u -
YoorY oY Noe)
and Cooler (from N NNWCod)N NCold\

electricity to refrigeration)

N N _
Qermoelectric Cooler ﬁ:@” /
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The effective mass in graphene

Slope discontinuity at dirac point
- Can not apply Taylor expansion

E, =0 > Large Iy

E, can not be widen by quantum
confinement because of 2D property

2D, Graphene: p = mv

\

p = hk =m"y, (1)

~ 1dE(k)
TR ak
Substituting (1) into (2) gives the definition (3)

A -1
m* = h’k (dE(k)) 3)

(2)

dk

We write the linear dispersion (like a photon)
for graphene as E(k) = hcgk, where c,is the
speed of the electrons in graphene.

E(k) = hegk (4)

Substituting (4) into (3) gives the definition (5)

(5)

For k =0, m*=0

e Cannot use E’s second differential to calculate m*

Dirac point:

 Linear relation betweenEandk 2> m* =0
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Drift Velocity, Mean Free Time, Mean Free Path

cm? What Is 7, and what is the distance traveled between collisions (call¢
the mean free path)? Hint: When in doubt, use the MKS system of units.

lution: v =y E = 470 cm?/V s x 103 V/cm = 4.7x 10° cm/s
= u,my/e =470 cm?/V -s x 0.39 x 9.1x10-3 kg/1.6x10°C
= 0.047 m?/V s x 2.2x10-12 kg/C = 1x1013s = 0.1 ps

Tmp

-

nean free path = z.,,vy, ~ 1x 10135 x 2.2x107 cm/s
= 2.2x10% cm =220 A =22 nm If Vgyie = Vi, the mean free

path is equal
nfean free path = z.,,vy ~ 1x 10135 x 4.7x10° cm/s

=4.7x108 cm = 4.7 A =0.47 nm
Twaller than the typical dimensions of devices, but getting cloy

Page 189

AMPLE: Given u, = 470 cm?/V s, what is the hole drift velocity at E = 103




o

2.2 Drift velocity

(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 um?
= 0.084 QQ-cm x 10* cm/ 10° cm?
=84 x103Q

MPLE: Temperature Dependence of Resist®

/
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/ 2.3 Diffusion Current \

EXAMPLE: Diffusion Constant

What is the hole diffusion constant in a piece of
silicon with g, =410 cm?V-1st ?

Solution:

kT 5 5
D, = ?,up = 26mV - 410cm“/V -s = 11cm* /s

Remember: kT/e =26 mV at room temperature (300K).

\_ _/
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/ 2.6 Electron-Hole Recombination \

EXAMPLE: Photoconductors

A bar of Si is doped with boron at 10t5%¢cm3,
It is exposed to light such that electron-hole pairs
are generated throughout the volume of the bar at
the rate of 102%/scm?3. The recombination lifetime
IS 10 us.

What are (a) p,, (b) Ny, () p’, (d) n’, () p.
(f) n, and (g) the np product?

\_ _/
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/ 2.6 Electron-Hole Recombination

Solution:

\_

EXAMPLE: Photoconductors

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

(b) What is n, ?
n, = n%/p, = 10°cm

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

10%%/s-cm®=p’/t

.. p’=10%/s-cm? - 1055 = 10> cm3

\

/
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/ 2.6 Electron-Hole Recombination \
EXAMPLE: Photoconductors
(d) What is n’?

n'=p’=10"*cm3

(e) What is p?
p=p,+ p’=10%cm=3+ 105cm=3 = 2-10%5cm3

(f) What is n?
n =n, + n’=10°cm=3+ 10°cm= ~ 10%cm= since n, <<n’
(g) What is np?
np ~ 2x10%cm= -10%cm3 = 2x10%° cm® >> n.2= 10?0 cm®.
Qhe np product can be very different from n.°. /
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ﬂ.S Quasi-equilibrium and Quasi-Fermi Leve“
EXAMPLE: Quasi-Fermi Levels

N,=101" n’=p’= 10%°

1015/1019=10° - 5*60 = 300meV

Eﬁo—EV =0.56 -0.3=0.26eV
0.14eV
\ 4 E,
A . . . . Ef,Efp
recombination
l 0.26eV
. . . Ef

(e T
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2.8 Quasi-equilibrium and Quasi-Fermi Levels
EXAMPLE: Quasi-Fermi Levels and Low-Level Injection
Consider a Si sample with Nyj=101"cm=,
Find out E¢, and Eg, if n '=p’=10* (high injection)

(a) Find E;.

1017/10°=10"-> 7*60 = 420meV
SE~E;=0.56 - 0.42 = 0.14eV

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

\ injection. (n’, p’<ny, P,) /
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ﬂ.S Quasi-equilibrium and Quasi-Fermi Levem
EXAMPLE: Quasi-Fermi Levels and Low-Level Injection
Now assume n’= p’= 10%cm-3,
(b) Find E¢, and E, .

n=1.01*107cm3 = N.e~Ec=Emm)/kT

1.01*1017/10%0 ~ 107 > 7*60 = 420meV
~.E~E,,=0.56—0.42 = 0.14eV

E.. iIs nearly identical to E; because n = n,.

\_ _/
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ﬂl Building Blocks of the PN Junction Theom

Junctionless transistor

n*=1E19, n = 1E17, q¢,; = ? Plot the band diagram

I_ 9x60=540meV I 7x60=420meV

e ———————————
-
- R
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4.2 Depletion-Region Model
EXAMPLE: A P*N junction has N_,=10cm= and N,
=10%cm=. What is its (a) built in potential, (b) W, ,(C) Xy,

and (d) X, ? n=10%, p=102°

1017 1020
[ + 1 -60mV =1020mV
Solution: ( Pd10qgm0 T 010 1010) " "
kT N;N, 1029 « 1017 cm =6
(a) ¢p; = . In 2 = 0.026V = In 1006~ 114 eNTW?
le-12F/cm ) Poi =5
2.0 2 xQ2 *8.85* 10~ 1\2
(0) Waep = eNg \  1.6%10719%10%7 = 0-12pm (¢G¢)

1E15: Wgep: 1um
ML - 0. 1um= 100nm
1E19: Wy, 100

(@) |xp|—|xN|— LY 24%0~*m ~ 0.1nm {EZTWoTnm
vy charge neutrallty /
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4.0 Reverse-blased FIN Junction

EXAMPLE: If the slope of the line in the previous slide Is
2x1023 F2 V1, the intercept is 0.84V, and A is 1 um?, find the
lighter and heavier doping concentrations N, and N, .

2 1 1 1 1

- l = = =~
Solution: Siope eNge, A2 Ny N, * N; lighter dopant density
2
Ng~N; =
Bl ™ slope x eg, A2 2

T 2x1023x1.6x10-19x 12 x8.85 x 10-14 x 10-°
=6x1013cm™3

60mV error-> N, 10X error

1029 0.84

105 e0.026 = 1.8 X 1018¢cm 3

« Is this an accurate way to determine N,? N, ?
Slope - lightly dope

('blightly dope +¢heavily dope 2 ('bb i
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/4.6 Forward Bias — Carrier Injection (dark)\
EXAMPLE: Carrier Injection

A PN junction has N,=10%cm- and N,=10%%cm=3. The applied
voltage is 0.6V.

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

1020

Solution: n(xp) = npye®’/*T = m30-6/0.026 — 10 em—3
1020

p(xy) = pNOeeV/kT — me%/o.oze — 10 cm—3

Question: What are the excess minority carrier concentrations?

Solution: n'(xp) = n(xp) — npg = 1011 — 10 = 1011 ¢m=3
\ p'(xy) = p(xy) — pyo = 10'* — 10* = 10*cm ™ /
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/ 4.8 EXxcess Carrier Distributions \
EXAMPLE: Carrier Distribution in Forward-biased PN Diode

N -ty pe P-type
Ny =5x10'7 ¢cm3 N, = 1017 ¢cm-3
D =12 cm?/s D =364cm2/s
r =1lus T :2

» Sketch n'(x) on the P-side. Forward bias: 0.6V

2
n_i(eeV/kT _ 1) 13?: (eo .6/0.026 __ 1) — 1013¢cm 3

_/
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N-side

2 x10%2%¢cm™3
pEn) ]
~ m




/ 4.8 EXxcess Carrier Distributions \

EXAMPLE: Carrier Distribution in Forward-biased PN Diode

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

L, =./D,7, =+/36 X 2 x 10~6 = 85um
In VLSI, the device IS In nm-size
* What is p'(x) on the P-side?

Same as n’(x)

\_ _/
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Junction tunneling rate

occur (see Fig. 4-12b). The tunneling current density has an exponential
dependence on 1/€ [1]:

_H/%,

J = Ge (4.5.3)

where G and H are constants for a given semiconductor. The [V characteristics are
shown in Fig. 4-12c. This is known as tunneling breakdown. The critical electric
field for tunneling breakdown is proportional to H, which is proportion to the 3/2
power of E, and 1/2 power of the effective mass of the tunneling carrier. The critical
field is about 10° V/em for Si. Vg 1s given 1in Eq. (4.5.2). Tunneling is the dominant
breakdown mechanism when N is very high and Vg is quite low (below a few volts).

Avalanche breakdown, presented in the next section, is the mechanism of diode
breakdown at higher V.
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ﬁl Flat-band Condition and Flat-band Voltagﬁ

Q: Gate is n* poly silicon, body is p-Si (N,=1E18)
What is V;,? draw the band diagram

A: Eg/2 + E;-E;= 0.56+0.48 = 1.04V, negative
2> Vg =-1. O4V

\_

_/
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Q: derive ¢, as a function of V¢ \
1. Depletion (including weak inversion)

2. Strong Inversion

3. Accumulation

\_ _/
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;7

t.x=1nm, N,=1E18

(>45nm node)

/

\Vt =|Vyp| % 265 &

Q : For nFET(p-body) , find Vit
(a) if wy = E, (b) if yyy = E,

\/qNBZESZ¢B

COX

\

 PolySi: Vt tuning by body doping and t_,

* High-k metal gate (45nm and beyond) : Vt
tuning by metal work functio

nigh-k dipole

_/
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/ EXAMPLE : CV of MOS Capacitor and Transistor \
MOS transistor CV,
A4C  Qscv

Does the QS CV or the HF
capacitor CV apply?

HF capacitor CV .
___— Deep depletion (W>W,,)
> CCD camera

(1) MOS transistor, 1kHz. (Answer: A).
(2) MOS transistor, 2MHz. (Answer: A).
(3) MOS capacitor, 2ZMHz. (Answer: B).
(4) MQOS capacitor, 1kHz. (Answer: A).

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

(6) MOS transistor, slow V, ramp. (Answer: A ).
MOS capacitor, fast V9 ramp. (Answer: deep depletion)

Page 208




ﬂXAMPLE: To determine ;. \

Vi
A 10 nm 20 nm 30 nm
- Tox
0 | I [
_0.15Vv¥m — Ps > get Yy Multiple oxide thickness

using tapered oxide

—0.3V [

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

Solution: Vip = Yy — s — QoxTox/ €ox
\‘by CV \‘by doping \‘by CV
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Equivalent Oxide Thickness (EOT):

I = %Hcox¥(VG —Vt)®
g9 = 8.85e-14 F/cm

Cox. area capacitance (fF/um2), (F/cm?)

Ex1: oxide is SiO,, 1nm, C,, = ~ 1 Eox =3.9¢,
Cox ~ 34.5 fFjum? ”

Ex:2 oxide is High K, 1nm C | = £ = —=
eyx = 200, EOT = tyy/5

&

Ex:3 for Silicon EOT, Cyyx = t_ = ngT
gs; =11.9¢5 ~ 3¢,,, EOT ~ /§

Ex:4 t,,=1nm (minimum value of oxide thickness), 1= (‘Yuan Taur)

Ex:5 EOT=0.7nm, £, =20&, > t,c= 3.5nm
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How to Suppress the Short- Channel Effects(SCE)?

1. Cyy; eXp(— =), characteristic length [ =
\/gs odomax/gox , gs = 139 for InO.SBGaO.M'A‘S
Cdibl

2. |AVth| = Cam VDS o< (VDS + c) X
—|—_| v, o
exp(——

C
_I_ dep —I— |t 32 SS=60X(1 _|_Cden Cdlbl+Clt)

VG

Cox
0 A
A. Vertical Scaling : [ « T;do?’maxX 3 by TCAD
Vs 1. T, |, improve the gate controllability
1 2. Xl, reduce the electric force from the drain side
Tor] Cox 3. Wyl (NAT,Vg ),enhance th d plane that d th
o | : amax/ (NaT,Vgl),enhance the ground plane that decrease
N+ = Xj electric force from the drain side
L i : 2e,(2¢5 +V
Wdep —I- Cdep —I— Cit B Reduce Dit deax — Sl( C;p]\l; B)
A
-/ \——J\-__ SS—60><(1 +Cden+gdlbl+c)’
P-sub S === L o .
\ v C;; = gqDit = improve oxide quality
B
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1714 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 65, NO. 5, MAY 2018 1? )j )
—

Modeling of DG MOSFET 7-V Characteristics
in the Saturation Region

Yuan Taur™, Life Fellow, IEEE, and Huang-Hsuan Lin™, Student Member, IEEE

Vp=0.2V < Vg = accumulation
1.3V 11l. “PINCHOFF"—A MYTH IN THE TEXTBOOKS

V.

- Should be holg
V=15V —=—x=0nm
v, =13V e x=1nm

opood P Yaletarstelalali] '] Talelalalalalnlelel lalalajs

V=15V !
V.=10V 10" . . L1
2 3 90 92 94 96 98 100

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Yot el y (nm)

J=nepE
0.0 0.5 1.0 1.5 2.0 25 u . - /
vds (V) % T,
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1% 5 i *—x=2nm -
.
— 20
30 — > 10 i
L L=100nm - esceeond 0
25} o TCAD o00000029° E
| GCA model o = BHEV / 2
c
—_ 20 -
£ 210"
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Potential and Carrier Density

w
(=}

N
(3]

N
o

1, (mA/um)
P

-
o
T

o (3]

0.0 0.5 1.0 1.5 2.0 25
V, (V)

gate

' a)y=932nm 107
_ ajy=983.2nm ]
Vys_ 15V {b)y =952 nm
V,=18V {c)y =97.2 nm ;
f’
. \/ {:f[/ (a) ..\,‘
" .‘.“ 511
?T = ™, 110"
&1 |(b) © “, ]
Tl ) ey
] /_,.-'-" ]
(a) ., o
Oxide Si Oxide
L L L o 1013
-2 0 2 4
X (nm)
gate

» At the saturation point, what goes to zero is the field in the gate
direction, not the electron density.
» Beyond the saturation point, the field in the gate direction
becomes negative, so does the curvature 02 y/ox>.
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4 N

Q1:1=10"7AatV, = 0.3V,SS = 100 mV /dec, Ippp = ?
Al:IOFF — 10_1014

Q2:Total Iprr for 50 billion transistors =?
A2:Total Iopr = 107194 x 50 x 10° = 54

Q3:1 =10"7AatV, =0.3V,5S = 60mV /dec,lppr =?
A3: I = 107124, total Ippr = 107124 x 50 x 10° = 50mA

LogiC: IV = ONVDD,DRAM: IOFF < LOgiC IOFF J_
— DRAM uses negative word line (—0.3~1V) _’_\__L

@:-0.3\/, Repeat Q1-3 /
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/ CMOS (Complementary MOS) Inverter \
Vdd

PFET
S

_G‘ - pull-up

Vin — VDUI
EE— 4

D pull-down
4| —~ C:

S I
NFET_l Capacitance

¢ (of interconnect,

0V 0V etc)
A CMOS inverter is made of a pFET pull-up device and a

nFET pull-down device.
Q:V,, =21tV =0V. V= ?21fV;, =V V.
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/

lon IMprovement -- C,
Equivalent Oxide Thickness (EOT):

Cox: area capacitance (fF/um?) or (F/cm?)

Ex1: oxide is 1nm SiO,, C,, = io—x,eox = 3.9¢,
C,,~34.5 fF/um?
Ex:2 oxide is 1nm High K,|C,, = -HX = Zox
tyk EOT

EHK — 2080 — EOT — tHK/S
Ex:3 for Inm Si, C,, = = = =9

tsg  EOT
& = 11.9¢9~3¢,, = EOT~ tg;/3
EX:4 EOT = O7Tlm, EHK = 2080 s tHK = 35nm
Ex:5 t,,=1nm (minimum oxide thickness), 15=7

\

_/
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ﬁXAMPLE: What is the surface mobility at Vgszl\
V In an N-channel MOSFET with V=0.3 V and

Te=2 Nm?

Solution: (Vys + Vi + 0.2) /6ty e 2Qaep + Qiny
=15V/(12%x107cm) | 7 2€5;
= 1.25MV /cm Qaep = ANgWam
Qiny = ox(Vgs - Vi)

1MV - 10%. From the mobility figure, p,.=190
cm?/Vs, which is several times smaller than the bulk

Qobility (1,=1350 cm?/Vs). /
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@If IV, < 0 — V.?more positive or more negative? \

A1l:V, more positive = [;; smaller
Q2:1f V, >V, > 0 — V;? more positive or more negative?
A2:V, more negative — [;, bigger

 Body effect can be used for multiple V-

\/qNBzgsi(2¢B + Vsb)
Cox

* Tuning Vg for multiple V;

Vrp =_ bs _/Cox

\_

Vt —_ VFB + + 2¢B

_/
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/EXAMPLE: Drain Saturation Voltage \

Question: At V,, = 1.8 V, what Is the Vg, of an NFET

with

Toe=30nm, V,=0.25V, and W, = 45 nm for (a) L =10

um, (b) L=1um, (¢) L=0.1 um, and (d) L =0.05 um?

Solution: From Vg, V,, and T, , W, is 200 cm?V1s,
E...= 2V /1 s = 8 x10% V/cm

m=1+3T, /W, =12

Vasar = (—— + ! )~
WU Vs — Ve Egael

\_ _/
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@AMPLE: Drain Saturation \Voltage \

m 4 1
I{gs - Vt EsatL

Vasatr = ( )_1
(@) L=10 um, V.= (1/1.3V + 1/80V)! = 1.3V
()L=1um, V. =(/L13V+1/8V): =11V

(€©)L=0.1pm, V= (1/1.3V+1/8V)l= 05V

\ (d) L=0.05 pm, V.= (1/1.3V + 1/.4V)1= 0.3V /
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Mobility (cm?/V-s)

Mobility of GeSn

600
500 . (a)
400 : S(100)/J<110>
T=300K

300
200

—— Tnm cap W R¥Q.400°C Capless

—=—1nm cap o4 _ ap

—— 2.8nm cap : o
100F . Gew rTO 550"0[8]:2{e uf::;:i;, MR20C)

10" 10"
-2
Ninv (Cm )

Ref: Y.-S. Huang, 2017, TED
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Modern Memory Hierarchy

This hierarchical organization of memory
works because of the Principle of

o Locality. Programs access a relatively
small portion of the address space at

L
. In-package Memory .
1«‘0 any moment. There are two different
System Main Memo q . .
. 2 - Temporal Locality: If an item is
Persistent Memory referenced, it will tend to be
Capacity Memory 0
(@)

referenced again soon
»

5 » Spatial Locality: If an item is
- referenced, items whose addresses are
close by tend to be referenced soon

q”
~8TB QQ SSD
Storage

\

Source: Shanthi, Web

[0 Modern hardware relies upon temporal and spatial locality of memory

accesses to create a high-capacity, high performance and energy efficient
virtual memory system

E. Karl, 2023 IEEE International Solid-State Circuits Conference T7:
Fundamentals of Ultra-Low Voltage Embedded Memory Design
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Legacy memory architecture P e rS i Ste nt M e m O ry

DRAM
. 000 Ref: S. Yu et al., IEEE Solid-State Circuits Magazine 2016
TABLE 1. DEVICE CHARACTERISTICS OF MAINSTREAM AND EMERGING MEMORY TECHNOLOGIES.
MAINSTREAM MEMORIES EMERGING MEMORIES
FLASH
- - SRAM DRAM NOR NAND STT-MRAM PCRAM RRAM
Tiered memory architecture - - - - - - - -
Cell area =100 F 6 F 10F <4F (30) B~50F 4-30F 4-12F
Multibit 1 1 2 3 1 2 1
DRAM i 0 ey ; . L] 1Y =\
Cache . Violtage <1V <1y 10V 10V 1.5V 3V <3y
tier DDD Read time ~1ns 10 ns ~50ns ~10 ps <10ns <10 ns <10 ns
Write time: ~1 ns ~10 ns 10 ps-1 ms 100 ps-1 ms <10 ~30 n& <10 s
Retention N/A ~h4 ms *10y >0y A0y 10y 20y
Intel” Optane Endurance >1E16 +1E16 >1E5 >1E4 >1E15 >1E9 >1E6~1E12
; persistent memory - . . . 2 SR
Capac!ty . Write energy (V'hit) ~f) ~104) ~100p| ~104) ~0.1pl ~10p| ~01 p
e j Mates: F: feature size of the lithography. The energy estimation is on the cell-level (not on the array-levell. PCRAM and RRAM can achieve less than
‘"""".m"u 4F through 3D integration. The numbers of this table are representative (not the best or the worst cases)

To meet the growing gap between DRAM density and demand [1]

Goal: [1] “Solve Data Challenges with Memory Tiering”
] whitepaper published on the official website of intel

B Nonvolatile and faster than flash SSDs.
M Nearly the same speed and latency of DRAM but cheaper than it

B Support to write data immediately to the flash when power fails.
(NVDIMM and Intel 3D XPoint DIMMSs technology)

 Candidates: RRAM, PCRAM, MRAM,




7nm SRAM F? calculation

«  F means half metal
« 8T CIM SRAM [2]

° From W|k|Ch|p [1]’ minimum metal pltCh iS 40nm [1] https://en.wikichip.org/wiki/7_nm_lithography_process

[2] Q. Dong et al., ISSCC, 2020 (TSMC)
pitch=20nm [3] G. Yeap, etal., IEDM, 2019 (TSMC)

with bitcell area=0.053um?=53000nm? = 53000/20/20 F2= 132.5 F2

« 6T HD SRAM [3] with bitcell area=0.027um?=27000nm?= 27000/20/20 F?>= 67.5 F?

« Actually, 6T HD SRAM needs 3 metal track in Y direction (BL, Vp, BLB) and 2 metal track in X
direction (WL, V), but SRAM area is mainly limited by NP |solat|on

transistor

V
R
V BL Vbp Vss . )
ssl Is s 5 » Thus, designer would choose wider power
WL | 9 : — rail and WL to boost SRAM performance
xc since metal pitch is not bottleneck of
W °[@ b = a8 SRAM area.
] WL « The area consumption of memory
po1 PS; implemented by single transistor (such as
V%I [ § Voo . DRAM and FeFET) is much lower compared
Fln pltch CrOISS- tO SRAM
oU: oull couple
: pull-up
transistor PMOS
PD: pull-down NMOS
transistor
PG: pass-gate D Gate metal

[2] Common D metal
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Baseline technologies Prototype technologies
DRAM SRAM Flash FeRAM | STT- PCM
Stand- | Embedded NOR NAND MRAM
alone
Memory Volatile Memory Non-volatile Memory
Type
Cell ITIC 6T IT igyie 12)T- | 1T(D)-
Elements IR IR
Feature size | 2013 36 65 45 45 16 180 65 45
F, nm 2026 9 20 10 25 > 10 65 16 8
Cell Area | 2013 6 F? (12-30) F> | 140 F? 10 F2 4 F? 22 F2 20 F? 4 F?
2026 4 F? (12-50) F*> | 140 F? 10 F? 4 F? 12 F? 8 F? 4 F?
Read Time | 2013 | <10 ns 2 ns 0.2 ns 15 ns 0.1 ms 40 ns 35 ns 12 ns
2026 | <10 ns 1 ns 70 ps 8 ns 0.1 ms <20ns | <10ns | <10ns
W/E Time | 2013 | <10 ns 2 ns 0.2ns | lus/10ms | 1/0.1ms 65 ns 35 ns 100 ns
2026 | <10 ns I ns 70 ps 1pus/10ms 1/0.1 <10 ns <l ns <50 ns
ms
Retention | 2013 | 64 ms 4 ms - 10y 10y 10y >10y >10y
Time 2026 | 64 ms 1 ms E 10y 10y 10y >10y >10y
Write 2013 | >1E16 >1E16 >1El16 1ES 1ES 1E14 >1E12 1E9
Cycles 2026 | >1E16 >1El16 >1El16 1ES 1ES >1E15 >1E15 1E9
Write 2013 2.5 2.5 1 8-10 15-20 1.3-3.3 1.8 3
Voltage (V) | 2026 1S 1.5 0.7 8 15 0.7-1.5 <1 <3
Read 2013 1.8 1.7 1 4.5 4.5 1.3-3.3 1.8 1.2
Voltage (V) | 2026 1.5 1.5 0.7 4.5 4.5 0.7-1.5 <1 <1
T: transistor, C: capacitor, D: diode, R: resistor

Ref: Writam Banerjee,
Electronics 2020
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