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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

• Chapter 6 MOSFET

The slides are based on the class notes of Prof. Chenming Hu

(胡正明), UC Berkely

Prof. Chee Wee Liu (劉致為), Email: cliu@ntu.edu.tw

Tao Chou (周韜), Email: tommyc1031@gmail.com

There are some “Practices” in the content and exercise chapters for 

readers to exam themselves.
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1.1  Silicon Crystal Structure

Chapter 1   Electrons and Holes 

in Semiconductors

FCC

x

y

z

(111)*a/4

a

• Unit cell of silicon crystal is

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. Diamond crystal structure

2. materialsproject.org

3. sketchfab.com

Practice1: draw the diamond structure
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1.2.1 Silicon Wafers and Crystal Planes

• Silicon wafers are

usually cut along the

(100) plane with a flat

or notch to help orient

the wafer during IC

fabrication.

• The standard notation

for crystal planes is

based on the cubic

unit cell.

Si (111) plane90 degree: p-type

180 degree: n-type

hexagonal sysmetry

Example: GaN on 111 Si substrate

n
p
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x

z
Top & bottom plane 

Direction : [0,0,1]

y

FinFET

x

z

Top & bottom plane 

Direction : [0,0,1]

y

Nanosheet

Practice2: draw the FinFET and nanosheet channels
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1.2.2   Bond Model of Electrons and Holes

Si-Si bond ~2eV

hole

electron

• Silicon crystal in

a two-dimensional

representation

Intrinsic : 
1010𝑐𝑚−3

1023𝑐𝑚−3 = 10−13 =
1

104𝑏𝑖𝑙𝑙𝑖𝑜𝑛

• When an electron breaks loose and becomes a conduction

electron, a hole is also created

Chemical bond

Free electronhole
1.1eV energy

1kT=26meV

@300K

group 4 semiconductor
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Extrinsic Dopants in Silicon

ND
+ NA

-

• As, a Group V element, introduces conduction electrons and

creates N-type silicon, and is called a donor.

• B, a Group III 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)

hole is in chemical bond
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1.3   Energy Band Model

2p

2s

(a)                                                                    (b)

conduction band)(

(valence band)

Filled lower bands

} Empty upper bands

}

• 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.

sp3 sp3

Anti-bonding 

state (S like)

bonding state 

(P like)
Spread due to many Si atoms

bonding (Band gap)

Practice3: draw the band diagram

sp3

bonding state

anti-bonding state
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1.3.1  Energy Band Diagram

e60/26 = 10→ 60meV = 1decade

e-1120/26 = 10-1120/60 ~ 10-19

• Energy band diagram shows the bottom edge of conduction band Ec , and

top edge of valence band Ev.

• Ec and Ev are separated by the band gap energy Eg .

Conduction band min

Band gap

Valence band max

𝐸𝑐

𝐸𝑣

𝐸𝑔=1.12eV for Si • Intrinsic ni = 1010cm-3 @300K

• ni(400K) > 1010cm-3

→ Higher kT
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photon energy: hv > Eg

Measuring the Band Gap Energy by Light Absorption

Photons(laser)

electron

hole

Bandgap energies of selected semiconductors

• Eg can be determined from the minimum energy (h) 

of photons that are absorbed by the semiconductor.

Semi-

conductor

InSb Ge Si GaAs GaP ZnSe Diamond

Eg (eV) 0.18 0.66 1.12 1.42 2.25 2.7 6

PL
hv = Eg

Eg

Ec

Ev

relax

1st generation (1st kind)

2nd generation (2nd kind)

3rd generation (3rd kind)

SiC

GaN

Generation → kind

4th generation 4th kind)

GaO
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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 h’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.

photon
electron

 = 1.24eV-um/E

Si: inter-band transition (Ev → Ec),  < 1.1um → CIS

Black body radiation of human:  = 10 um

0.12eV → night vision (10um)

Ec

Ed

Ev
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1.3.2  Donor and Acceptor in the Band Model

Ionization energy of selected donors and acceptors in silicon

Acceptors

Dopant Sb P As B Al In

Ionization energy, E c –E d  or E a –E v  (meV) 39 44 54 45 57 160

Donors

Conduction Band

Valence Band

Donor Level

Acceptor Level

Donor ionization energy

Acceptor ionization energy

EcEd

Ev

Ea

+Nd
+

+Na
-

1kT=26meV @300K

Toxic!

AsH3 is also toxic

Asadin →As2O3
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1.4 Semiconductors, Insulators, Conductors, and 

Semi-metal

• Totally filled bands and totally empty bands do not allow current

flow. (Just as there is no motion of liquid in a totally filled or

totally empty bottle.)

• Metal conduction band is half-filled.

• Semiconductors have lower Eg’s than insulators and can be doped.

• α-Sn : EC = EV → zero bandgap semiconductor, not semi-metal

Si (Semiconductor)

Eg = 1.12eV

Ec

Ev

Eg = 9eV

Ev

Ec

SiO2、HfO2 (Insulator)

empty

(Conductor)

filled

not fully filled

Top of conduction band

Ec

Eg = 1~3eV

Eg > 5eV (6eV)

fully filled

fully filled
Ec

Ev

(Semi-metal)
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1.5.1  Effective Mass

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

electrons

holes

acceleration  q–mn---------=

Si Ge GaAs InAs AlAs

mn/m0 0.26 0.12 0.068 0.023 2

mp/m0 0.39 0.3 0.5 0.3 0.3

No scattering

J = nev

I = J*A

𝜏 = CV/I

When n is small, conduction band is a circle

𝑎 =
−𝑒𝐸

𝑚𝑛

𝑎 =
−𝑒𝐸

𝑚𝑝

Electron and hole effective masses

SiGe in 5nm node

bad reliabilitySiO2 is good insulator

and GeO2 is bad

1.5  Electrons and Holes
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The electron wave function is the solution of the three 

dimensional Schrodinger wave equation

−
ℏ

2m0
𝛻2Ψ + 𝑉(𝑟)Ψ = 𝐸Ψ

The solution is of the form 𝑒±𝑖𝑘∙𝑟

k = wave vector = 2π/electron wavelength

1.5.1  Effective Mass

Acceleration = −
𝑞𝜀

ℏ2

𝑑2𝐸

dk2
=

𝐹

𝑚

Effective mass ≡
ℏ2

Τ𝑑2𝐸 dk2

For each k, there is a corresponding 

E(k) (eigen energy). Band structure: E 

is function of k.

Bloch’s theorem

Ψ = 𝑈 𝑟 𝑒±𝑖𝑘∙𝑟

f(x)=

Free electron : 𝐸 =
ℏ2𝑘2

2𝑚∗

Free electron

Ψ = 𝑒±𝑖𝑘∙𝑟

Envelope function

a may not 

be at k=0 
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• 𝐸 = 𝐸𝑐 + 𝑎𝑘 + 𝑏𝑘2 + 𝑐𝑘3 + 𝑑𝑘4 + ⋯

• Assume parabolic band: 𝐸 = 𝐸𝑐 + 𝑏𝑘2 → 𝐸 = 𝐸𝑐 +
ℏ2𝑘2

2𝑚∗

•
𝑑2𝐸

𝑑𝑘2 =
ℏ2

𝑚∗ → 𝑚∗ =
ℏ2

𝑑2𝐸/𝑑𝑘2

• The electron’s behavior near approximation point is

just like an electron with effective mass 𝑚∗.

Practice4: derive formula of effective mass

k

E

2

1

Q: Which one has larger effective mass?

Same E

𝐸 =
ℏ2𝑘2

2𝑚∗ =
𝑃2

2𝑚∗ → For 

same E, if ∆𝑘 is larger, 

then m is also larger

∆𝑘2 > ∆𝑘1 → 𝑚2
∗ > 𝑚1

∗

∆𝑘1
∆𝑘2
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1.5.2   How to Measure the Effective Mass

Cyclotron Resonance Technique

Centripetal force = Lorentzian force

• fcr is the Cyclotron resonance frequency, 

which is independent of v and r. 

• Electrons strongly absorb microwaves of 

that frequency.

• By measuring fcr, mn can be found.

𝑚𝑛𝑣2

𝑟
= evB

𝑣 =
eBr

𝑚𝑛

𝑓cr =
𝑣

2𝜋𝑟
=

eB

2𝜋𝑚𝑛

𝜔 = 2𝜋𝑓cr =
𝑒𝐵

𝑚𝑛

Quantum Computing: MRS bulletin July, 2021

Low temperature similar to Cyclotron Resonane: < 4K  
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1.6   Density of States

𝐷𝑐(𝐸) ≡
number of states in 𝛥𝐸

𝛥𝐸 ⋅ volume

1

eV ⋅ cm3

𝐷𝑐 𝐸 =
8𝜋𝑚𝑛 2𝑚𝑛 𝐸 − 𝐸𝑐

ℎ3

𝐷𝑣 𝐸 =
8𝜋𝑚𝑝 2𝑚𝑝 𝐸𝑣 − 𝐸

ℎ3

High density
Fermi-dirac distribution similar to boltzmann distribution

The higher energy, the lower occupation probability

𝐸
𝐸 for 3D

Constant for 2D

To determine n

𝐸 =
ℏ2𝑘2

2𝑚∗

𝑘 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 =
2𝜋

𝑙
∗ 𝑛

Conduction band edge 

(minimum energy)

Higher energy, higher density

density of state effective mass

3D density of state 

∝ 𝑚𝑥𝑚𝑦𝑚𝑧
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1.7  Fermi Function–The Probability of an Energy State 

Being Occupied by an Electron

Remember: there is only 

one Fermi-level in a system 

at equilibrium.

𝑓(𝐸) =
1

1 + 𝑒(𝐸−𝐸𝑓)/𝑘𝑇
Ef is called the Fermi energy or

the Fermi level.

𝑓(𝐸)~𝑒− 𝐸−𝐸𝑓 /𝑘𝑇 𝐸 − 𝐸𝑓>>kT

𝑓(𝐸)~1 − 𝑒− 𝐸𝑓−𝐸 /𝑘𝑇 𝐸 − 𝐸𝑓<< − kT

Boltzmann approximation:

hole distribution1 − 𝑓(𝐸)~𝑒− 𝐸𝑓−𝐸 /𝑘𝑇

Practice5: Plot f(E) and prove the 

area above and below fermi-level are 

equal and compare T1 and T2, T1>T2

hole

electron

Same area

Page 19



1.8  Electron and Hole Concentrations

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

1/2

Ep = ?

Ef

𝑛 = 𝐸𝑐׬

𝑡𝑜𝑝 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑
𝑓 𝐸 𝐷𝑐 𝐸 𝑑𝐸 (𝑐𝑚−3)

=
8𝜋𝑚𝑛 2𝑚𝑛

ℎ3
𝑒− 𝐸𝑐−𝐸𝑓 /𝑘𝑇 න

0

∞

𝐸 − 𝐸𝑐 𝑒− 𝐸−𝐸𝑐 /𝑘𝑇𝑑(𝐸 − 𝐸𝑐)

𝑛 =
8𝜋𝑚𝑛 2𝑚𝑛

ℎ3
න

𝐸𝑐

∞

𝐸 − 𝐸𝑐 𝑒− 𝐸−𝐸𝑓 /𝑘𝑇dE

Boltzmann approximation

Practice6: find Ep(relative to Ec), where 

f(E)*D(E) is maximum.

Page 20



Electron and Hole Concentrations

𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇

𝑝 = 𝑁𝑣𝑒−(𝐸𝑓−𝐸𝑣)/𝑘𝑇

Nc is called the effective

density of states of the 

conduction band.

Nv is called the effective

density of states of the 

valence band.

Remember: the closer Ef moves up to Nc, the larger n is;

the closer Ef moves down to Ev, the larger p is.

For Si, Nc = 2.8*1019cm-3 and Nv = 1.04*1019cm-3

𝑁𝑐 ≡ 2[
2𝜋𝑚𝑛𝑘𝑇

ℎ2
]

3
2

𝑁𝑣 ≡ 2[
2𝜋𝑚𝑝𝑘𝑇

ℎ2
]

3
2

Practice7: write function of n and p

Density of state effective mass

60meV→10X concentration

Page 21



1.8.2  The Fermi Level and Carrier Concentrations

Practice8: calulate Ef of n and p for 400K

𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇

𝐸𝑓 = 𝐸𝑐 − 𝑘𝑇𝑙𝑛
𝑁𝑐

𝑛

𝑝 = 𝑁𝑣𝑒−(𝐸𝑓−𝐸𝑣)/𝑘𝑇

𝐸𝑓 = 𝐸𝑣 + 𝑘𝑇𝑙𝑛
𝑁𝑣

𝑝

Ei

360meV

200meV

Degenerate 

semiconductor (Ef=Ec)

n=1021
→Ef-Ei=660meV (wrong)

→Ef=Ec

60meV=kTln10 @T=300K

80meV=kTln10 @T=400K
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1.8.3  The np Product and the Intrinsic Carrier Concentration

• In an intrinsic (undoped) semiconductor, n = p = ni .

• ni is the intrinsic carrier concentration, ~1010 cm-3 for Si.

𝑛𝑖 = 𝑁𝑐𝑁𝑣𝑒−𝐸𝑔/2𝑘𝑇

np = 𝑛𝑖
2

Multiply 𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇 and 𝑝 = 𝑁𝑣𝑒−(𝐸𝑓−𝐸𝑣)/𝑘𝑇

np = 𝑁𝑐𝑁𝑣𝑒−(𝐸𝑐−𝐸𝑣)/𝑘𝑇 = 𝑁𝑐𝑁𝑣𝑒 Τ−𝐸𝑔 𝑘𝑇

𝑛𝑖
2∝ 𝑇3𝑒−𝐸𝑔/𝑘𝑇

Ec

Ev

n=p 

(intrinsic)

Practice9: calculate the exact location of Efi
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＋

[A][B] = k[C] = constant

np = constant = ni
2 = 1020(cm-6)

Si bond

+ Eg

𝑛𝑖
2∝ 𝑇3𝑒−𝐸𝑔/𝑘𝑇

H2O ⇆ H+ + OH−

H+ OH− = k H2O = 10−14 M2 @300K

If A+B ⇆ C+D is at equilibrium

→ [C][D]/[A][B] is a constant (function of T)

hole

Practice10: What is ni in 0oK

Ex: ni @T=0K?

→ni=0 since no enegy

k(T)
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EXAMPLE: Complete ionization of the dopant atoms

Nd = 1017 cm-3. What fraction of the donors are not ionized?

Solution: First assume that all the donors are ionized.

Probability of not 

being ionized

Therefore, it is reasonable to assume complete ionization, i.e., n = Nd .

Ec

Ef

Ev

140 meV

Ed

45meV

1.9  General Theory of n and p



n = ND
+ = 1017cm-3 

→ Ef = Ec-140meV

due to spin 

1

1 +
1
2

𝑒(𝐸𝑑−𝐸𝑓)/𝑘𝑇
=

1

1 +
1
2

𝑒 140−45 𝑚𝑒𝑉/26𝑚𝑒𝑉
= 0.04

𝑓(𝐸) =
1

1 + 𝑒(𝐸−𝐸𝑓)/𝑘𝑇

Practice11: compare ionization rate 

w/ and w/o coefficient due to spin
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Charge neutrality:

𝑝 =
𝑁𝑎 − 𝑁𝑑

2
+

𝑁𝑎 − 𝑁𝑑

2

2

+ 𝑛𝑖2

1
2

= 𝑁𝑎
− − 𝑁𝑑

+

𝑛 =
𝑁𝑑 − 𝑁𝑎

2
+

𝑁𝑑 − 𝑁𝑎

2

2

+ 𝑛𝑖2

1
2

= 𝑁𝑑
+ − 𝑁𝑎

−

1.9  General Theory of n and p

n + Na
- = p + Nd

+ np = ni
2

Practice12: derive this two eq.

Ev

Ea

Ec

Ed

n = 5 - 2

Nd=5

Na=2

Ev

Ea

Ec

Ed

p = 5 - 2
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Slope = -Eg/2 (activation energy)

ni

ni > Nd
+, Ef = Ei

n = Nd

freeze-out regime
Slope = (Ec – Ed)/2

1.10   Carrier Concentrations at Extremely High 

and Low Temperatures

High temp Room temp Cryogenic temp

High T: 𝑛 = 𝑝 = 𝑛𝑖 = 𝑁𝑐𝑁𝑣𝑒 Τ−𝐸𝑔 2𝑘𝑇

Low T: 𝑛 =
𝑁𝑐𝑁𝑑

2

Τ1 2
𝑒−(𝐸𝑐−𝐸𝑑 Τ) 2𝑘𝑇

Ev

Ec

Ed

Low T: Ef

Arrhenius plot:

Log10y vs 1/T

Page 27



• Zig-zag motion is due to collisions or scattering with 

imperfections in the crystal.  

• Net thermal velocity <V> is zero (Ensemble average).

• Mean time between collisions (Scattering time) is m ~ 0.1ps

E change→ inelastic scattering

E not change → elastic scattering

-

-

-

-

Ensemble statistic: average <Vth> = 0

Chapter 2  Motion and Recombination

of Electrons and Holes
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2.1  Thermal Motion

Average electron or hole kinetic energy  =
3

2
𝑘𝑇 =

1

2
𝑚𝑣𝑡ℎ

2

cm/s103.2m/s103.2 75 ==

𝑣𝑡ℎ =
3𝑘𝑇

𝑚𝑒𝑓𝑓
=

3 × 1.38 × 10−23𝐽𝐾−1 × 300𝐾

0.26 × 9.1 × 10−31𝑘𝑔

Saturation Velocity ~1E7 cm/s

<V2>

mt
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2.2  Drift velocity

• Drift is the motion caused by an electric field.

• If E=0 → < l > = 0 (ensemble) → vdrift = 0

Distance l in time t → Drift velocity = 
𝑙

𝑡

a=F/m=eE/m

DV = a* = eE/m

Real V = V+DV, 

Drift Velocity=<V> = <Vth> +eE/m*= 0+eE/m* = mE

<V> = Vdrift = ½ *eE/m*𝜏 = 

eE/m*𝜏 (stochastic process)

Vdrift = 𝜇𝐸

v

t𝜏

eE/m*𝜏

2𝜏 3𝜏 4𝜏

Thermal velocity
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2.2.1 Electron and Hole Mobilities

• mp is the hole mobility and mn is the electron mobility

• Mobility is the most important knob

v = vd

Δp = FΔt

v = 0 v = vd

1st scattering 2nd scattering

Assume vd=0 after scattering

• High mobility channel (SiGe

for pFET) used in N5

• 90nm: strained Si for both 

nFET and pFET

𝜇 =
𝑒𝜏𝑚

𝑚∗

𝑣𝑛 = 𝜇𝑛𝐸

𝜇𝑛 =
𝑒𝜏𝑚𝑛

𝑚𝑛
∗

𝑣𝑝 = 𝜇𝑝𝐸

𝜇𝑝 =
𝑒𝜏𝑚𝑝

𝑚𝑝
∗

𝑚∗𝑣 = 𝑒𝐸𝜏𝑚

𝑣 =
𝑒𝐸𝜏𝑚

𝑚∗
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Electron and hole mobilities of selected semiconductors

2.2.1  Electron and Hole Mobilities

Si Ge GaAs InAs

m n (cm
2
/V∙s) 1400 3900 8500 30000

m p (cm
2
/V∙s) 470 1900 400 500

Based on the above table alone, which semiconductor and which carriers 

(electrons or holes) are attractive for applications in high-speed devices?

μn,ntu = 2,400,000 @<1K

Due to small narea of pFET > area of nFET due to smaller μp

𝑣 = 𝜇𝐸；𝜇 ℎ𝑎𝑠 𝑡ℎ𝑒 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑜𝑓
𝑣

𝐸

𝑐𝑚/𝑠

𝑉/𝑐𝑚
=

𝑐𝑚2

𝑉 ∙ 𝑠

Not For CMOS
Si is most used

→SiO2 is a good oxide

J = ne𝜇𝐸
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𝚪 : k=0

0.8/3.2

L(111)
𝜋

𝑎

D0.85
𝜋

𝑎
(001)

Sphere (mx=my=mz)

D0.85
𝜋

𝑎
(001)

ellipsoid
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Si: Δ point, 0.85
𝜋

𝑎
(001)

Degeneracy = 6

Ge: 𝚪 point, 
𝜋

𝑎
(111)

Degeneracy = 8

ml = 0.98

mt = 0.19

𝑚𝑙

𝑚𝑡

~5

ml = 1.64

mt = 0.082

𝑚𝑙

𝑚𝑡

~20

Like a bamboo

Like a hotdog

III-V : 
𝑚

𝑙

𝑚
𝑡

~1 like a sphere

E(k) Space: band structure

X direction

m Big

Z direction

m Big → n Big

S like

Only half of the valleys can be used

→ Share with other bw zone
All the valleys are available
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Warped Surface
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Channel along [110]
Confinement (MOS) along [001]

Heavy hole

Heavy hole

Light hole

Light hole

Compressive strain along [110]

Optical 

Same energy line

[110]

k along channel direction

E大

Heavy hole

Heavy hole

Light hole

Light hole

Before Compressive strain along [110]

ION Improvement -- strain

warped Surface
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• Cℎ𝑎𝑛𝑛𝑒𝑙 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑚𝑎𝑠𝑠: 𝑚∗ ↓ → 𝜇 ↑ → 𝐽 ↑
• 𝐼𝑛 − 𝑝𝑙𝑎𝑛𝑒 𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠: 𝑚∗ ↑ → 𝐷 𝐸 ↑ → 𝐽 ↑
• 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 ↑→ 𝑔𝑟𝑜𝑢𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 ↓

→ 𝑤𝑎𝑣𝑒𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑟𝑒 𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑒
• 𝑛𝐹𝐸𝑇 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 : 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑙𝑜𝑛𝑔 𝑐ℎ𝑎𝑛𝑛𝑒𝑙→ ∆2 valley energy 

becomes lower→ 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑚𝑎𝑠𝑠 = 0.19𝑚0/𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠
= 0.92𝑚0

• 𝑝𝐹𝐸𝑇 ℎ𝑜𝑙𝑒 : 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑙𝑜𝑛𝑔 𝑐ℎ𝑎𝑛𝑛𝑒𝑙→ Light hole energy 

becomes higher.

→ 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑚𝑎𝑠𝑠 = 0.16𝑚0/𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 = 0.49𝑚0

𝐽 = 𝑛𝑒𝜇𝐸

ION Improvement -- strain
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There are two main causes of carrier scattering:

1. Phonon Scattering

2. Ionized-Impurity (Coulombic) Scattering

2/3

2/1

11 −





 T
TTvelocitythermalcarrierdensityphonon

phononphonon m

Phonon scattering mobility decreases when temperature rises:

vth  T1/2

2.2.2  Mechanisms of Carrier Scattering

 T𝜇 =
𝑒𝜏𝑚

𝑚∗

Phonon = lattice wave: T=0K minimum
T↑, phonon scattering ↑
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Impurity (Dopant)-Ion Scattering or Coulomb Scattering

dada

th
impurity

NN

T

NN

v

+


+


2/33

m

There is less change in the direction of travel if the electron zips by

the ion at a higher speed.

Repel Attract

Same scattering rate

=
Same scattering rate

N0

No scattering

Nd
2+

Same as 2Nd
+
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1E14 1E15 1E16 1E17 1E18 1E19 1E20

0

200

400

600

800

1000

1200

1400

1600

Holes

Electrons 

M
o

b
ili

ty
 (

cm
2
 V

-1
 s

-1
)

Total Impurity Concenration (atoms cm
-3

)

Total Mobility

Na + Nd (cm-3)

impurityphonon

impurityphonon

mmm



111

111

+=

+=

Scattering rate = 

Scattering rate 1 + 

Scattering rate 2 

Matthiessen's rule
Impurity Dominates

Phonon Dominates Screening Dominates

𝜇 =
𝑒𝜏𝑚

𝑚∗
mn=0.26m0

mp=0.39m0

Bulk mobility: no surface

roughness scattering
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Nd
++Na

-

Nd
+

-

-

Na
-

repulsive scattering rate = attractive scattering rate

Not Nd
+-Na

-

-

Higher T→ less scattering for both cases, 

m ~ T3/2

E=0

E=0

1

2
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Temperature Effect on Mobility

1015

Less impurity

Bulk Silicon, not MOSFET (including surface roughness scattering)

300 400

Practice13:

What Nd will make dμn/dT = 

0 at room temperature?

Practice14: draw the bulk 

mobility vs T
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If p = 1015cm-3 and v = 104 cm/s, then

Jp= 1.610-19C  1015cm-3  104cm/s

= 1.6 C/s·cm2 = 1.6 A/cm2

EXAMPLE:

Hole current density

E

unit

area

Jp

𝐽𝑝 = 𝑝𝑒𝑣 A/cm2 or C/cm2·sec
Jn= -nev

v*Dt

p*v*Dt*Area: Total hole number passing unit area

p*v*Dt*Area/ (Dt*Area) *e = current density

Practice15: derive current density 

formula. 

2.2.3   Drift Current and Conductivity
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Jp,drift = pev = pempE

Jn,drift = –nev = nemnE

Jdrift = Jn,drift + Jp,drift =  E =(nemn+pemp)E

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

 = nemn + pemp



2.2.3   Drift Current and Conductivity

 = 1/ = is resistivity (ohm-cm)

Wafer spec: 1~10 ohm-cm

vn = -mnE

vp = mpE
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Relationship between Resistivity and Dopant Density

N-type

P-type

D
O

P
A

N
T

 D
E

N
S

IT
Y

 c
m

-3

RESISTIVITY  (cm)

electron: 4E15
hole: 1E16

 = 1/ = 1/nem(Nd+Na) = (Nd
+=n) = (Nd=Nd

+)
n=Nd=Nd

+

 ~ 0.001~0.004

impossible
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2.3   Diffusion Current

Particles diffuse from a higher-concentration location 

to a lower-concentration location.

nv nv

高 低
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2.3  Diffusion Current

D is called the diffusion constant. Signs explained:

𝐽𝑛,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑒𝐷𝑛

𝑑𝑛

𝑑𝑥
𝐽𝑝,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = −𝑒𝐷𝑝

𝑑𝑝

𝑑𝑥

Hole flux

Slope is positive

CurrentElectron flux

Current

Slope is positive
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Total Current – Review of Four Current Components

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑛 + 𝐽𝑝

𝐽𝑛 = 𝐽𝑛,𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑛,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑛𝑒𝜇𝑛𝐸 + 𝑒𝐷𝑛

𝑑𝑛

𝑑𝑥

𝐽𝑝 = 𝐽𝑝,𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑝,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑝𝑒𝜇𝑝𝐸 − 𝑒𝐷𝑝

𝑑𝑝

𝑑𝑥
Drift current

Diffusion current

TCAD: diffusion-drift model
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EEc and Ev vary in the opposite

direction from the voltage.

That is, Ec and Ev are higher 

where the voltage is lower.

𝐸 𝑥 = −
𝑑𝑉

𝑑𝑥
=

1

𝑒

𝑑𝐸𝑐

𝑑𝑥
=

1

𝑒

𝑑𝐸𝑣

𝑑𝑥

E

N type Si

Defination

+

Slope is negative

High hole energy

High electron energy 

2.4  Relation Between the Energy Diagram and V, E
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2.5  Einstein Relationship between D and m

Consider a piece of non-uniformly doped semiconductor.

     n-type semiconductor

Decreasing donor concentration

Ec(x)

Ef

Ev(x)

     N-type semiconductor
𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇

𝑑𝑛

𝑑𝑥
= −

𝑁𝑐

𝑘𝑇
𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇 𝑑𝐸𝑐

𝑑𝑥

= −
𝑛

𝑘𝑇

𝑑𝐸𝑐

𝑑𝑥

= −
𝑛

𝑘𝑇
𝑒𝐸EF flat → Thermal equilibrium 

→ Jn = 0

n大 n小
Electron Diffusion

Electron Drift

For non-degenerate

Page 50



2.5  Einstein Relationship between D and m

These are known as the Einstein relationship.

Similarly,

𝐽𝑛 = 𝑛𝑒𝜇𝑛𝐸 + 𝑒𝐷𝑛

𝑑𝑛

𝑑𝑥
= 0 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚.

𝑑𝑛

𝑑𝑥
= −

𝑛

𝑘𝑇
𝑒𝐸

→ 𝑛𝑒𝜇𝑛𝐸 − 𝑒𝑛
𝑒𝐷𝑛

𝑘𝑇
𝐸 = 0

𝐷𝑛 =
𝑘𝑇

𝑒
𝜇𝑛 𝐷𝑝 =

𝑘𝑇

𝑒
𝜇𝑝

When i=0

𝐷

𝜇
=

𝑘𝑇

𝑒

Know μ to get D

Page 51



2.6   Electron-Hole Recombination

• The equilibrium carrier concentrations are denoted with

n0 and p0 .  

• The total electron and hole concentrations can be 

different from n0 and p0 . 

• The differences are called the excess carrier 

concentrations n’ and p’.  

'0 nnn +
'0 ppp +

Excess carrier can be generated 

by electrical field or light
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Charge Neutrality

• Charge neutrality is satisfied at equilibrium (n’= 

p’= 0).

• When a non-zero n’ is present, an equal p’ may be 

assumed to be present to maintain charge equality 

and vice-versa.  

• If charge neutrality is not satisfied, the net charge 

will attract or repel the (majority) carriers through 

the drift current until neutrality is restored.

'p'n =
But n0 ≠ p0, or n0=p0=ni

Nd
++p0+p’=Na

-+n0+n’

Nd
++p0=Na

-+n0
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Recombination Lifetime

• Assume light generates n’ and p’. If the light

is suddenly turned off, n’ and p’ decay with

time until they become zero.

• The process of decay is called recombination.

• The time constant of decay is the

recombination time or carrier lifetime,  .

• Recombination is nature’s way of restoring

equilibrium (n’= p’= 0).



n

dt

nd 
−=



dt

pdpn

dt

nd 
=


−=


−=



pn =

+g
Steady state: dn’/dt =0→n’ =g*

Rate of recombination (s-1cm-3)
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•  ranges from 1ns to 1ms in Si and depends on 

the density of metal impurities (contaminants) 

such as Au and Pt.  

• These deep traps (Et around midgap) capture 

electrons and holes to facilitate recombination 

and are called recombination centers.

Recombination Lifetime

Ec

Ev

Direct Recombination 

(radiative recombination) 

is unfavorable in silicon 

due to indirect bandgap

Recombination 

centers

Shallow level trap
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Direct and Indirect Band Gap

Direct band gap

Example: GaAs

Direct recombination is efficient 
as k conservation is satisfied.

Indirect band gap
Example: Si

Direct recombination is rare as k 

conservation is not satisfied

Trap

k of hu=0

∆𝑘 =π/a*0.85

Practice16: what is k of 1.1eV photon
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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|/ .  

+-- + - -

Chemical bond

np > ni
2
→ recombination

np < ni
2
→ generation
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2.8  Quasi-equilibrium and Quasi-Fermi Levels

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.

• Whenever n’ = p’  0, np  ni
2. We would like to preserve 

and use the simple relations:

• But these equations lead to np = ni
2.  The solution is to 

introduce two quasi-Fermi levels Efn and Efp such that

𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓)/𝑘𝑇

𝑝 = 𝑁𝑣𝑒−(𝐸𝑓−𝐸𝑣)/𝑘𝑇

𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓𝑛)/𝑘𝑇

𝑝 = 𝑁𝑣𝑒−(𝐸𝑓𝑝−𝐸𝑣)/𝑘𝑇

Page 58



Efn = Efp

Thermal equilibrium

Efn

Quasi equilibrium

Efp

np > ni
2

→recombination

Efn is above Efp

np = ni
2

Efp

Efn

Quasi equilibrium

np < ni
2

→generation

Efn is lower than Efp
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Chapter 4   PN and Metal-Semiconductor Junctions

PN junction is present in perhaps every semiconductor device.

4.1 Building Blocks of the PN Junction Theory

Forward bias:

pn

I/I: ion implantaion
Tens of keV, I controls dose

Implant annealing afterward 

Now: epi, in-situ doping

As+ As+ As+ As+

diode symbol

Forward bias: 

p: positive potential

n: negative potential
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4.1.1 Energy Band Diagram of a PN Junction

A depletion layer 

exists at the PN 

junction where n  0 

and p  0.

Ef is constant at 

equilibrium

Ec and Ev are smooth, 

the exact shape to be 

determined.

Ec and Ev are known 

relative to Ef

N-region P-region

(a) Ef

(c)

Ec

Ev

Ef

(b)

Ec

Ef

Ev

Ev

Ec

(d)

Depletion
layer

Neutral
P-region

Neutral

N-region

Ec

Ev

Ef

Ei

Si bandgap: 1.12eV Depletion region

ND
+: 1e20

NA
- : 1e18

recombine

Charge neutrality: Wn*ND
+=Wp*NA

-

ND
+

ND
+

ND
+

ND
+

NA
-

NA
-

NA
-

NA
-

Electron energy

Fermi level line up

∆EV= ∆EC=1080meV

Not exactly 0, ~1/10 n0

Practice17: plot band diagram for pn junction Page 61



𝑒𝜑𝑏𝑖

𝑒𝐴

𝑒𝐵

4.1.2   Built-in Potential

Example: n=1019, p=1017, find 𝜙𝑏𝑖

A: 𝟗 + 𝟕 ∙ 𝟔𝟎𝒎𝑽 = 𝟗𝟔𝟎𝒎𝑽

540meV

420meV

N-region

P-region

𝑛 = 𝑁𝑑 = 𝑁𝑐𝑒−𝑒𝐴/𝑘𝑇 → 𝐴 =
𝑘𝑇

𝑒
𝑙𝑛

𝑁𝑐

𝑁𝑑

𝑛 =
𝑛𝑖

2

𝑁𝑎
= 𝑁𝑐𝑒−𝑒𝐵/𝑘𝑇 → 𝐵 =

𝑘𝑇

𝑒
𝑙𝑛

𝑁𝑐𝑁𝑎

𝑛𝑖
2

𝜙𝑏𝑖 = 𝐵 − 𝐴 =
𝑘𝑇

𝑒
(𝑙𝑛

𝑁𝑐𝑁𝑎

𝑛𝑖
2 − 𝑙𝑛

𝑁𝑐

𝑁𝑑
)

𝜙𝑏𝑖 =
𝑘𝑇

𝑒
(𝑙𝑛

𝑁𝑎

𝑛𝑖
+ 𝑙𝑛

𝑁𝑑

𝑛𝑖
)

=60mV*(log(Na/ni)+log(Nd/ni))

+ = Fermi level 

difference
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E(x) E(x+Δx)

Ez ,Ey = 0

n = +xn = -x

4.1.3  Poisson’s Equation

Gauss’s Law:

s(k): permittivity (k~11.9o for Si)

:  charge density (C/cm3)

Poisson’s equation

Si: 11.9o,

SiO2: 3.9o

Ge: 16o

Si bandgap: 1.12eV

SiO2 bandgap: 9eV

Ge bandgap: 0.66eV 

TSMC 5nm

pFET channel: SiGe (guessed) 

nFET channel: Si

(dielectric constant)

𝑑𝑉

𝑑𝑥
= −𝐸

k: SiGe > Si

𝜀𝑠𝐸 𝑥 + ∆𝑥 𝐴 − 𝜀𝑠𝐸 𝑥 𝐴 = 𝜌∆𝑥𝐴

𝐸 𝑥 + ∆𝑥 − 𝐸(𝑥)

∆𝑥
=

𝜌

𝜀𝑠

→
𝑑𝐸

𝑑𝑥
=

𝜌

𝜀𝑠

𝑑2𝑉

𝑑𝑥2
= −

𝑑𝐸

𝑑𝑥
= −

𝜌

𝜀𝑠

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

is equal to the charge enclosed divided by the permittivity.

Practice18: derive Poisson’s equation
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4.2.1  Field and Potential in the Depletion region

4.2  Depletion-Region Model

 (a)

N P

N
d

N
a

  D eple tion Layer N eutral R egi on 

  x
n

 0  x
p

 
(b)

x
    x

p

 xn

 
(c)

qNd

–qNa

x

   

xn    xp

 

(d)

(f)

 Ec

 Ef 

 Ev

 bi , built-in potential

 P N

  0

   x
n    

x
p

x

bi

(e)

N eut ra l Region 

V

N

N

N P

P

P

Nd: 1e18, Na: 1e17

Wdn : Wdp = 1:10

+ - Ep,crit=qNa/*xp
Total Charge =0,

E = 0 outside

E
E

𝑬 = − න
𝝆

𝛆𝐬
𝒅𝒙

=0

junction

𝑑𝐸

𝑑𝑥
=

𝜌

𝜀𝑠
= −

𝑞𝑁𝑎

𝜀𝑠

𝐸 𝑥 = −
𝑒𝑁𝑎

𝜀𝑠
𝑥 + 𝐶 =

𝑒𝑁𝑎

𝜀𝑠
(𝑥𝑃 − 𝑥)

𝐸 𝑥 =
𝑒𝑁𝑑

𝜀𝑠
(𝑥 − 𝑥𝑁)

On the P-side of the depletion

region,  = –eNa

On the N-side,   = eNd

𝑬𝒎𝒂𝒙 = 𝑬 𝟎 =
𝑵𝒅

+𝑾𝒏

𝜺
=

𝑵𝒂
−𝑾𝒑

𝜺

+

Practice19: draw the electric field and potential vs position for PN junction
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4.2.1  Field and Potential in the Depletion Layer 

A one-sided junction is called a N+P junction or P+N junction

Which side of the junction is depleted more?
One sided abrupt junction：𝑁𝑑

+/ 𝑁𝑎
− or 𝑁𝑎

−/ 𝑁𝑑
+ ≥ 𝟏𝟎

Depletion region in lower doping side

Charge neutrality

𝑁𝑎
− 𝑥𝑃 = 𝑁𝑑

+|𝑥𝑁|

The electric field is continuous at x = 0.

unit: cm-3*cm=cm-2
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4.2.2  Depletion-Layer Width

V is continuous at x = 0

If Na >> Nd , as in a P+N junction,

What about a N+P junction? 𝑵𝑩 =
𝑵𝒅

+𝑵𝒂
−

𝑵𝒅
+ + 𝑵𝒂

−

𝑥𝑃 − 𝑥𝑁 = 𝑊𝑑𝑒𝑝 =
2𝜀𝑠𝜙𝑏𝑖

𝑒

1

𝑁𝑎
+

1

𝑁𝑑

𝑊𝑑𝑒𝑝 =
2𝜀𝑠𝜙𝑏𝑖

𝑒𝑁𝑑
≈ |𝑥𝑁| 𝑥𝑃 = |𝑥𝑁|

𝑁𝑑

𝑁𝑎
≅ 0

𝑊𝑑𝑒𝑝 =
2𝜀𝑠𝜙𝑏𝑖

𝑒𝑁𝐵
where

1

𝑁𝐵
=

1

𝑁𝑎
+

1

𝑁𝑑
≈

1

𝑙𝑖𝑔ℎ𝑡𝑒𝑟 𝑑𝑜𝑝𝑎𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

Vbi = 
𝑾𝑬𝒎𝒂𝒙

𝟐
= 

𝒒𝑵𝑾𝟐

𝟐𝜺

Practice20: derive NB

Page 66



4.3  Reverse-Biased PN Junction

+ –
V

N P

(b) reverse-biased

qVr

Ec

Ec

Efn

Ev

qbi + qVr Efp

Ev

(a) V = 0

Ec

Ef

Ev
Ef

Ev

qbi

Ec

Forward: p connects with +, n connects with –

Reverse: p connects with -, n connects with +

𝑊𝑑𝑒𝑝 =
2𝜀𝑠(𝜑𝑏𝑖 + 𝑉𝑟 )

𝑒𝑁𝐵
=

2𝜀𝑠 ∙ 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑏𝑎𝑟𝑟𝑖𝑒𝑟

𝑒𝑁𝐵

1

𝑁𝐵
=

1

𝑁𝑎
+

1

𝑁𝑑
≈

1

𝑙𝑖𝑔ℎ𝑡𝑒𝑟 𝑑𝑜𝑝𝑎𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

Q: Does the depletion layer widen or 

shrink with increasing reverse bias?

A: widen
Generation (𝑬𝒇𝒏< 𝑬𝒇𝒑)
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4.4  Capacitance-Voltage Characteristics

• Is Cdep a good thing? Capacitance is controlled by Voltage

• Varactor: voltage-controlled capacitance

• How to minimize junction capacitance?

→Minimize Wd → Low doping ~ 1e14,15

N P

 

Nd Na

Conductor  Insulator Conductor

  

Wdep

Reverse biased PN junction is a capacitor.

+
+
+
+
+
+
+

+
+
+
+
+
+
+

-
-
-

-

-
-
-

-

-
-
-

-

-
-
-

-

dQ=-dQ=0dQ=+ dQ=0

𝜔 =
1

𝐿𝐶
(the principle of adjusting 

the freq. of radio)

=
𝒅𝑸

𝒅𝑽𝐶𝑑𝑒𝑝 =
𝜀𝑠A

𝑊𝑑𝑒𝑝

Small signal capacitance

xPxN

++

𝐖𝐝𝐞𝐩 =
𝟐𝛆𝐬(𝛟𝐛𝐢+𝑽𝒓𝒆𝒗)

𝐞𝐍𝐁

Differential charges are on the edge of Wdep
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4.4  Capacitance-Voltage Characteristics

• From this C-V data can Na and Nd be determined?

Vr

 1/Cdep
2

Increasing reverse bias

Slope = 2/qNsA
2 

 – bi

Capacitance data

y

Si atom density: 5e22cm-3

[B]:5e17cm-3
→ 10ppm→ SIMS measure

Given A, doping is known

Φbi ≤ Eg

𝑾𝒅𝒆𝒑 =
𝟐𝜺𝒔(𝝓𝒃𝒊 + |𝑽𝒓|)

𝒒𝑵

1

𝐶𝑑𝑒𝑝
2 =

𝑊𝑑𝑒𝑝
2

𝐴2𝜀𝑠
2 =

2 𝝓𝑏𝑖 + 𝑉

𝑞𝑁𝜀𝑠𝐴2

If V > cut-in voltage (0.6V),

then the current is significant

Na measured by CV can be lower 

than SIMS detection limit
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d

(𝐬𝐥𝐨𝐩𝐞 𝐢𝐬 𝐟𝐢𝐱𝐞𝐝)
𝑵 × 𝑨𝟐 = 𝒄𝒐𝒏𝒔𝒕.
𝑵 × 𝒅𝟒 = 𝒄𝒐𝒏𝒔𝒕.

𝒍𝒏 𝑵 + 𝟒𝒍𝒏 𝒅 = 𝒄𝒐𝒏𝒔𝒕.

∆𝑵

𝑵
+ 𝟒

∆𝒅

𝒅
= 𝟎

→ length error results in 4 times doping error.

• Large area capacitance is preferred.

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

Considering variation in area measurement 
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4.5  Junction Breakdown

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

V

I

VB, breakdown

P N
A

R

Forward Current

Small leakage
Current

voltage

3.7 V

R

IC

A

B

C

D

Zener diode

large

small

Breakdown:

1. tunneling

2. impact ionization

Application: regulator(voltage stabilizer)

for core logic Vdd for advanced node ≦ 0.7V

→VBD is not important

Different current 

Same voltage

- + - -

→ - + - -+

Input electron energy

> 1.5X Eg

Power amplifier needs larger breakdown voltage
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4.5.1  Peak Electric Field

N+ PNa

Neutral Region

0 x
p

(a)

increasing
reverse bias

x

E

xp

(b)

increasing reverse bias
Ep

GaN, SiC : Ecrit= Si 10X

→ VB = Si 100X

→ High voltage applications

→ However, Si IGBT can still gave high VB

𝑬𝒑 =
𝟐(𝝓𝒃𝒊 + |𝑽𝒓|)

𝑾𝒅

Assume Ep=Ecrit at breakdown

𝑵𝒂 ↑→ 𝑬𝒑 ↑

𝑬𝒑 = 𝑬 𝟎 =
𝟐𝒆𝑵𝒂

𝜺𝒔
𝝓𝒃𝒊 + |𝑽𝒓|

𝟏
𝟐

𝑬𝒈 ↑ → 𝑬𝒄𝒓𝒊𝒕 ↑

𝑽𝑩 =
𝜺𝒔𝑬𝒄𝒓𝒊𝒕

𝟐

𝟐𝒆𝑵𝒂
− 𝝓𝒃𝒊

𝑽𝒓 + 𝝓𝒃𝒊 =
𝟏

𝟐
× 𝒙𝒑 × 𝑬𝒑

One-sided junction → xp ~ Wd

(3rd generation semiconductor)

𝑬𝒑 = 𝑬𝒄𝒓𝒊𝒕~𝟏𝟎𝟔𝑽/𝒄𝒎

𝑾𝒅 =
𝟐𝜺𝒔(𝝓𝒃𝒊 + |𝑽𝒓|)

𝒒𝑵

(impact ionization)
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4.5.2  Tunneling Breakdown

Dominant if both sides of a

junction are very heavily doped.

→ low Wd (<10nm)

V

I

Breakdown

Empty StatesFilled States -

Ev

Ec

d
1

23

WKB can provide better calculation

𝑬𝒈 ↑→ 𝑬𝒄𝒓𝒊𝒕 ↑

𝑱 = 𝑮 × 𝒆−𝑯/𝑬𝒑 (empirical formula)

H is material dependent HSiC > HSi

Practice21: explain why we need large enough 

reverse bias to have tunneling current?
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E2 >> E1

SiC/GaN have large bandgap

→ Large barrier height

→ Large tunneling distance

→ Small tunneling rate

Tunneling 

distance<10nm



4.5.3  Avalanche Breakdown 

• impact ionization: an energetic

electron generating electron and

hole, which can also cause impact

ionization.

• Impact ionization + positive

feedback→ avalanche breakdown

𝑽𝑩 ∝
𝟏

𝑵
=

𝟏

𝑵𝒂
+

𝟏

𝑵𝒅

Ec

E
fn

Ec

Ev

E
fp

original
electron

electron-hole
pair generation

electron (primary)→ electron (secondary) + hole

Real: >1.5Eg to make the energy 

and momentum conservation

𝑽𝑩 =
𝜺𝒔𝑬𝒄𝒓𝒊𝒕

𝟐

𝟐𝒆𝑵

Higher bandgap can have 

higher critical field
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4.6   Forward Bias – Carrier Injection (dark)

Minority carrier injection 

– +
V

 N PEc

Ef
Ev

Ec

Efp

Ev

     V = 0

Ef n

     Forward biased

  qbi

 qV

-

+

qbi–qV

V=0

I=0
Forward biased

Drift and diffusion cancel out (equal)

Short p-n

N P

Electron: Diffusion: electron n→ p

Electron: Drift: electron p→ n 

P: positiveN: 0

Diffusion current  

exponentially ↑

E↓→ Drift current

slightly smaller

Jn,drift = –env = enmnE

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

60meV/dec 

↑60meV→ density 0.1X

0.72eV
1e17

1e5

0.6eV
1e17

1e7

Ldybe <Wd(V=0)

Ldybe <Wd(V=0)

Hole drift and diffusion 

current also cancel out
Practice23: draw the hole case
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4.6   Forward Bias –Quasi-equilibrium 

Boundary Condition

• The minority carrier

densities are raised by

eeV/kT

• Which side gets more

carrier injection?

Law of junction: Fermi levels are flat in depletion region

Ec

Efp

Ev

Efn

 0N 0P

x

Efn

Efp

Ev

x

xN
xP

Practice24: derive 𝑛𝑝 = 𝑛𝑖
2𝑒𝑒𝑉/𝑘𝑇 by band diagram with law of junction

p(xP+) = p0 n(xP+) = ni
2/p0*eeV/kT = n0e

eV/kT

Page 76



4.6  Forward Bias–Quasi-equilibrium 

Boundary Condition

Law of junction (low level injection)

excess carrier (∆𝒏 = 𝒏 − 𝒏𝟎, ∆𝒑 = 𝒑 − 𝒑𝟎) 

P side

N side

𝑛 𝑥𝑃 = 𝑛𝑃0𝑒𝑒𝑉/𝑘𝑇 =
𝑛𝑖

2

𝑁𝑎
𝑒𝑒𝑉/𝑘𝑇 (assume p=NA n’=p’<NA)

𝑝 𝑥𝑁 = 𝑝𝑁0𝑒𝑒𝑉/𝑘𝑇 =
𝑛𝑖

2

𝑁𝑑
𝑒𝑒𝑉/𝑘𝑇 (assume n=Nd n’=p’<Nd)

𝑛′ 𝑥𝑃 ≡ 𝑛 𝑥𝑃 − 𝑛𝑃0 = 𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑝′ 𝑥𝑁 ≡ 𝑝 𝑥𝑁 − 𝑝𝑁0 = 𝑝𝑁0 𝑒𝑒𝑉/𝑘𝑇 − 1
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4.7   Current Continuity Equation

D x

p

Jp (x +  D x) 

 x

a re
a  A

Jp (x) 

Volum e = A·Dx

100 98
2

JnJn

n =100

Electron current direction

Current direction

-98

Current direction

-100

𝑨
𝑱𝒏(𝒙 + ∆𝒙)

𝒆
− 𝑨

𝑱𝒏 𝒙

𝒆
= −𝑨∆𝒙

𝒏′

𝝉

𝑨
𝑱𝒏 𝒙

𝒆
= 𝑨

𝑱𝒏 𝒙 + ∆𝒙

𝒆
+ 𝑨∆𝒙

𝒏′

𝝉

−
𝑱𝒏 𝒙 + ∆𝒙 − 𝑱𝒏 𝒙

∆𝒙
= 𝒆

𝒏′

𝝉

−
𝒅𝑱𝒏

𝒅𝒙
= 𝒆

𝒏′

𝝉

Increasing number of electron per unit time in ∆𝒙
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4.7  Current Continuity Equation

Minority drift current is negligible;

∴Jp= –eDpdp/dx

Lp and Ln are the diffusion lengths

x

p

dp/dx

Jp

Solar cell needs large life time (ms)

VLSI small life time (ms)

−
𝒅𝑱𝒑

𝒅𝒙
= 𝒆

𝒑′

𝝉

𝒆𝑫𝒑

𝒅𝟐𝒑

𝒅𝒙𝟐
= 𝒆

𝒑′

𝝉𝒑

𝒅𝟐𝒑′

𝒅𝒙𝟐
=

𝒑′

𝑫𝒑𝝉𝒑
=

𝒑′

𝑳𝒑
𝟐

𝒅𝟐𝒏′

𝒅𝒙𝟐
=

𝒏′

𝑳𝒏
𝟐

𝐿𝒑 ≡ 𝐷𝑝𝜏𝑝 𝐿𝒏 ≡ 𝐷𝒏𝜏𝒏
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4.8   Forward Biased Junction-- Excess Carriers

P N +

  xP

 -xN

  0
  

  x

Q: electron movement

Wn≧ Lp
Wp

recombine

𝒅𝟐𝒑′

𝒅𝒙𝟐
=

𝒑′

𝑳𝒑
𝟐

𝑛𝑝 = 𝑛𝑖
2𝑒𝑒𝑉/𝑘𝑇

𝑝 𝑥𝑁 =
𝑛𝑖

2

𝑁𝑑
𝑒𝑒𝑉/𝑘𝑇

𝑝′ 𝑥𝑁 = 𝑝𝑁0 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑝′ ∞ = 0

𝑝′ 𝑥 = 𝐴𝑒𝑥/𝐿𝑝 + 𝐵𝑒−𝑥/𝐿𝑝

𝑝′ 𝑥 = 𝑝𝑁0 𝑒𝑒𝑉/𝑘𝑇 − 1 𝑒− 𝑥−𝑥𝑁 /𝐿𝑝 , 𝑥 > 𝑥𝑁

Practice25: solve the 

differential equation

For solar cell, the boundary 

condition is different

𝑝′ 𝑥 = 𝑝𝑁0 𝑒𝑒𝑉/𝑘𝑇 − 1 𝑒− 𝑥−𝑥𝑁 /𝐿𝑝 , 𝑥 > 𝑥𝑁

𝑛′ 𝑥 = 𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1 𝑒 𝑥−𝑥𝑃 /𝐿𝑛 , 𝑥 < 𝑥𝑃
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4.9   PN Diode I-V Characteristics

x

0 P-sideN-side

Jtotal

JpN JnP

Jn drift = Jtotal – JpN

= neμE

→ find E

Jp drift= Jtotal – JnP

Current (electron) Current (hole)

x=xN 𝐽𝑝𝑁 = −𝑒𝐷𝑝

𝑑𝑝′ 𝑥

𝑑𝑥
= 𝑒

𝐷𝑝

𝐿𝑝
𝑝𝑁0 𝑒𝑒𝑉/𝑘𝑇 − 1 𝑒−(𝑥−𝑥𝑁)/𝐿𝑝

𝐽𝑛𝑃 = 𝑒𝐷𝑛

𝑑𝑛′ 𝑥

𝑑𝑥
= 𝑒

𝐷𝑛

𝐿𝑛
𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1 𝑒(𝑥−𝑥𝑃)/𝐿𝑛

Practice26: Electric field at Neutral region =?

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑝𝑁 𝑥𝑁 + 𝐽𝑛𝑃 𝑥𝑃 = 𝑒
𝐷𝑝

𝐿𝑝
𝑝𝑁0 + 𝑒

𝐷𝑛

𝐿𝑛
𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1

V=0→ I=0= 𝐽 𝑎𝑡 𝑎𝑙𝑙 𝑥

Negligible for depletion region 

Electron

diffusion
hole

diffusion

0 P-sideN-side

Jtotal

JpN
JnP

KCL → total current unchanged 
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JpN(xN) JnP(xP)

• No drift electron/hole current in the depletion region

• No recombination in the depletion region

→ diffusion current is the same inside depletion region

JpN(0)=JpN(xN) JnP(0)=JnP(xP)

Jtotal=JpN(xN)+JnP(xP)
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xN-xp

Diffusion ~0

Drift dominate=

Q: x=-xP : electron drift and diffusion,

x=-∞: electron drift and diffusion

Drift: nemE→ since n is majority carrier (n-type)

→ n large, E small

Diffusion ~0

Drift dominate

=

1kT

Jdrift =0

for n and p

Neutral Region has sufficient majority carrier

has sufficient drift current

𝑨𝒕 𝒙 = 𝒙𝑵 𝑫𝒓𝒊𝒇𝒕: 𝒑𝒆𝑽 = 𝒑𝒆𝝁𝑬~𝟎

𝑱𝒑𝑵 = −𝒆𝑫𝒑

𝒅𝒑′ 𝒙

𝒅𝒙
= 𝒆

𝑫𝒑

𝑳𝒑
𝒑𝑵𝟎 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑒
𝐷𝑝

𝐿𝑝
𝑝𝑁0 + 𝑒

𝐷𝑛

𝐿𝑛
𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑒
𝐷𝑝

𝐿𝑝
𝑝𝑁0 + 𝑒

𝐷𝑛

𝐿𝑛
𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑒
𝐷𝑝

𝐿𝑝
𝑝𝑁0 + 𝑒

𝐷𝑛

𝐿𝑛
𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1
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The PN Junction as a Temperature Sensor

Practice27: What causes the IV curves to shift to lower V at higher T ?

Ec

Ev

1.12eV

temperature↑→electrons are more likely jumping from Ev to Ec→ current↑

PN junction is not a good temperature sensor

Bipolar is a good temperature sensor

Ln<< Wp

Lp<< Wn

𝑰 = 𝑰𝟎 𝑒𝑒𝑉/𝑘𝑇 − 1

𝑰𝟎 = 𝑨𝒆𝒏𝒊
𝟐

𝑫𝒑

𝑳𝒑𝑵𝒅
+

𝑫𝒏

𝑳𝒏𝑵𝒂
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𝐼 = 𝐼0 𝑒𝑒𝑉/𝑘𝑇 − 1 + 𝐴
𝑒𝑛𝑖𝑊𝑑𝑒𝑝

𝜏𝑑𝑒𝑝
𝑒𝑒𝑉/2𝑘𝑇 − 1

4.9.1 Contributions from the Depletion Region

Space-Charge Region (SCR) current

Under forward bias, SCR current is an extra 

current with a slope 120mV/decade

1kT
2kT

?

• For good device: no 2kT current

• For sollar cell h >>2

Net recombination (generation) rate:

𝑛𝑖

𝜏𝑑𝑒𝑝
𝑒𝑒𝑉/2𝑘𝑇 − 1

𝑛~𝑝~𝑛𝑖𝑒𝑒𝑉/2𝑘𝑇

𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝐼0 + 𝐴
𝑒𝑛𝑖𝑊𝑑𝑒𝑝

𝜏𝑑𝑒𝑝

Assume there are defects in Wdep
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Ef

Ec

Ev

recombination current (2KT)

Exp(qV/2kT)

np>ni
2

Et (defects at midgap)

Forward  bias:

Neutral

P-region

Neutral

N-region

Depletion

layer

Diffusion current (1KT)

Ld +
+
+

-
--

diffusion

Et

log(I)

V

1KT

2KT

1KT+2KT

• low current → 2KT

• h = ? if Et not in the midgap

• high current → 1KT
1 < h < 2
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p-SiGe (0V) p-SiGe

n-Si (Vb=VDD)

Metal
Oxide

defects

p p p p p p p p p p

after annealing
generation current → large IOFF

• After annealing, the dopants of p-SiGe (B) diffuse out, 

the defects are no longer inside the depletion region

→ Less recombination current

90nm node

p~1020cm-3

n~1017cm-3

Vds<0
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PN junction at V=0:

Electron current=0 (diffusion+drift)

Hole current =0 (diffusion+drift)

PN junction at at forward biased:

Electron current + Hole 

current(Both diffusion)

Bipolar device: electron + hole + 

diffusion
FET: majority electron (NFET) or 

majority hole (PFET)

drift (more important)



4.10   Charge Storage

reverse bias: 𝐶 = 𝜀/𝑊𝑑

𝑄 ∝ 𝐼

𝐼 = 𝑄/𝜏𝑠

Q= 𝐼𝜏𝑠
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𝑸 = න
𝟎

∞

𝒏′𝒅𝒙

( )
P

LxxkTqV

P xxeenxn nP <−= −
  ,)1()(

//

0

Practice28: caculate s for long diode

Practice29: caculate s for short

diode, namely physical size <

diffusion length

Hint: n’(x) : linear

P N +

  xP

 -xN

  0
  

  x

Wp Wn



4.11   Small-signal Model of the Diode

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

Diffusion Capacitance (small signal):

Which is larger, diffusion or depletion capacitance?

CRV

I

Cdep and Cdiff are parallel, Cdiff larger

Z=jw L, w is lower 1GHz, L can be negligible

𝑮 ≡
𝟏

𝑹
=

𝒅𝑰

𝒅𝑽
=

𝒅

𝒅𝑽
𝑰𝟎 𝑒𝑒𝑉/𝑘𝑇 − 1 ≈

𝑑

𝑑𝑉
𝑰𝟎𝑒𝑒𝑉/𝑘𝑇

=
𝑒

𝑘𝑇
𝑰𝟎𝑒𝑒𝑉/𝑘𝑇 =

𝐼𝐷𝐶

𝑘𝑇/𝑒

𝑪𝒅𝒆𝒑 =
𝜺𝒔

𝑾𝒅
= 𝜺𝒔/𝒅𝒆𝒃𝒚𝒆 𝒍𝒆𝒈𝒏𝒕𝒉(𝒇𝒍𝒂𝒕 𝒃𝒂𝒏𝒅)

𝑪 =
𝒅𝑸

𝒅𝑽
= 𝝉𝒔

𝒅𝑰

𝒅𝑽
= 𝝉𝒔𝑮 = 𝝉𝒔

𝑰𝑫𝑪

𝒌𝑻/𝒆

+Q -Q
+Q-Q

+Q1

+Q2

-Q1

-Q2
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Two kinds of metal-semiconductor(MS junction) 

contacts:

• Rectifying Schottky diodes: metal on lightly 

doped silicon 

• Low-resistance ohmic contacts: metal on 

heavily doped silicon 

4.12 Metal-Semiconductor Junction

One bias voltage has current, while the other doesn’t.

There is sufficient current at both 

forward and reverse bias

Depletion region 小→ tunneling

There is sufficient current only at 

forward bias
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Bn Increases with Increasing Metal Work Function

Theoretically, 𝜙𝐵𝑛 = 𝜓𝑀 − 𝜒𝑆𝑖

q
Bn Ec

Ev

Ef

E0

qy
M

c
Si = 4.05 eV

Vacuum level,

Free electron

𝜓𝑀:Work Function of metal

𝜒𝑆𝑖:Electron Affinity of Si

• defect/MIGS of interface are not 

taken into consideration (Metal 

Induced Gap States)

• Fermi-level pinning
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vacuum level

y
M

c S

i

Ec

Ev

Ef

Nd
+ Nd

+

Wd

Nd
+ Nd

+ Nd
+

Fermi level line-up

if any,

Accumulation region

Na
-xP=Nd

+xN

There are 1e22 electrons in metals,

only Wd/1e5, very small

→ neglectable

Electron Affinity of Si

Ei
𝑞𝜙𝐵𝑛 − 𝐸𝑐 − 𝐸𝑓

= 𝑞𝑉𝑏𝑖

Regard metal as p-Si

→Apply positive voltage to 

forward bias

𝑞𝜙𝐵𝑛 𝑞𝑉𝑏𝑖

𝑞𝜙𝐵𝑝

Practice30: draw the band diagram for Schottky diodes 
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4.13   Schottky Barriers
Energy Band Diagram of Schottky Contact

• Schottky barrier height, 𝜙𝐵, 

is a function of the metal 

material.

• 𝜙𝐵 is the most important 

parameter.  The sum of 

𝑞𝜙𝐵𝑛 and 𝑞𝜙𝐵𝑝 is equal to 

𝐸𝑔 .

Metal
Depletion

layer Neutral region

qBn

Ec

Ec

Ef

Ef

E

v

E

v

qBp

N-Si

P-Si

Like P+ N 

Like N+ P

biq

Nd
+

Na
-

𝑞𝜙𝐵𝑛 =?
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Schottky barrier heights for electrons and holes

𝜙𝐵𝑛 increases with increasing metal work function

Metal Mg Ti Cr W Mo Pd Au Pt

 Bn  (V) 0.4 0.5 0.61 0.67 0.68 0.77 0.8 0.9

 Bp  (V) 0.61 0.5 0.42 0.3

Work

Function 3.7 4.3 4.5 4.6 4.6 5.1 5.1 5.7

y m  (V)

𝜙𝐵𝑛 + 𝜙𝐵𝑝 ≈ 𝐸𝑔(even considering Fermi-level pinning)

• Due to large Dit at M/S interface

• Small barrier height metal can be used in night vision goggles

For p?

For n and p in 

single silicide

NiAl

• MOSFET needs ohmic contact (small barrier height)
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• A high density of 

energy states in the 

bandgap at the 

metal-semiconductor 

interface pins Ef to a 

narrow range and 

𝜙𝐵𝑛 is typically 

0.4 to 0.9 V

• Question:  What is 

the typical range of 

𝜙𝐵𝑝?

Fermi Level Pinning

qBn E
c

E
v

E
f

E0

qy
M

c
Si

= 4.05 eV

Vacuum level,

+ −

Barrier height (Fermi-level pinning)

0.7 to 0.2 V

Defect in the bandgap 
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Nd
+

Dit = inf

• Fermi-level pinning at EDit

→ Barrier height is indepent of metal work function

+

+

Wd within metal ~ 0

electrons can tunnel

EDit~1/3Eg, close to Ev

𝑞𝜙𝐵𝑛 = 𝐸𝑐 − 𝐸𝐷𝑖𝑡~
2

3
𝐸𝑔

𝑞𝜙𝐵𝑝 = 𝐸𝐷𝑖𝑡 − E𝑣~
1

3
𝐸𝑔

Dit = defect + MIGS

Metal induced gap state
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Schottky Contacts of Metal Silicide on Si

Silicide-Si interfaces are more stable than metal-silicon 

interfaces.  After metal is deposited on Si, an annealing step is 

applied to form a silicide-Si contact.  The term metal-silicon 

contact includes and almost always means silicide-Si contacts.

Silicide: A silicon and metal compound. It is conductive 

similar to a metal.

Silicide ErSi1.7 HfSi MoSi2 ZrSi2 TiSi2 CoSi2 WSi2 NiSi2 Pd2Si PtSi

 Bn  (V) 0.28 0.45 0.55 0.55 0.61 0.65 0.67 0.67 0.75 0.87

 Bp  (V) 0.55 0.49 0.45 0.45 0.43 0.43 0.35 0.23

Bn

Bp

TiN is used for metal gate

Planar technology: After sputtering Source/Drian anneal: 1050oC

M+Si → MSi due to thermal budget

Rc :contact resistance

Erbium platinum

Al: workfunction ~ Ec

?
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Once 𝜙𝑏𝑖 is known, 𝜙𝐵 can 

be determined using

Using CV Data to Determine B

V(reverse bias)

1/C2

−bi

E

v

Ef

Ec

qbiqBn

Slope: ND
+

Intercept: bi

Diameter: 5%

Area: 10%

ND
+: 20%

1

𝐶2
=

2 𝜙𝑏𝑖 + 𝑉

𝑞𝑁𝑑𝜀𝑠𝐴2

𝑞𝜙𝑏𝑖 = 𝑞𝜙𝐵𝑛 − 𝐸𝑐 − 𝐸𝑓 = 𝑞𝜙𝐵𝑛 − 𝑘𝑇 ln
𝑁𝑐

𝑁𝑑
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4.17   Thermionic Emission Theory

2//

0

//2

3

2

/)(

2/3

2

/)(

A/cm 100  where,          

4

2

1

/2          /3

2
2

kTq

o

kTqV

kTqVkTqn
thxMS

nthxnth

kTVqnkTVq

c

B

B

BB

eJeJ

eeT
h

kqm
qnvJ

mkTvmkTv

e
h

kTm
eNn













−

−

→

−−−−

=

=−=

−==









==

Efn

-
q(B − V)

qB

qV
Metal

N-type
SiliconV E

fm

E
v

E
c

x

v
thx

=Ec-Efn

?
Half of electrons go left

n=Nc𝑒
−(𝐸𝑐−𝐸𝑓𝑛)/𝐾𝑇

n(energy above energy tip)=

Nc𝑒
−(𝐸𝑐−𝐸𝑓𝑛)/𝐾𝑇𝑒−𝑞𝑏𝑖/𝐾𝑇

= Nc𝑒
−q𝐵/𝐾𝑇
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4.18   Schottky Diodes

V

I

Reverse bias Forward bias

V = 0

Forward 

biased

Reverse 

biased

𝐼0 = 𝐴𝐾𝑇2𝑒−𝑞𝜑𝐵/𝑘𝑇

𝐾 =
4𝜋𝑞𝑚𝑛𝑘2

ℎ3
≈ 100 A/(cm2 ⋅ K2)

𝐼 = 𝐼𝑆→𝑀 + 𝐼𝑀→𝑆 = 𝐼0𝑒𝑞𝑉/𝑘𝑇 − 𝐼0 = 𝐼0(𝑒𝑞𝑉/𝑘𝑇 − 1)

PN: diffusion (minority carrier)

Schottky: thermionic emission (majority carrier)→

high current, high speed
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4.19   Applications of Schottly Diodes

• I0 of a Schottky diode is 103 to 108 times larger than a PN

junction diode, depending on B . A larger I0 means a

smaller forward drop V.

• A Schottky diode is the preferred rectifier in low voltage, 

high current applications.

I

V

PN junction

Schottky

B

I

V

PN junction

Schottky diode

B

diode

kTq

kTqV

BeAKTI

eII

/2

0

/

0 )1(

−
=

−=
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𝑷 = 𝒆𝒙𝒑 −𝟐
𝟖𝝅𝟐𝒎[𝒒 𝝓𝑩𝒏 − 𝑽 ]

𝒉𝟐

𝝐𝒔 𝝓𝑩𝒏 − 𝑽

𝟐𝒒𝑵𝒅
= 𝒆𝒙𝒑 −

2

ℏ
𝝓𝑩𝒏 − 𝑽

𝒎𝝐𝒔

𝑵𝒅
= 𝒆𝒙𝒑(−𝑨

𝝓𝑩𝒏 − 𝑽

𝑵𝒅

)

𝑨 =
2

ℏ
𝒎𝝐𝒔

𝐕𝐇 − 𝐄 = 𝒒(𝝓𝑩𝒏 − 𝑽)

𝑻 ≈
𝑾𝒅𝒆𝒑

𝟐
=

𝝐𝒔 𝝓𝑩𝒏 − 𝑽

𝟐𝒒𝑵𝒅

𝑷 = 𝒆𝒙𝒑(−𝑨
𝝓𝑩𝒏 − 𝑽

𝑵𝒅

) ∝ 𝒆𝒙𝒑(−
𝝓𝑩𝒏 − 𝑽

𝑵𝒅

)

𝒒(𝝓𝑩𝒏 − 𝑽)

Nd: Doping Concentration

𝝓𝑩𝒏: Barrier Height

V: Applied Voltage

Small m, large P
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4.20 Quantum Mechanical Tunneling



dBn NVH

ndthxdMS

ns

dBnsdep

emkTqNPvqNJ

qm
h

H

qNWT

/)(
2/

2

1

/
4

2/2/

−−

→ =

=

=









4.21   Ohmic Contacts

d

Bns
dep

qN
W

2
=

dBn NH
eP

−


Tunneling 

probability:

- -

x

Silicide N+ Si

Ev

Ec , Ef

Bn - -

x

VEfm

Ev

Ec , Ef

Bn – V

thermionic emission : E > barrier height

tunneling (Wdep < 10nm) : E < barrier height

tunneling current

weak dependence on temperature
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2/
/1

cmΩ
2

=









−

→ dBn

dBn

NH

dthx

NH

MS
c e

NHqv

e

dV

dJ
R




4.21   Ohmic Contacts

Target: 10-10

Rc : specific contact resistivity (Ω ∙ 𝑐𝑚2)

Rc(2D) : Ω ∙ 𝑐𝑚
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Chapter 5   MOS Capacitor

MOS: Metal-Oxide-Semiconductor

MOS capacitor : MOSCAP MOS transistor: MOSFET

• For bulk planar, p-body means nFET.

• nFET: electron conduction, pFET: hole conduction

MOSFET (field-effect transistor):drift current

Ｍ

O

S

Source
Drain

VDS

faucet
drain hole

VB(- or +)

For 3D transistor, there is no body

If it is n-body

>0

Normally lowest potential 
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5.1  Flat-band Condition and Flat-band Voltage

nMetal: planar→ Ec

FinFET Ec shift to

near midgap
Si is defined as channel

5nm and beyond:

nFET: Si pFET: SiGe

𝑉𝑓𝑏 = 𝜓𝑀 − 𝜓𝑆

𝑉𝐺 = 𝑉𝑓𝑏

9 eV

P-body

𝜒𝑆𝑖O2
=0.95eV

𝐸0 (vaccum level)

𝑞𝜓𝑀
𝜒𝑆𝑖=

4.05eV 𝑞𝜓𝑆 = 𝜒𝑆𝑖 + (𝐸𝑐 − 𝐸𝑓)
3.1eV 3.1eV

∆𝐸𝑐=

𝐸𝑐

𝐸𝑣

𝐸𝑐

𝐸𝑣

∆𝐸𝑣=4.8eV

SiO2

𝐸𝑔=

𝐸𝑓

𝐸𝑓𝑀

Practice31: draw

the band diagram

for flat band

s=0

(Ec/Ev at Si are flat)
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𝜒 : electron affinity

Na
- Na

-

Wd

𝜀𝑆𝑖𝑂2
= 3.9

𝜀𝑆𝑖 = 11.9

𝜀𝑆𝑖/𝜀𝑆𝑖𝑂2
= 3

9 eV

P-body

𝜒𝑆𝑖O2
=0.95eV

𝐸0 (vaccum level)

𝑞𝜓𝑀
𝜒𝑆𝑖=

4.05eV 𝑞𝜓𝑆 = 𝜒𝑆𝑖 + (𝐸𝑐 − 𝐸𝑓)
3.1eV 3.1eV

∆𝐸𝑐=

𝐸𝑐

𝐸𝑣

𝐸𝑐

𝐸𝑣

∆𝐸𝑣=4.8eV

SiO2

𝐸𝑔=

𝐸𝑓

𝐸𝑓𝑀

Short: VG = 0

No charge at interface

→ 𝜀1𝐸1 = 𝜀2𝐸2

+
+

3.1eV

Page 107



Types of oxide charge:

• Fixed oxide charge, Si+

• Mobile oxide charge, due to Na+ contamination

• Interface traps (Dit), neutral or charged depending on 

Vg.

• Voltage/temperature/current stress induced charge 

and traps →a reliability issue
– Si cap on SiGe (5nm) solve the reliability issue

5.1.1  Oxide Charge–A Modification to Vfb

Defect + electron + hole

cause defects

Pure DI water: 18MΩ-cm

Due to CO2 in air → 5-6MΩ-cm
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EC

EV

Ef

Ei

Flat band considering fixed charge

(fs=0, no depletion region)

+

+

+

𝑉𝑓𝑏
′ = 𝜓𝑀 − 𝜓𝑆 − Τ𝑄𝑜𝑥

′ 𝐶𝑜𝑥
′

𝐶𝑜𝑥
′ = Τ𝜀𝑜𝑥 𝑡𝑜𝑥

′

𝑉𝑓𝑏
′ < 𝑉𝑓𝑏 more negative

𝑡𝑜𝑥
′

𝜓𝑀 𝜓𝑆

𝐸𝑓𝑀

𝐸𝑓𝑀

𝐸0
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𝑉𝑓𝑏
′ = 𝜓𝑀 − 𝜓𝑆 − Τ𝑄𝑜𝑥

′ 𝐶𝑜𝑥
′

= 𝜓𝑀 − 𝜓𝑆 − Τ𝑄𝑜𝑥
′ ∗ 𝑡𝑜𝑥

′ 𝜀𝑜𝑥

E0

EC

EV

Ef

Ei

yM yS

EfM
+

+

+

EfM

tOX
’

• Qox’ →∞
• tox

’
→ 0

• Qox
’tox

’ = constant

→ dipole

Vt tuning by high-k dipole

𝐶𝑜𝑥
′ = Τ𝜀𝑜𝑥 𝑡𝑜𝑥

′

𝑉𝑓𝑏
′ < 𝑉𝑓𝑏

dipole

Flat band considering dipole

(fs=0, no depletion region)

Practice32 make the

band diagrams for the

fixed charge and dipoles
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yM

ps>p0

Fs upward → negative

VOX

yM

P-body

𝐸𝑐

𝐸𝑣SiO2

𝐸𝑓

𝑉𝑓𝑏 = 𝜓𝑀 − 𝜓𝑆

𝑉𝐺 − 𝑉𝑓𝑏 = 𝑉𝑂𝑋 + 𝜙𝑆

5.2   Surface Accumulation

Make VG < Vfb

s : surface potential, band bending

Vox: voltage across the oxide

𝜙𝑆 is negligible when the surface is in 

accumulation.

𝑝𝑠 = 𝑝0𝑒−𝑞𝜙𝑆/𝑘𝑇

𝑉𝑜𝑥 ∝ 𝑒𝜙𝑆/𝑘𝑇

However, VG don’t increase exponentially. 

→ Vox don’t increase exponentially, either.

→ s don’t change too much.

Practice33: draw

the band diagram

for accumulation
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5.2  Surface Accumulation

define Q+

define V+

(negative)positive

s is small, negligible → 𝑉𝑂𝑋 = 𝑉𝐺 − 𝑉𝑓𝑏

-

-+

+

Q = CV

define Q,V +

Silicon

COX must be positive

𝑉𝐺 − 𝑉𝑓𝑏 = 𝑉𝑂𝑋 + 𝜙𝑆

Gauss’s Law → 𝑉𝑂𝑋 = −
𝑄𝑎𝑐𝑐

𝐶𝑜𝑥

𝑉𝑂𝑋 = −
𝑄𝑠

𝐶𝑜𝑥

𝑄𝑎𝑐𝑐 = −𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑓𝑏)
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5.3  Surface Depletion (            ) for Off StategV > Vfb

depletion region define as no 

electron or hole.

p < 1/10Na
-, or n<1/10Nd

+

𝑉𝑂𝑋 = −
𝑄𝑠

𝐶𝑜𝑥
= −

𝑄𝑑𝑒𝑝

𝐶𝑜𝑥
=

𝑞𝑁𝑎𝑊𝑑

𝐶𝑜𝑥
=

2𝑞𝑁𝑎𝜀𝑠𝜙𝑠

𝐶𝑜𝑥

𝐶𝑜𝑥 = 𝜀𝑜𝑥/𝑡𝑜𝑥(𝐹/𝑐𝑚2)

Na
- Na

- Na
- Na

-

9 eV

Ec, Ef

Ev

Ec

Ev

N+ -poly-Si

Ec

Ev

SiO2

yM

Na
- Na

-

Na
-
Na

-

+
+
+
+

Na=p0 >ps>ns>n0

yM
Ef

B≧ S ≧0

Practice34:

draw the band

diagram for

depletion
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5.4  Weak Inversion and Threshold Condition

Na>p0>ns>ps

Surface concentration

can be controlled by gate

voltage

9 eV

Ec, Ef

Ev

N+ -poly-Si

Ec

Ev

SiO2

yM

Na
- Na

-

Na
- Na

-

+
+
+
+
+
+

Na
-

Na
-

Ec

Ei

Ev

ns= ps B

yM











=










−










=−−=

i

a

a

v

i

v
bulkvf

g

B
n

N

q

kT

N

N

q

kT

n

N

q

kT
EE

E
q lnlnln|)(

2












=










−










=−−=

i

a

a

v

i

v
bulkvf

g

B
n

N

q

kT

N

N

q

kT

n

N

q

kT
EE

E
q lnlnln|)(

2












=










−










=−−=

i

a

a

v

i

v
bulkvf

g

B
n

N

q

kT

N

N

q

kT

n

N

q

kT
EE

E
q lnlnln|)(

2


Threshold (of inversion):

ns = Na , or











==

i

a
Bst

n

N

q

kT
ln22

Ef

2B ≧ S ≧ B

Practice35: draw the

band diagram for

weak inversion
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5.5  Strong Inversion–Beyond Threshold

a

Bs
dmaxdep

qN
WW

 22
==

Vox=Vg-Vfb- 2B

ns≧p0

S ≧ 2B

9 

eV

Ec , Ef

Ev

3.1 

eV

3.1 

eV

N+

Ec

E
v

SiO2

Na
-

Na
-

Na
-

Na
-

Na
-
Na
-

Ec

Ei

Ev
Ef

B

S = 2|B|→ns=p0

B

S≧ 2B

Na
-
Na
-

yM

+
+
+
+
+
+
+
+
+
+

Qi

Qd

E=0

E=0

E=0

Es

𝑄𝑆 = −𝜀𝑠𝑖𝐸𝑠

All charges in 

semiconductor

yM

Practice36: draw the

band diagram for

strong inversion Page 115



Poisson’s Equation

𝑑2
𝜙

𝑑𝑥2
= −

𝑑𝐸

𝑑𝑥
= −

𝑞

𝜀𝑠𝑖
𝑝 𝑥 − 𝑛 𝑥 + 𝑁𝑑

+ 𝑥 − 𝑁𝑎
−(𝑥)

n 𝑥 = 𝑛𝑖𝑒−(𝐸𝑖−𝐸𝑓)/𝑘𝑇 = 𝑛𝑖𝑒(𝐸𝑓−𝐸𝑖)/𝑘𝑇 = 𝑛𝑖𝑒𝑞(𝜙(𝑥)−𝜙𝐵)/𝑘𝑇 =
𝑛𝑖

2

𝑁𝑎
𝑒𝑞𝜙(𝑥)/𝑘𝑇

p 𝑥 = 𝑛𝑖𝑒(𝐸𝑖−𝐸𝑓)/𝑘𝑇 = 𝑛𝑖𝑒𝑞(𝜙𝐵−𝜙(𝑥))/𝑘𝑇 = 𝑁𝑎𝑒−𝑞𝜙(𝑥)/𝑘𝑇

𝑑2𝜙

𝑑𝑥2
= −

𝑞

𝜀𝑠𝑖
𝑁𝑎 𝑒−𝑞𝜙/𝑘𝑇 − 1 −

𝑛𝑖
2

𝑁𝑎
𝑒𝑞𝜙/𝑘𝑇 − 1

Na
- = Na

Nd
+=Nd

Physically not exist

𝑑𝜙

𝑑𝑥
= −E

𝑑𝐸

𝑑𝑥
=

𝜌

𝜀𝑠

n0

𝑑2𝜙

𝑑𝑥2
∗

𝑑𝜙

𝑑𝑥
= −

𝑞

𝜀𝑠𝑖
𝑁𝑎 𝑒−

𝑞𝜙
𝑘𝑇 − 1 −

𝑛𝑖
2

𝑁𝑎
𝑒

𝑞𝜙
𝑘𝑇 − 1 ∗

𝑑𝜙

𝑑𝑥

𝑁𝑑
+ 𝑥
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𝐸2 𝑥 = (
𝑑𝜙

𝑑𝑥
)2=

2𝑘𝑇𝑁𝑎

𝜀𝑠𝑖
[ 𝑒−

𝑞𝜙
𝑘𝑇 +

𝑞𝜙

𝑘𝑇
− 1 +

𝑛𝑖
2

𝑁𝑎
2 (𝑒

𝑞𝜙
𝑘𝑇 +

𝑞𝜙

𝑘𝑇
− 1)]

𝑑2𝜙

𝑑𝑥2
∗

𝑑𝜙

𝑑𝑥
= −

𝑞

𝜀𝑠𝑖
𝑁𝑎 𝑒−

𝑞𝜙
𝑘𝑇 − 1 −

𝑛𝑖
2

𝑁𝑎
𝑒

𝑞𝜙
𝑘𝑇 − 1 ∗

𝑑𝜙

𝑑𝑥

𝑑

𝑑𝑥
(
𝑑𝜙

𝑑𝑥
)2= 2

𝑑𝜙

𝑑𝑥

𝑑2𝜙

𝑑𝑥2

1

2

𝑑

𝑑𝑥
(
𝑑𝜙

𝑑𝑥
)2= −

𝑞

𝜀𝑠𝑖
𝑁𝑎 𝑒−

𝑞𝜙
𝑘𝑇 − 1 −

𝑛𝑖
2

𝑁𝑎
𝑒

𝑞𝜙
𝑘𝑇 − 1 ∗

𝑑𝜙

𝑑𝑥

integration

Practice37 : derive the Qs formula

𝑄𝑆 = −𝜀𝑠𝑖𝐸𝑠 = ± 2𝜀𝑠𝑖𝑘𝑇𝑁𝑎[ 𝑒−
𝑞𝜙𝑆
𝑘𝑇 +

𝑞𝜙𝑆

𝑘𝑇
− 1 +

𝑛𝑖
2

𝑁𝑎
2 (𝑒

𝑞𝜙𝑆
𝑘𝑇 +

𝑞𝜙𝑆

𝑘𝑇
− 1)]

1
2
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B

ns=p0

Qs=qWdNa

positive

n

hole

ns=ps

1kT→ SS >= 60mV/dec

120mV/dec

J=nev

𝑉𝐺𝑆 − 𝑉𝑓𝑏 = 𝑉𝑂𝑋 + 𝜙𝑆

𝑊𝑑 =
2𝜀𝑠𝜙𝑠

𝑞𝑁𝑎

(1+x)1/2=1+1/2x

Exp(qS/kT)

Log scale
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Inversion Layer Charge, Qinv (C/cm2)

ox

inv
t

ox

inv

ox

Bsa

Bfb

ox

inv

ox

dep

Bfbg

C

Q
V

C

Q

C

qN
V

C

Q

C

Q
VV

−=

−++=−−+=

     

22
22




)(     tgoxinv VVCQ −−=

Electron for nFET

𝑄𝑆 = −𝜀𝑠𝑖𝐸𝑠 = ± 2𝜀𝑠𝑖𝑘𝑇𝑁𝑎 𝑒−
𝑞∅𝑆
𝑘𝑇 +

𝑞∅𝑆

𝑘𝑇
− 1 +

𝑛𝑖
2

𝑁𝑎
2 𝑒

𝑞∅𝑆
𝑘𝑇 +

𝑞∅𝑆

𝑘𝑇
− 1

1
2

~𝑄𝑑𝑒𝑝 + 𝑄𝑖𝑛𝑣

Strong Inversion/ION
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MOSFET Charge and Potential

Gate voltage equation:

𝑉𝐺 − 𝑉𝐹𝐵 = 𝑉𝑂𝑋 + 𝜙𝑆 =
−𝑄𝑆

𝐶𝑂𝑋
+ 𝜙𝑆

Vt

𝑄𝑑 = 𝑞𝑁𝑎𝑊𝑑 = 𝑞𝑁𝑎2𝜀𝑠∅𝑠

S(max)=2B

=COX(VG-Vt)

VFB

QACC=-COX(VG-VFB)

𝑑𝜙𝑠

𝑑𝑉𝐺
=

1

𝑚
≤ 1
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Threshold Voltage

+ for P-body(nFET)
– for N-body(pFET)

nFET

pFET

90nm node: 

EOT=1nm

NB > 1E17

Vtn=-Vtp>0

𝑉𝑡 = 𝑉𝑓𝑏 ± 2𝜙𝐵 ±
𝑞𝑁𝐵2𝜀𝑠2𝜙𝐵

𝐶𝑜𝑥
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Vtn= 𝑉𝐹𝐵 +
𝑞𝑊

𝑑𝑚
𝑁

𝐴

𝐶
𝑂𝑋

+ 2𝜙𝐵

Vtp= 𝑉𝐹𝐵 +
−𝑞𝑊

𝑑𝑚
𝑁

𝑑

𝐶
𝑂𝑋

− 2𝜙𝐵

Practice38: what is the metal WF choice for n/pFET?

𝐕𝒕 = 𝐕𝐟𝐛 + 𝟐ɸ𝐁 −
𝐪𝐍𝐁𝐖𝐝𝐦

𝐂𝐎𝐗

𝛗𝐦 − 𝛗𝐬 −
𝐐𝐎𝐗

𝐂𝐎𝐗

Planar (modify doping)

Mutiple Vt: 

FinFET→ 𝛗𝒎, 𝐐𝐎𝐗(dipole)

Nanosheet→ 𝐐𝐎𝐗
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5.5.1  Choice of Vt  and Gate Doping Type

Vt is generally set at a small

positive value so that, at Vg = 0,

the transistor does not have an

inversion layer and current

does not flow between the two

N+ regions

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

positive threshold voltage.

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

negative threshold voltage.

nFET

pFET

nS/D, n metal (planar)

pS/D, p metal (planar)
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• Al: work function near Si Ec→ nMetal

• Pt: work function near Si Ev→ pMetal

• For planar FET, nMetal is needed for Vt

adjustment of nFET, pMetal is needed for Vt

adjustment od pFET

• For FinFET, nMetal and pMetal have to move

toward to midgap due to undoped channel,

dual metal gate
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Constant current Vt and Transconductance Vt

Practical definition of Vt : the 

Vgs at which Ids= 100nA×W/L

Vgs

Log (Ids )

Vt

100×W/L(nA)

Vds=Vdd

IOFF

1/S

𝐼𝑠𝑢𝑏𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑛𝐴 ≈ 100 ×
𝑊

𝐿
× 𝑒

𝑞 𝑉𝑔𝑠−𝑉𝑡

𝑚𝑘𝑇

= 100 ×
𝑊

𝐿
× 10(𝑉𝑔𝑠−𝑉𝑡)/𝑆𝑆

𝐼𝑂𝐹𝐹 𝑛𝐴 = 100 ×
𝑊

𝐿
× 10−𝑉𝑡/𝑆𝑆

Page 125

Vt can be found at the 

maximum of Τ𝑑2𝐼𝐷 𝑑𝑉𝐺
2

(Const. current)



5.6   MOS CV Characteristics

g

s

g

g

dV

dQ

dV

dQ
C −==

Vg > 0 → Qg > 0

Qs = -Qg

Wdm

tox

Small signal cap

C=dQ/dV=dQ/dt*dt/dV

Given the AC voltage, and measure the 

AC current. We can find out the current 

has 90 degree phase difference,. In this 

case, we the calculate cap.

CsRs vs CpRp modes
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Supply of Inversion Charge May be Limited

Electrons can follow AC voltage

Inversion

InversionInversion Wdmax

Accumulation Depletion

Wdep

from valence band 

→ takes timefrom S/D

C=dQ/dV

relaxation time ~ ρεsi ~ ps

If Dit is small, 

the speed of S/D

supply electrons 

is slow.

Electrons supplied 

by S/D would be 

fast if Lg is short.
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Electrons can not follow AC voltage



Coxtox

Wd

Coxtox

Wd + dWd

Na
- Na

- Na
-

Vg Vg + dVg

Coxtox

Wdmax

dQ = dNa
-Wdmax = 0

Coxtox

Wdmax

Vg Vg + dVg

tinv ~ 1nm

dQ = NadWd

Page 128

Accumulation Depletion

Weak inversion Strong inversion



Equivalent circuit in the depletion and the inversion regimes

Cp oly

Co x

Cdep Cin v

Cox

Cdep

Cp oly

Co x

Cdep, min Cinv
Cinv

Cox

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

General case for

both depletion and

inversion regions.

In the depletion regions+

weak inversion

Vg  Vt Strong inversion

Q: what about CDit ?

EOT=tinv/3EOT=Wd/3

S

(e) Accumulation

Cox

Cacc

Wdm
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Cox

Vg < Vfb

tox

Wd=0 Wd=Wdmax

CMOS = Cox in series with Csi

Cox

𝐶 =
𝜀𝑠

𝑊𝑑

tacc ~ 1.2nm

tox = 1nm, tacc not 

negligible

EOT=CET-0.4nm

measured

Csi = Cinv in parallel with Cdep=Cinv(large)+Cdep

Cacc in series

Cox in series with Cdep

in series with Cinv

Practice39: draw the CV

curve for n/pFET

Low frequency
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Quasi-Static CV of MOS Capacitor

The quasi-static CV is obtained by the application of a slow linear-

ramp voltage (< 0.1V/s) to the gate, while measuring Ig with a very

sensitive DC ammeter. C is calculated from Ig = C·dVg/dt. This allows

sufficient time for Qinv to respond to the slow-changing Vg .

C = 
𝑑𝑄

𝑑𝑉
=

𝑑𝑄/𝑑𝑡

𝑑𝑉/𝑑𝑡
=

Ĩ

𝑗𝜔Ṽ
V =Ṽ = V0exp(j)exp(jwt)

phasor 2πf, high f

Low f

S/D, h

quasi-static: slow 
𝒅𝑽

𝒅𝒕
, not phasor

Stand-alone device

Stand-alone device
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5.9  Inversion and Accumulation Charge-Layer 

Thickness–Quantum Mechanical Effect

Average inversion-layer location below the Si/SiO2 interface is 

called the inversion-layer thickness, Tinv .

n(x) is determined by Schrodinger’s eq., 

Poisson eq., and Fermi function.

-50 -40 -30 -20 -10 0 10 20 30 40 A

 Electron Density

Quantum

mechanical theory

S i O 2

p o l y - S i
d e p l e t i o n
r e g i o n

Å
50

Tinv SiGate

Effective Tox

Physical Tox

න 𝑇 ∗ Ψ(𝑥) 2

CET = EOT + Tinv/3
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0 0

potential infpotential inf

≠0 ≠0

≠0 ≠0

solution: if inf potential, Airy function

≠0 ≠0

Eigen energy

E = 
ℏ2𝑘2

2𝑚

𝑘 =
2𝜋

𝜆
=

𝜋

𝑎

a

𝜆 = 2𝑎, 𝑎, 
2𝑎

𝑛

En = 
𝜋2ℏ2𝑛2

2𝑚𝑎2
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Electrical Oxide Thickness, Toxe

• Tinv is a function of

the average electric

field in the inversion

layer, which is (Vg +

Vt)/6Tox.

• Tinv of holes is larger

than that of electrons

because of difference

in effective mass.

• Toxe is the electrical

oxide thickness.
𝐸𝑂𝑇 = 𝑡𝑜𝑥 + Τ𝑡𝑖𝑛𝑣 3

𝑇𝑜𝑥𝑒 = 𝑇𝑜𝑥 + Τ𝑊𝑝𝑜𝑙𝑦 3 + Τ𝑇𝑖𝑛𝑣 3 𝑎𝑡 𝑉𝐺 = 𝑉𝑑𝑑

The definition is different 

from the previous one.
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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

nFET or pFET is determined by S/D, not body

Body contact, 4 terminal device for planar

For FinFET and GAA there is no body contact

IG=0

Vds>0

IG=0

Vds>0

oxide

SOI
bulk

IG=0

Vds>0

Si on nothing
cavity

0V 5V

0V
I=0

Depletion region
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nFET pFET

Usually high voltage is up above

I direction

Vds>0 Vsd>0

I direction

• S/D is defined by circuit designer

• DTCO: Design Technology Co-Optimization

6.1  Introduction to the MOSFET
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Ref : Yuan Taur

Gate leakage current

• JG ~ 103A/cm2 at VG = 0.5V and tox = 1nm.

• JG ~ 104A/cm2 at VG = 1V and tox = 1nm.

0.5
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6.2  Complementary MOSFETs (CMOS) Technology 

• When Vg = Vdd , the nFET is on and the pFET is off. 

• When Vg = 0, the pFET is on and the nFET is off.

• Schottky barrier FET: Pt for pFET, Al for nFET

nFET pFET

N-Si

-
-

reverse bias (V<Vcut-in)

(the lowest voltage) (the highest voltage)

(body) (body)
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S D
Channel
Oxide

Gate

L (p-Si)

W

tinv

A

VDS>0

J

𝐼𝐷 = 𝑱 × 𝐴 = 𝒏𝒆𝒗 × 𝑊𝑡𝑖𝑛𝑣, 𝑛: 𝑐𝑚−3, 𝑒: 𝐶, 𝑣: Τ𝑐𝑚 𝑠 , 𝐽: Τ𝐴 𝑐𝑚2

∵ 𝑄𝑖𝑛𝑣 = 𝑒 × 𝑛 × 𝑡𝑖𝑛𝑣, 𝑣 = 𝜇𝐸 = 𝜇
𝑉𝐷𝑆

𝐿
→ 𝐼𝐷 = 𝑄𝑖𝑛𝑣 × 𝜇

𝑊

𝐿
× 𝑉𝐷𝑆

∵ 𝑉𝐺𝑆 > 𝑉𝐺𝐷 → 𝑄𝑖𝑛𝑣 𝑆 > 𝑄𝑖𝑛𝑣 𝐷 → 𝐶𝑜𝑥 𝑉𝐺𝑆 − 𝑉𝑡 > 𝐶𝑜𝑥 𝑉𝐺𝐷 − 𝑉𝑡

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑄𝑖𝑛𝑣 =
1

2
[𝑄𝑖𝑛𝑣 𝑆 + 𝑄𝑖𝑛𝑣 𝐷 ] =

1

2
[𝐶𝑜𝑥 𝑉𝐺𝑆 − 𝑉𝑡 + 𝐶𝑜𝑥 𝑉𝐺𝐷 − 𝑉𝑡 ]

𝑇𝑎𝑘𝑒 𝑠𝑜𝑢𝑟𝑐𝑒 𝑎𝑠 𝑟𝑒𝑓 → 𝑉𝐺𝐷 = 𝑉𝐺𝑆 − 𝑉𝐷𝑆 → 𝑄𝑖𝑛𝑣 =
𝐶𝑜𝑥

2
[2 𝑉𝐺𝑆 − 𝑉𝑡 − 𝑉𝐷𝑆]

∴ 𝐼𝐷 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿
[2 𝑉𝐺𝑆 − 𝑉𝑡 𝑉𝐷𝑆 − 𝑉𝐷𝑆

2 ] source reference (SPICE)

𝐴𝑙𝑠𝑜, 𝑄𝑖𝑛𝑣 = 𝐶𝑜𝑥 𝑉𝐺𝐶 − 𝑉𝑡 , 𝐶𝑜𝑥: Τ𝐹 𝑐𝑚2

𝑇ℎ𝑒 𝑢𝑛𝑖𝑡 𝑜𝑓𝑄𝑖𝑛𝑣 = 𝑒 × 𝑛 × 𝑡𝑖𝑛𝑣

× 𝑡𝑖𝑛𝑣 → Τ𝐶 𝑐𝑚3 × 𝑐𝑚 = Τ𝐶 𝑐𝑚2
tinv

Practice: derive Id formula
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At source: VGC = 2V → Qinv exists

At drain: VGC = -1V → Qinv = 0(accumulation)

𝐼𝐷 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿
[2 𝑉𝐺𝑆 − 𝑉𝑡 𝑉𝐷𝑆 − 𝑉𝐷𝑆

2 ]

∵ 𝑓 𝑥 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐 → 𝑎𝑡 𝑥 = −
𝑏

2𝑎
, 𝑓 𝑥 ℎ𝑎𝑠 𝑚𝑎𝑥𝑖𝑚𝑢𝑚

∴ 𝐴𝑡 𝑉𝐷𝑆 = 𝑉𝐺𝑆 − 𝑉𝑡, 𝐼𝐷 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿′
𝑉𝐺𝑆 − 𝑉𝑡

2 𝑖𝑠 𝑚𝑎𝑥𝑖𝑚𝑢𝑚

∵ 𝑄𝑖𝑛𝑣 𝐷 < 0 𝑖𝑠 𝑤𝑟𝑜𝑛𝑔 (𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑛′𝑡 𝑏𝑒 < 0)

∴ 𝐼𝐷 𝑤𝑖𝑙𝑙 𝑘𝑒𝑒𝑝 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑓𝑡𝑒𝑟 𝑉𝐷𝑆 = 𝑉𝐺𝑆 − 𝑉𝑡

VGS-Vt is define as Vov (overdrive voltage)

S D

Gate

Oxide
Channel

VG=2V

VD=3V

Let Vt=1V

VGC = 1V = Vt → Qinv = 0Qinv

VS=0V

ID

VDSlinear/triode 
region

saturation region

𝑄𝑖𝑛𝑣 𝐷 < 0

ID

VDS

ID,Max

VGS - VT

Qinv(D)< 0 ?

if VDS>VGS-VT

VGC>Vt→ Qinv exists at VDS<VGS-Vt

Practice: explain saturation region and
channel length modulation

L’

VDC /(L-L’) is large enough, drift velocity is large

L’ <L
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𝐼𝑑 =
1

2
𝜇𝑛𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡)2

High mobility 𝜀𝑜𝑥

𝑡𝑜𝑥
→ 𝐻𝐾(45𝑛𝑚 𝑛𝑜𝑑𝑒)

FinFET (16nm) : 2HFIN+WFIN

× n (floor number)
→ Nanosheet (N2)

𝜀𝑜𝑥

𝑡𝑜𝑥
=

𝜀𝐻𝐾

𝑡𝐻𝐾
=

𝜀𝑜𝑥

𝐸𝑂𝑇
𝐸𝑂𝑇 = 𝑡𝐻𝐾

𝜀𝑜𝑥

𝜀𝐻𝐾

1. Strained Si (90nm)

2. High mobility channel (5nm SiGe p-channel)

tox >1nm. Otherwise, Ig is significant

𝜀 = 𝑘𝜀0

Intel : 22nm

ION Improvement -- Overview
Practice40: repeat this page
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Hfin Hfin

Wfin

substrate

FinFET = Tri-gate

Weff = 2Hfin + Wfin

substrate

Nanosheet = GAA

Wch

Hch

Weff = (2Hch + 2Wch) x floor number

Footprint = Wfin x L

ION Improvement -- Weff
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Scaling length

Ref: J.-P. COLINGE, ROMJIST, Volume 11, Number 1, 2008, 3–15 

Vertical E field > Lateral E field

L > l the more excess→ DIBL (
∆V

𝑡

∆𝑉𝐷𝑆
), SCE (L↓→Vt↓), SS (small) better

∵Gate control needs to > S/D effect

→ 𝐶𝐺𝐶 > 𝐶𝑆𝐷

𝐶𝐺𝐶 =
𝜀𝑜𝑥 × 𝐴

𝑑
=

𝜀𝑜𝑥 × 𝑊 × 𝐿

𝑡𝑜𝑥

𝐶DS =
𝜀𝑆𝑖 × 𝐴′

𝑑′
=

𝜀𝑆𝑖 × 𝑊 × 𝑡𝑆𝑖

𝐿

∴
𝜀𝑜𝑥 × 𝑊 × 𝐿

𝑡𝑜𝑥
>

𝜀𝑆𝑖 × 𝑊 × 𝑡𝑆𝑖

𝐿

→ 𝐿2 >
𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥

𝐿 >
𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥 = 𝑙(𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ)

W
L

tSi

tox
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Ref: Yuan Taur

=3

𝑾𝒅𝒎 =
𝟐𝜺𝒔𝒊𝟐𝝓𝑩

𝒒𝑵𝑩

𝑁𝐵 = 1017𝑐𝑚−3 → 𝑊𝑑𝑚~100𝑛𝑚
𝑁𝐵 = 1019𝑐𝑚−3 → 𝑊𝑑𝑚~10𝑛𝑚
𝑁𝐵 ↑→ 𝜇 ↓→ 𝐹𝑖𝑛𝐹𝐸𝑇 𝑖𝑠 𝑢𝑛𝑑𝑜𝑝𝑒𝑑

Lg>2λ

Wdm=tsi

Scaling length
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How will the scaling length change if the channel material is Ge?

𝐶𝐺𝐶 =
𝜀𝑜𝑥 × 𝑊 × 𝐿𝐺𝑒

𝑡𝑜𝑥
𝐶𝑆𝐷 =

𝜀𝐺𝑒 × 𝑊 × 𝑡𝐺𝑒

𝐿

∵ 𝜀𝐺𝑒 = 16 > 𝜀𝑆𝑖 = 11.9

𝐿𝐺𝑒 =
16

11.9
× 𝐿𝑆𝑖 > 𝐿𝑆𝑖

∴ 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑤𝑖𝑙𝑙 𝑏𝑒 𝑙𝑜𝑛𝑔𝑒𝑟

∵ 𝐶𝐺𝐶 > 𝐶𝑆𝐷

→
𝜀𝑜𝑥 × 𝑊 × 𝐿𝐺𝑒

𝑡𝑜𝑥
>

𝜀𝐺𝑒 × 𝑊 × 𝑡𝐺𝑒

𝐿𝐺𝑒

→ 𝐿𝐺𝑒
2 >

𝜀𝐺𝑒

𝜀𝑜𝑥
× 𝑡𝐺𝑒 × 𝑡𝑜𝑥

→ 𝐿𝐺𝑒 >
𝜀𝐺𝑒

𝜀𝑜𝑥
× 𝑡𝐺𝑒 × 𝑡𝑜𝑥
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How will the scaling length change in the double gate structure?

∵ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝐶𝐺𝐶(𝑑𝑜𝑢𝑏𝑙𝑒 𝑔𝑎𝑡𝑒) = 2𝐶𝐺𝐶(𝑠𝑖𝑛𝑔𝑙𝑒 𝑔𝑎𝑡𝑒) = 2
𝜀𝑜𝑥 × 𝑊 × 𝐿

𝑡𝑜𝑥

∵ 𝐶𝐺𝐶(𝑑𝑜𝑢𝑏𝑙𝑒 𝑔𝑎𝑡𝑒) > 𝐶𝑆𝐷

→ 2 ×
𝜀𝑜𝑥 × 𝑊 × 𝐿𝑑𝑜𝑢𝑏𝑙𝑒

𝑡𝑜𝑥
>

𝜀𝑆𝑖 × 𝑊 × 𝑡𝑆𝑖

𝐿𝑑𝑜𝑢𝑏𝑙𝑒

→ 𝐿𝑑𝑜𝑢𝑏𝑙𝑒
2 >

1

2
×

𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥

→ 𝐿𝑑𝑜𝑢𝑏𝑙𝑒 >
1

2
×

𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥 ~ 0.707𝐿𝑠𝑖𝑛𝑔𝑙𝑒

∴ 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑐𝑎𝑛 𝑏𝑒 𝑠ℎ𝑜𝑟𝑡𝑒𝑟
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Assume the four 
side length of the 
channel are equal.

How will the scaling length change in the GAA structure?

∵ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝐶𝐺𝐶(𝐺𝐴𝐴) = 4𝐶𝐺𝐶(𝑠𝑖𝑛𝑔𝑙𝑒 𝑔𝑎𝑡𝑒) = 4 ×
𝜀𝑜𝑥 × 𝑊 × 𝐿

𝑡𝑜𝑥

∵ 𝐶𝐺𝐶(𝐺𝐴𝐴) > 𝐶𝑆𝐷

→ 4 ×
𝜀𝑜𝑥 × 𝑊 × 𝐿𝐺𝐴𝐴

𝑡𝑜𝑥
>

𝜀𝑆𝑖 × 𝑊 × 𝑡𝑆𝑖

𝐿𝐺𝐴𝐴

→ 𝐿𝐺𝐴𝐴
2 >

1

4
×

𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥

→ 𝐿𝐺𝐴𝐴 >
1

4
×

𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥 =

1

2
𝑙𝑠𝑖𝑛𝑔𝑙𝑒

∴ 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑐𝑎𝑛 𝑏𝑒 𝑠ℎ𝑜𝑟𝑡𝑒𝑟
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𝑠𝑝𝑙𝑖𝑡 𝐶𝑉 ∶ 𝐽 = 𝑛𝑒𝜇𝐸

6.3  Surface Mobilities and High-Mobility FETs

How to measure the surface mobility:

6.3.1 Surface Mobilities < Bulk mobility

due to surface roughness scattering

Field effect mobility

𝐼𝑑𝑠 = 𝑊 × 𝑄𝑖𝑛𝑣 × 𝑣 = 𝑊𝑄𝑖𝑛𝑣𝜇𝑛𝑠𝐸 = 𝑊𝑄𝑖𝑛𝑣𝜇𝑛𝑠 Τ𝑉𝑑𝑠 𝐿

= 𝑊𝐶𝑜𝑥𝑒 𝑉𝑔𝑠 − 𝑉𝑡 𝜇𝑛𝑠 Τ𝑉𝑑𝑠 𝐿

=
𝑉𝑑𝑠

𝐿
+𝐼𝑉
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oxide

Mobility is a function of the average of the fields at the

bottom and the top of the inversion charge layer, Eb and Et .

Therefore,

𝐸𝑏 =
𝐶𝑜𝑥

𝜀𝑠𝑖
(𝑉𝑡 − 𝑉𝑓𝑏 + 𝜙𝑠)

𝐸𝑡 = − Τ𝑄𝑑𝑒𝑝 + 𝑄𝑖𝑛𝑣 𝜀𝑠𝑖

= 𝐸𝑏 − Τ𝑄𝑖𝑛𝑣 𝜀𝑠𝑖 = 𝐸𝑏 +
𝐶𝑜𝑥

𝜀𝑠𝑖
(𝑉𝑔𝑠 − 𝑉𝑡)

=
𝐶𝑜𝑥

𝜀𝑠𝑖
(𝑉𝑔𝑠 − 𝑉𝑓𝑏 − 𝜙𝑠)

From Gauss’s Law,

𝐸𝑏 = − Τ𝑄𝑑𝑒𝑝 𝜀𝑠𝑖

𝑉𝑡 = 𝑉𝑓𝑏 + 𝜙𝑠 − Τ𝑄𝑑𝑒𝑝 𝐶𝑜𝑥𝑒

∴
1

2
𝐸𝑏 + 𝐸𝑡 =

𝐶𝑜𝑥

2𝜀𝑠𝑖
(𝑉𝑔𝑠 + 𝑉𝑡 − 2𝑉𝑓𝑏 − 2𝜙𝑠)

≈
𝐶𝑜𝑥

2𝜀𝑠𝑖
(𝑉𝑔𝑠 + 𝑉𝑡 + 0.2𝑉)

=
𝑉𝑔𝑠 + 𝑉𝑡 + 0.2𝑉

6𝑡𝑜𝑥

Page 150



o
x

id
e

M
et

al

tinv Wdm

Na
- Na

-

Na
- Na

-

Na
- Na

-

Na
- Na

-

Na
- Na

-

Na
- Na

-

X

E

tinv

Simple Eaverage model for On state

X

By split CV

𝐸 0 = Τ(𝑄𝑑𝑒𝑝 + 𝑄𝑖𝑛𝑣) 𝜀𝑠𝑖

𝐸 𝑡𝑖𝑛𝑣 = Τ𝑄𝑑𝑒𝑝 𝜀𝑠𝑖

𝐸𝑎𝑣𝑟𝑒𝑎𝑔𝑒 = Τ(𝐸 0 + 𝐸 𝑡𝑖𝑛𝑣 ) 2

=
2𝑄𝑑𝑒𝑝 + 𝑄𝑖𝑛𝑣

2𝜀𝑠𝑖

∇𝐸 = − Τ𝜌 𝜀𝑠𝑖 = Τ𝑑𝐸 𝑑𝑥
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Universal Mobility

Coulomb Scattering

Phonon Scattering

Surface Roughness Scattering
N1

N2

N3

Doping concentration: N1 < N2 < N3

• At high electric field, the

mobility merge together

→ Universal mobility

strained Si (90nm)

nFET→ tensile

pFET→ compressive

FinFET(undoped Si)

(screening)

(oxide scattering)

(wave function at interface)

• 𝐴𝑠 𝑑𝑒𝑣𝑖𝑐𝑒 𝑠𝑐𝑎𝑙𝑖𝑛𝑔

→ 𝐿 >
𝜀𝑆𝑖

𝜀𝑜𝑥
× 𝑡𝑆𝑖 × 𝑡𝑜𝑥

→ 𝑁𝐵 ↑ → 𝑊𝑑𝑚 = 𝑡𝑆𝑖 ↓ → 𝐿 ↓

• 𝐸𝑎𝑣𝑔 =
2𝑄𝑑𝑒𝑝+𝑄𝑖𝑛𝑣

2𝜀𝑠𝑖

𝑁𝐵 ↑ → 𝑄𝑑𝑒𝑝 ↑ → 𝐸𝑎𝑣𝑔 ↑ 𝜇 ↓

→ 𝑈𝑠𝑖𝑛𝑔 𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑆𝑖 𝑡𝑜 𝑒𝑛ℎ𝑎𝑛𝑐𝑒 𝜇

𝜇

𝐸𝑎𝑣𝑔
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Retrograde Body Doping Profiles

• Wdep does not vary with Vsb .

• Retrograde doping is popular because it reduces off-state

leakage and allows higher surface mobility.

flat

low
high
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Fin undoped by Epi growth

Heavily doped
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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
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6.7.1  CMOS Inverter--voltage transfer curve

Vin  (V)

Vout (V)

   0  0.5  1.0  1.5  2.0

0.5

1.0

2.0

1.5

Vdd

Vdd

Wp =  2Wn Vgs = Vg -Vs

N-Body ground= 0

P-Body VDD

For 5nm FinFET, Wn~Wp

Vout = Vds,n

Vout = Vdd+Vds,p

Idd=0

Idd=0

Vt,n=-Vt,p=0.3V
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The Effective Drive Current in CMOS Inverters

• Falling & rising delays: period from Vin=Vdd/2 to Vout=Vdd/2

V
dd

0

V2

V1

t

V32d

Vds=Vdd/2

Vgs=Vdd/2

Approximate Ids trajectory with linearize Ids(Vgs,Vds)

Ieff =½ (IL+IH)
IH=Ids(Vds=1/2Vdd,Vgs=Vdd)

IL=Ids(Vds=Vdd,Vgs=1/2Vdd)

Ion
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onN

dd

onP

dd

d

I

CV
delaydownpull

I

CV
delayuppull

delayuppulldelaydownpull

2

2

)(
2

1

−

−

−− +

How can the speed of an inverter circuit be improved?

6.7.2   Inverter Speed - Impact of Ion

VoutVin

Vdd

Ipeff

Ineff

Ieff = ½ (IL+IH)

IL=Ids(Vds=Vdd,Vgs=1/2Vdd)

IH=Ids(Vds=1/2Vdd,Vgs=Vdd)

τd = Max(pull-up delay, pull down delay) 
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6.7.3   Power Consumption

Total power consumption
Vin  (V)

Vout (V)

   0  0.5  1.0  1.5  2.0

0.5

1.0

2.0

1.5

Vdd

Vdd

Ids

To reduce Ioff

Ioff

Id

Vg
Vt

Ioff

Id

Vg
Vt

Ioff

Id

Vg
Vt

Ioff

Id

Vg
Vt

Vt↑ Ioff ↓ SS↓ Ioff ↓ Vg↓ Ioff ↓

DRAM

𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝑉𝐷𝐷 × 𝐼𝑎𝑣𝑔 + 𝑘𝐶𝑉𝐷𝐷
2 𝑓

𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝑉𝐷𝐷𝐼𝑂𝐹𝐹

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 + 𝑃𝑠𝑡𝑎𝑡𝑖𝑐
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RC Circuit Energy Consumption

t = t1
pull-up

Vin

Vout

t = t0

ቊ
𝑡 = 𝑡0 →
𝑡 = 𝑡1 →

𝑉𝑜𝑢𝑡 = 0

𝑉𝑜𝑢𝑡 = 𝑉𝐷𝐷

𝐸𝑡𝑜𝑡𝑎𝑙 = න
𝑡0

𝑡1

𝐼(𝑡) × 𝑉𝐷𝐷 × 𝑑𝑡 = 𝑉𝐷𝐷 න
𝑡0

𝑡1

𝐶
𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
𝑑𝑡 = 𝐶𝑉𝐷𝐷 න

0

𝑉𝐷𝐷

𝑑𝑉𝑜𝑢𝑡 = 𝐶𝑉𝐷𝐷
2

𝐸𝐶 = න
𝑡0

𝑡1

𝐼(𝑡) × 𝑉𝑜𝑢𝑡 × 𝑑𝑡 = න
𝑡0

𝑡1

𝐶
𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
𝑉𝑜𝑢𝑡𝑑𝑡 = 𝐶 න

0

𝑉𝐷𝐷

𝑉𝑜𝑢𝑡𝑑𝑉𝑜𝑢𝑡 =
1

2
𝐶𝑉𝐷𝐷

2

+
∵ 𝐾𝑖𝑟𝑐ℎℎ𝑜𝑓𝑓′𝑠 𝑙𝑎𝑤: 𝑉 = Τ𝑄 𝐶 = 𝐼𝑅 → 𝐼 =

𝑑𝑄

𝑑𝑡
=

𝑄

𝑅𝐶

→ න
𝑑𝑄

𝑄
= න

𝑑𝑡

𝑅𝐶
→ 𝑄 = 𝑞𝑒 Τ𝑡 𝑅𝐶 → 𝐼 =

𝑞

𝑅𝐶
𝑒 Τ𝑡 𝑅𝐶

ቊ
𝑡 = 𝑡0 →
𝑡 = 𝑡1 →

𝑄𝐶 = 0
𝑄𝐶 = 𝑄

𝐸𝑅 = න
𝑡0

𝑡1

𝐼(𝑡)2 × 𝑅 × 𝑑𝑡 = න
𝑡0

𝑡1 𝑞2

𝑅2𝐶2
𝑒 Τ2𝑡 𝑅𝐶𝑅𝑑𝑡 =

𝑞2

𝑅𝐶2
[
𝑅𝐶

2
(𝑒 Τ2𝑡1 𝑅𝐶 − 𝑒 Τ2𝑡0 𝑅𝐶)]

=
1

2𝐶
𝑄𝑡0

2 − 𝑄𝑡1
2 =

1

2𝐶
𝑄2 =

1

2𝐶
𝐶2𝑉𝐷𝐷

2 =
1

2
𝐶𝑉𝐷𝐷

2 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝐶

charge discharge

Loss =
1

2
𝐶𝑉𝐷𝐷

2 (pFET)
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(½ )CV2 VDD

pull-up (Vout from 0 → VDD)

(total energy from

source)

pull-down (Vout from VDD → 0 )

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑉𝐷𝐷
2

𝐸𝐶 =
1

2
𝐶𝑉𝐷𝐷

2

𝐸𝑅 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝐶 =
1

2
𝐶𝑉𝐷𝐷

2

Energy consumption of one cycle = 𝐸𝑅,𝑢𝑝 + 𝐸𝑅,𝑑𝑜𝑤𝑛 = 𝐶𝑉𝐷𝐷
2

pull-up

pull-down

1 cycle

(energy dissipation in the 

nFET)

(energy dissipation in the pFET)

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑉𝐷𝐷
2

𝐸𝐶 =
1

2
𝐶𝑉𝐷𝐷

2

𝐸𝑅 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝐶 =
1

2
𝐶𝑉𝐷𝐷

2

(½ )CV2 VDD

(energy stored in capacitance)

Page 161



6.8   Velocity Saturation

• Velocity saturation has large and

deleterious effect on the Ion of MOSFETS

Along current direction

𝑣 =
𝜇𝑛𝐸

1 + Τ𝐸 𝐸𝑠𝑎𝑡

𝐸 ≪ 𝐸𝑠𝑎𝑡: 𝑣 = 𝜇𝑛𝐸

𝐸 = 𝐸𝑠𝑎𝑡: 𝑣𝑠𝑎𝑡 =
𝜇𝑛𝐸𝑠𝑎𝑡

2
𝐸 ≫ 𝐸𝑠𝑎𝑡: 𝑣𝑠𝑎𝑡 = 𝜇𝑛𝐸𝑠𝑎𝑡
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6.9   MOSFET IV Model with Velocity Saturation

𝐼𝑑𝑠 = 𝑊𝑄𝑖𝑛𝑣𝑣

→ 𝐼𝑑𝑠 = 𝑊𝐶𝑜𝑥(𝑉𝑔𝑠 − 𝑚𝑉𝑐𝑠 − 𝑉𝑡)
𝜇𝑛 Τ𝑑𝑉𝑐𝑠 𝑑𝑥

1 + ൗ
𝑑𝑉𝑐𝑠
𝑑𝑥

𝐸𝑠𝑎𝑡

→ න
0

𝐿

𝐼𝑑𝑠𝑑𝑥 = න
0

𝑉𝑑𝑠

[𝑊𝐶𝑜𝑥𝜇𝑛 𝑉𝑔𝑠 − 𝑚𝑉𝑐𝑠 − 𝑉𝑡 − Τ𝐼𝑑𝑠 𝐸𝑠𝑎𝑡]𝑑𝑉𝑐𝑠

→ 𝐼𝑑𝑠𝐿 = 𝑊𝐶𝑜𝑥𝜇𝑛 𝑉𝑔𝑠 − 𝑉𝑡 −
𝑚

2
𝑉𝑑𝑠 𝑉𝑑𝑠 − Τ𝐼𝑑𝑠𝑉𝑑𝑠 𝐸𝑠𝑎𝑡

𝑣 =
𝜇𝑛𝐸

1 + Τ𝐸 𝐸𝑠𝑎𝑡
𝐸 = Τ𝑑𝑉𝑐𝑠 𝑑𝑥
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A simpler and more accurate Vdsat is:

6.9   MOSFET IV Model with Velocity Saturation

solving
𝑑𝐼𝑑𝑠

𝑑𝑉𝑑𝑠
= 0,

𝑉𝑑𝑠𝑎𝑡 =
Τ2(𝑉𝑔𝑠 − 𝑉𝑡) 𝑚

1 + 1 + Τ2(𝑉𝑔𝑠 − 𝑉𝑡) 𝑚𝐸𝑠𝑎𝑡𝐿

1

𝑉𝑑𝑠𝑎𝑡
=

𝑚

𝑉𝑔𝑠 − 𝑉𝑡
+

1

𝐸𝑠𝑎𝑡𝐿

𝐸𝑠𝑎𝑡 ≡ Τ2𝑣𝑠𝑎𝑡 𝜇𝑛

• No velocity saturation → 𝑉𝑑𝑠𝑎𝑡 = Τ𝑉𝑔𝑠 − 𝑉𝑡 𝑚
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Idsat with Velocity Saturation

Substituting Vdsat for Vds in Ids equation gives:

LmE

VV

Ichannel-long

LmE

VV

VV
C

mL

W
I

sat

tgs

dsat

sat

tgs

tgs

soxedsat −
+

=
−

+

−
=

11

)(

2

2

m

Very short channel case:
tgssat VVLE −<<

)( VVCWvI
tgsoxesatdsat −=

• Idsat is proportional to Vgs–Vt rather than (Vgs – Vt)
2 , 

not  as sensitive to L as 1/L.

)( LmEVVCWvI sattgsoxesatdsat −−=

Ballistic transport→ I=QsourceVinj
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Saturation Current and Transconductance

• transconductance: 𝑔𝑚 = Τ𝑑𝐼𝑑𝑠 𝑑𝑉𝑔𝑠

• linear region, saturation region

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

𝐼𝑑𝑠𝑎𝑡 =
1

2𝑚
𝜇𝑛𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡)𝛼

→ 𝑔𝑚𝑠𝑎𝑡 =
𝛼

2𝑚
𝜇𝑛𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡)𝛼−1
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6.10   Parasitic Source-Drain Resistance

• Idsat can be reduced by about 15% in a 0.1mm MOSFET. 

Effect is greater in shorter MOSFETs.

• Vdsat = Vdsat0 + Idsat (Rs + Rd)

)(
1 0

0

tgs

sdsat

dsat
dsat

VV

RI

I
I

−
+

=• If Idsat0  Vgs – Vt ,
= 

𝑽𝒈𝒔−𝑽𝒕

𝑹𝒔

(if Rs large)
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SALICIDE (Self-Aligned Silicide) Source/Drain

After the spacer is formed, a Ti or Mo film is deposited. Annealing causes 

the silicide to be formed over the source, drain, and gate. Unreacted metal 

(over the spacer) is removed by wet etching.

Question:

• What is the purpose of siliciding the source/drain/gate?

• What is self-aligned to what?

Ex: TiSi2

Self-aligned
No Self-aligned
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N+ poly silicon gate

For nFETContact hole

Silicon

Oxide

N+ Poly silicon

Spacer

TiSi2

TiSi2

No TiSi2

SALICIDE

SALICIDE process to reduce Rs/Rd

1. Define Gate length

2. Deposit SiO2

3. RIE SiO2 (Spacer formation)

4. Deposit Ti

5. RTA to form TiSi2

6. Etching Ti
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6.12  Velocity Overshoot

• Velocity saturation should

not occur in very short

MOSFETs.

• This velocity overshoot

could lift the limit on Ids.

But…

Has been replaced by injection velocity at source
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6.12  Source Velocity Limit

• Carrier velocity is limited by 

the thermal velocity with 

which they enter the channel 

from the source.

Idsat = WBvthxQinv

= WBvthxCoxe(Vgs – Vt)

•Similar to

)( VVCWvI
tgsoxesatdsat −=

(injection 

velocity)

C/cm2cm/scm

Ballistic factor

B*vthx = injection velocity at Source

Id=WvinjCox(Vgs-Vt )

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

• Idsat does NOT saturate in the saturation region, especially
in short channel devices!

• The slope of the Ids-Vds curve in the saturation region is

called the output conductance (gds),

ds

dsat
ds

dV

dI
g 

• A smaller gds is desirable for a

large voltage gain, which is

beneficial to analog and digital

circuit applications.
0  1  2 2 .5

V d s  ( V )

0 .0

0 .1

0 .2

0 .3

0 .4

I
d
s
 (

m
A

/m
m

)

L  =  0 . 1 5  m m
V g s  =  2 . 5 V

V g s  =  2 . 0 V

V g s  =  1 . 5 V

V g s  =  1 . 0 V

V d s  ( V )

I
d

s
 (

m
A

/m
m

)

L  =  2 .0  m m V g s  =  2 . 5 V

V g s  =  2 .0 V

V g s  =  1 . 5 V

V g s  =  1 .0 V

0 .0

0 . 0 1

0 .0 2

0 .0 3

( a )

( b )

V t  =  0 .7  V

V t  =  0 . 4  V

=1/r0
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Example of an Amplifier

outdsintmsa

dsdsgstmsads

gg

ggi





+=

+=

    

−= Ri outds /

• The transistor operates in the saturation region. A small
signal input, vin, is applied.

• The voltage gain is gmsat/(gds + 1/R). 

• A smaller gds is desirable for large voltage gain.

• Maximum available gain (or intrinsic voltage gain) is gmsat/gds

in

out

Vdd

R

NFET
in

ds

msat
out

Rg

g
 

+

−
=

)/1(

gm r0
r0 depends on channel length modulation
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6.16 Memory Devices

Keep 

data 

without 

power?

Cell size

and

cost/bit

Rewrite 

cycles

Write-

one-

byte 

speed

Compatible 

with basic 

CMOS 

fabrication

Main 

applications

SRAM No Large Unlimited Fastest Totally Embedded in 

logic chips

DRAM No Small Unlimited Fast Needs 

modification

Stand-alone 

main memory

Flash 

memory 

(NVM)

Yes Smallest Limited Slow Needs 

extensive 

modification

Nonvolatile 

data and code 

storage
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6.16.1 SRAM

M1
M2

M3 M4
M5

M6

“HI” 
(LOW)

“LOW” 
(HI)

Vdd

BL BLC

WL

• Fastest among all memories.

• Totally CMOS compatible.

• Cost per bit is the highest--

uses 6 transistors to store

one bit of data.
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6.16.2 DRAM

• 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.

Bit-line 1

Word-line 1

Bit-line 2

Word-line 2
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6.16.3 Nonvolatile (Flash) Memory

• Floating gate 

(poly-Si) 

• Charge trap 

(SONOS)

• Nanocrystal
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3D (Multi-layer) Memory

• Epitaxy from seed windows can produce Si layers.

• Ideally memory element is simple and does not 

need single-crystalline material.
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• Q1: How many atoms in FCC?

• A1: 𝟖 ∗
𝟏

𝟖
+ 𝟔 ∗

𝟏

𝟐
= 𝟒

• Q2: How many atoms in 

diamond structure?

• A2: 2*FCC=8

• Q3:Find out Zigzag

• A3: on the {110}

• Q4: What are the sidewall of 

nanosheet?

• A4: {110}

• Q5 What’s the thickness of 

monolayer

FCC

x

y

z

(111)*a/4

a

1.1  Silicon Crystal Structure
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P N

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

How to distinguish between n and p wafer?

A: Using thermal electric experiment.

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

Primary flat Primary flat

Secondary flat Secondary flat

1.1  Silicon Crystal Structure
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EXAMPLE:  Temperature Dependence of Resistance

By what factor will R increase or decrease from 

T=300 K to T=400 K?

Solution: The temperature dependent factor in  (and 

therefore ) is mn.  From the mobility v.s. temperature 

curve for 1017cm-3, we find that mn decreases from 770 

at 300K to 400 at 400K.  As a result, R increases by

93.1
400

770
=
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P doping

Shallow level, n~Nd

O doping

Deep level

B doping

Shallow level, p~Na

Ec

Ev

Q: Why not use O as donor? 

There can be 2 free electrons.

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

O

?

1.3   Energy Band Model
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GeO2 is not good enough

SiO2 is the best

Solution: Si cap on Ge → Good compatibility

with SiO2

SiGe is in production for pFET in 5nm node, but

the insulator is still SiO2

Why not Ge? Ge has low effective mass for

both electron and hole

1.5  Electrons and Holes

SiGe

Si cap
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Ec

Ev

Q: n = p = ni

Assume Nc =Nv, Ef = ?

𝑛 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓 Τ) kT 𝑝 = 𝑁𝑣𝑒−(𝐸𝑓−𝐸𝑣 Τ) kT

Ef = ½  (Ec+Ev)≝Efi

midgap

Nc>Nv: Ef will below Ei

Ef near Ev p↑

Ef near Ec n↑

• At Ei, n = p = ni = 1010 cm-3

→ n = nie
(Ef-Ei)/kT

• At T=300K, e60/26~10

→ 60 meV/decade
Ef1 n>p

Ef2 p>n

n=p(intrinsic)

A: n = p = ni

Q: If Nc not equal Nv, where is Ef ? 

(relative to Ei)

Ec-Ev=Eg

=1.12eV

1.8 The Fermi Level and Carrier Concentrations
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Where is Ef for n =1017 cm-3? And for p = 1014 cm-3 ? let ni = 1010

Solution:

0.14 eV

0.32 eV

Hint :1decade = 60meV

(a) (b)

Ec Ec

Ef

Ev

Ef

Ev

(a) n/ni = 107
→ 7 decade → ΔE = 7·60 meV

Ef – Ei = 0.42eV→ Ec - Ef = 0.56-0.42 = 0.14eV

(b) p/ni = 104
→ 4 decade → ΔE = 4·60 meV

Ei – Ef = 0.24eV→ Ef - Ev = 0.56-0.24 = 0.32eV

1.8 The Fermi Level and Carrier 

Concentrations
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Q: for Si, ni = 1.4x1010 , for Ge, ni = ?

Bandgap: Si = 1.12eV, Ge = 0.66eV 

A: ni
2(Ge) = 1E28, ni(Ge) = 1E14

𝑛𝑖
2∝ 𝑇3𝑒−𝐸𝑔/𝑘𝑇

1.8 The Fermi Level and Carrier 

Concentrations
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Hot-point Probe can determine sample doing type

Thermoelectric Generator

(from heat to electricity ) 

and Cooler (from 

electricity to refrigeration)

Hot-point Probe 

distinguishes N 

and P type 

semiconductors.

Hole is different from positron
Thermoelectric cooler:

carriers go from A to B with energy

+ -

Thermoelectric Cooler
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E

k
Dirac point

For k = 0, m*=0

(1)

(2)

Substituting (1) into (2) gives the definition (3)

(3)

We write the linear dispersion (like a photon)

for graphene as 𝑬(𝒌) = ℏ𝒄𝒈𝒌, where cg is the

speed of the electrons in graphene.

(4)

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

(5)

• Slope discontinuity at dirac point

→ Can not apply Taylor expansion

• Eg = 0 → Large Ioff

• Eg can not be widen by quantum 

confinement because of 2D property

2D, Graphene: p = mv

• Cannot use E’s second differential to calculate 𝑚∗

• Linear relation between E and k → 𝑚∗ = 0
• GeSn has Dirac point if [Sn] is large enough

Dirac point:

The effective mass in graphene
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EXAMPLE:  Given μp = 470 cm2/V·s, what is the hole drift velocity at E = 103

V/cm? What is τmp and what is the distance traveled between collisions (called 

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

Solution: v = μpE = 470 cm2/V·s  103 V/cm = 4.7 105 cm/s

τmp = μpmp/e =470 cm2/V ·s  0.39  9.110-31 kg/1.610-19 C

= 0.047 m2/V ·s  2.210-12 kg/C = 110-13s = 0.1 ps

mean free path = τmhvth ~ 1 10-13 s  2.2107 cm/s

= 2.210-6 cm = 220 Å = 22 nm

mean free path = τmhvd ~ 1 10-13 s  4.7105 cm/s

= 4.710-8 cm = 4.7 Å = 0.47 nm

This is smaller than the typical dimensions of devices, but getting close.

Drift Velocity, Mean Free Time, Mean Free Path

If vdrift = vth, the mean free 

path is equal

2.2 Drift velocity
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EXAMPLE:  Temperature Dependence of Resistance

(a)  What is the resistivity () of silicon doped 

with 1017cm-3 of arsenic?

Solution:

(a) Using the N-type curve in the previous 

figure, we find that  = 0.084 -cm.  

(b)  What is the resistance (R) of a piece of this 

silicon material 1mm long and 0.1 mm2 in cross-

sectional area?

(b) R = L/A = 0.084 -cm  1 mm / 0.1 mm2

= 0.084 -cm  10-4 cm/ 10-9 cm2

= 8.4  103 

2.2  Drift velocity
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EXAMPLE:  Diffusion Constant

What is the hole diffusion constant in a piece of 

silicon with mp = 410 cm2V-1s-1 ?

Solution:

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

𝐷𝑝 =
𝑘𝑇

𝑒
𝜇𝑝 = 26𝑚𝑉 ∙ 410𝑐𝑚2/𝑉 ∙ 𝑠 = 11𝑐𝑚2/𝑠

2.3   Diffusion Current
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EXAMPLE:  Photoconductors

A bar of Si is doped with boron at 1015cm-3.  

It is exposed to light such that electron-hole pairs 

are generated throughout the volume of the bar at 

the rate of 1020/s·cm3.  The recombination lifetime 

is 10ms.

What are (a) p0 , (b) n0 , (c) p’, (d) n’, (e) p , 

(f) n, and (g) the np product? 

2.6   Electron-Hole Recombination
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EXAMPLE: Photoconductors

Solution:

(a) What is p0?

p0 = Na = 1015 cm-3

(b) What is n0 ?

n0 = ni
2/p0 = 105 cm-3

(c) What is p’?

In steady-state, the rate of generation is equal to the 

rate of recombination.

1020/s·cm3 = p’/

 p’= 1020/s·cm3 ·10-5s = 1015 cm-3

2.6   Electron-Hole Recombination
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EXAMPLE: Photoconductors

(d) What is n’?

n’= p’= 1015 cm-3

(e) What is p?

p = p0 + p’= 1015cm-3 + 1015cm-3 = 2·1015cm-3

(f) What is n?

n = n0 + n’= 105cm-3 + 1015cm-3 ~ 1015cm-3 since n0 << n’

(g) What is np?

np ~ 21015cm-3 ·1015cm-3 = 21030 cm-6 >> ni
2 = 1020 cm-6.

The np product can be very different from ni
2.

2.6   Electron-Hole Recombination
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EXAMPLE:  Quasi-Fermi Levels

Nd=1017, n’=p’= 1015

1015/1010=105
→ 5*60 = 300meV

Efp–Ev = 0.56 – 0.3 = 0.26eV

0.14eV

0.26eV

𝐸𝑐

𝐸𝑣

𝐸𝑓 , 𝐸𝑓𝑛

𝐸𝑓𝑝

recombination

2.8  Quasi-equilibrium and Quasi-Fermi Levels
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EXAMPLE:  Quasi-Fermi Levels and Low-Level Injection

Consider a Si sample with Nd=1017cm-3.

Find out Efn and Efp if n’=p’=1018 (high injection)

(a) Find Ef .  

1017/1010=107
→ 7*60 = 420meV

Ec-Ef = 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’ < n0 , p0)

2.8  Quasi-equilibrium and Quasi-Fermi Levels
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Now assume n = p = 1015cm-3.

(b) Find Efn and Efp .

n = 1.01*1017cm-3 = 𝑁𝑐𝑒−(𝐸𝑐−𝐸𝑓𝑛)/𝑘𝑇

1.01*1017/1010  107
→ 7*60 = 420meV

Ec–Efn = 0.56 – 0.42 = 0.14eV

Efn is nearly identical to Ef because n  n0 .

EXAMPLE:  Quasi-Fermi Levels and Low-Level Injection

2.8  Quasi-equilibrium and Quasi-Fermi Levels
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n+ = 1E19, n = 1E17, qbi = ? Plot the band diagram

9x60=540meV 7x60=420meV

Nd+ -

qbi

Junctionless transistor

4.1 Building Blocks of the PN Junction Theory
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n=1017, p=1020

𝒍𝒐𝒈𝟏𝟎

𝟏𝟎𝟏𝟕

𝟏𝟎𝟏𝟎
+ 𝒍𝒐𝒈𝟏𝟎

𝟏𝟎𝟐𝟎

𝟏𝟎𝟏𝟎
∙ 𝟔𝟎𝒎𝑽 = 𝟏𝟎𝟐𝟎𝒎𝑽

1E15: Wdep: 1um

1E17: Wdep: 0.1um= 100nm

1E19: Wdep: 10nm

1E21: Wdep: 1nm

EXAMPLE: A P+N junction has Na=1020cm-3 and Nd

=1017cm-3. What is its (a) built in potential, (b) Wdep ,(c) xN ,

and (d) xP ?

𝑎 𝜙𝑏𝑖 =
𝑘𝑇

𝑒
𝑙𝑛

𝑁𝑑𝑁𝑎

𝑛𝑖
2 = 0.026𝑉 ∗ 𝑙𝑛

1020 ∗ 1017𝑐𝑚−6

1020𝑐𝑚−6
≈ 1𝑉

𝑏 𝑊𝑑𝑒𝑝 =
2𝜀𝑠𝜙𝑏𝑖

𝑒𝑁𝑑
=

2 ∗ 12 ∗ 8.85 ∗ 10−14 ∗ 1

1.6 ∗ 10−19 ∗ 1017

1
2

= 0.12𝜇𝑚

𝑐 𝑥𝑁 ≈ 𝑊𝑑𝑒𝑝 = 0.12𝜇𝑚

𝑑 𝑥𝑃 = 𝑥𝑁

𝑁𝑑

𝑁𝑎
= 1.2 ∗ 10−4𝜇𝑚 ≈ 0.1𝑛𝑚

Solution:

(cgs)

1e-12F/cm

𝟏𝟎𝟏𝟕

𝟏𝟎𝟐𝟎 + 𝟏𝟎𝟏𝟕

𝜙𝑏𝑖 =
𝑒𝑁𝑎

−𝑊𝑝
2

2𝜀𝑠

By charge neutrality

4.2  Depletion-Region Model

Page 199



EXAMPLE: If the slope of the line in the previous slide is 

2x1023 F-2 V-1, the intercept is 0.84V, and A is 1 mm2, find the 

lighter and heavier doping concentrations Nl and Nh .

Solution:

• Is this an accurate way to determine Nl ?  Nh ?
Slope → lightly dope

𝜙
lightly dope

+𝜙
heavily dope

→ 𝜙𝑏𝑖

𝒔𝒍𝒐𝒑𝒆 =
𝟐

𝒆𝑵𝑩𝜺𝒔𝑨𝟐

=
𝟐

𝟐 × 𝟏𝟎𝟐𝟑 × 𝟏. 𝟔 × 𝟏𝟎−𝟏𝟗 × 𝟏𝟐 × 𝟖. 𝟖𝟓 × 𝟏𝟎−𝟏𝟒 × 𝟏𝟎−𝟖

= 𝟔 × 𝟏𝟎𝟏𝟓𝒄𝒎−𝟑

𝑵𝑩~𝑵𝑳 =
𝟐

𝒔𝒍𝒐𝒑𝒆 × 𝒆𝜺𝒔𝑨𝟐

60mV error→ Nh 10X error

𝜙𝑏𝑖 =
𝑘𝑇

𝑒
ln

𝑁ℎ𝑁𝑙

𝑛𝑖
2 → 𝑁ℎ =

𝑛𝑖
2

𝑁𝑙
𝑒

𝑒𝜙𝑏𝑖
𝑘𝑇 =

1020

6 × 1015
𝑒

0.84
0.026 = 1.8 × 1018𝑐𝑚−3

1

𝑁𝐵
=

1

𝑁𝑎
+

1

𝑁𝑑
≈

1

𝑙𝑖𝑔ℎ𝑡𝑒𝑟 𝑑𝑜𝑝𝑎𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

4.3  Reverse-Biased PN Junction
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EXAMPLE:  Carrier Injection
A PN junction has Na=1019cm-3 and Nd=1016cm-3.  The applied 

voltage is 0.6V.  

Question: What are the minority carrier concentrations at the 

depletion-region edges?

Solution:

Question: What are the excess minority carrier concentrations?

Solution:

𝑛 𝑥𝑃 = 𝑛𝑃0𝑒𝑒𝑉/𝑘𝑇 =
1020

1019
𝑒0.6/0.026 = 1011𝑐𝑚−3

𝑝 𝑥𝑁 = 𝑝𝑁0𝑒𝑒𝑉/𝑘𝑇 =
1020

1016
𝑒0.6/0.026 = 1014𝑐𝑚−3

𝑛′ 𝑥𝑃 = 𝑛 𝑥𝑃 − 𝑛𝑃0 = 1011 − 10 = 1011𝑐𝑚−3

𝑝′ 𝑥𝑁 = 𝑝 𝑥𝑁 − 𝑝𝑁0 = 1014 − 104 = 1014𝑐𝑚−3

4.6   Forward Bias – Carrier Injection (dark)
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EXAMPLE:  Carrier Distribution in Forward-biased PN Diode

• Sketch n'(x) on the P-side.

N -ty p e
N d  =  5  1 0 1   c m - 3

D p  = 1 2  c m 2 / s
 p  =  1  m s

P - ty p e
N a  =  1 0 1 7 c m - 3

D n = 3 6 . 4 c m 2 / s
 n  =  2  m s

x

N-side P-side

n’(=p’)

p’(=n’)

Forward bias: 0.6V

Ln~85µmLp~35µm

𝑛′ 𝑥𝑃 = 𝑛𝑃0 𝑒𝑒𝑉/𝑘𝑇 − 1 =
𝑛𝑖

2

𝑁𝑎
𝑒𝑒𝑉/𝑘𝑇 − 1 =

1020

1017 𝑒0.6/0.026 − 1 = 1013𝑐𝑚−3

1013𝑐𝑚−3

2 × 1012𝑐𝑚−3

4.8   Excess Carrier Distributions
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• How does Ln compare with a typical device size?

• What is p'(x) on the P-side?  

EXAMPLE:  Carrier Distribution in Forward-biased PN Diode

Same as n’(x)

𝐿𝑛 = 𝐷𝑛𝜏𝑛 = 36 × 2 × 10−6 = 85𝜇𝑚

In VLSI, the device is in nm-size

4.8   Excess Carrier Distributions
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Junction tunneling rate
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Q: Gate is n+ poly silicon, body is p-Si (Na=1E18)

What is Vfb? draw the band diagram

A: Eg/2 + Ei-Ef = 0.56+0.48 = 1.04V, negative

→ VFB = -1.04V

5.1  Flat-band Condition and Flat-band Voltage
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Q: derive 𝜙𝑠 as a function of VGS

1. Depletion (including weak inversion)

2. Strong inversion

3. Accumulation 
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Q：For nFET(p-body) , find Vt 

(a) if yM = Ec (b) if yM = Ev

tox = 1nm , Na=1E18

• PolySi: Vt tuning by body doping and tox

(>45nm node)

• High-k metal gate (45nm and beyond) : Vt 

tuning by metal work function/high-k dipole

𝑉𝑡 = 𝑉𝑓𝑏 ± 2𝜙𝐵 ±
𝑞𝑁𝐵2𝜀𝑠2𝜙𝐵

𝐶𝑜𝑥
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(1) MOS transistor, 1kHz. (Answer: A ).

(2) MOS transistor, 2MHz. (Answer: A ).

(3) MOS capacitor, 2MHz. (Answer: B ).

(4) MOS capacitor, 1kHz. (Answer: A ).

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

(6) MOS transistor, slow Vg ramp. (Answer: A ).

(7) MOS capacitor, fast Vg ramp. (Answer: deep depletion)

EXAMPLE : CV of MOS Capacitor and Transistor

Does the QS CV or the HF 

capacitor CV apply?

C

Vg

QS CV

HF capacitor CV

MOS transistor CV,

Deep depletion (Wd>Wdm)
CCD camera

A

B
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EXAMPLE: To determine 𝜓𝑀.

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

0

–0.15V

–0.3V

Tox

Vfb

10 nm 20 nm 30 nm







Solution: 𝑉𝑓𝑏 = 𝜓𝑀 − 𝜓𝑆 − Τ𝑄𝑜𝑥𝑇𝑜𝑥 𝜀𝑜𝑥

by CV by doping

𝜓𝑀 − 𝜓𝑆 → 𝑔𝑒𝑡 𝜓𝑀

by CV

Multiple oxide thickness 

using tapered oxide
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Equivalent Oxide Thickness (EOT):

𝐼𝑑 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝐺 − 𝑉𝑡)𝛼

COX: area capacitance (fF/µm2), (F/cm2)

Ex1: oxide is SiO2, 1nm, 𝐶𝑜𝑥 =
𝜀𝑜𝑥

𝑡𝑜𝑥

, 𝜀𝑜𝑥 =3.9𝜀0

COX ~ 34.5 fF/µm2

Ex:2 oxide is High K, 1nm COX =
𝜀𝐻𝐾

𝑡𝐻𝐾

=
𝜀𝑜𝑥

𝐸𝑂𝑇

𝜀𝐻𝐾 ≥ 20𝜀0, 𝐸𝑂𝑇 ≥ Τ𝑡𝐻𝐾 5

Ex:3 for Silicon EOT, COX =
𝜀𝑠𝑖

𝑡𝑠𝑖

=
𝜀𝑜𝑥

𝐸𝑂𝑇

𝜀𝑆𝑖 =11.9𝜀0 ~ 3𝜀𝑜𝑥, EOT ~ tsi/3

Ex:4 tox=1nm (minimum value of oxide thickness), IG=? (Yuan Taur)

Ex:5 EOT=0.7nm, 𝜀𝐻𝐾 =20𝜀0,→ tHK= 3.5nm

𝜀0 = 8.85e-14 F/cm

Page 210



How to Suppress the Short-Channel-Effects(SCE)?
1. C𝑑𝑖𝑏𝑙 ∝ exp(−

𝐿
𝑐ℎ

𝑙
), characteristic length 𝑙 ≡

𝜀𝑠𝑇𝑜𝑥𝑊𝑑𝑚𝑎𝑥/𝜀𝑜𝑥 , 𝜀𝑠 = 13.9 for In0.53Ga0.47As

2. ∆𝑉𝑡ℎ =
𝐶

𝑑𝑖𝑏𝑙

𝐶
𝑜𝑥

× 𝑉𝐷𝑆 ∝ (𝑉𝐷𝑆 + 𝑐) ×

exp(−
𝐿

𝑐ℎ

𝑙
)

3. 𝑆𝑆 = 60 × (1 +
𝐶

𝑑𝑒𝑝
+

𝐶
𝑑𝑖𝑏𝑙

+ 𝐶𝑖𝑡

𝐶
𝑜𝑥

)
citcdep

cdibl
cox

VG

VD

0

VGS

N+ Xj

P - sub

VB

cdep cit

cox
cdibl

Tox

Wdep

A. Vertical Scaling : 𝑙 ∝ 𝑇𝑜𝑥

1

3 𝑊𝑑𝑚𝑎𝑥

1

3 𝑋
𝑗

2

3 by TCAD

1. Tox ↓, improve the gate controllability

2. Xj↓, reduce the electric force from the drain side

3. Wdmax↓(NA↑,VB↓),enhance the ground plane that decrease the 
electric force from the drain side

B. Reduce Dit : 

𝑆𝑆 = 60 × (1 +
𝐶𝑑𝑒𝑝+𝐶𝑑𝑖𝑏𝑙+ 𝐶𝑖𝑡

𝐶𝑜𝑥

), 

Cit = qDit → improve oxide quality

Wdmax =
𝟐𝜺𝒔𝒊(𝟐𝝋𝑩 + 𝑽𝑩)

𝒒𝑵𝑨
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J = neµE

• n of drain ~ 0 → E→inf.

1.3V1.5V
VGD=0.2V < VFB → accumulation

n小
n大

Should be hole
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Potential and Carrier Density

➢ 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 2y/x2.

gate gate

=1.5V

=1.8V

Vgd=-0.3V<Vfb

n+n+

Page 213



𝑸𝟏: 𝐼 = 10−7𝐴 𝑎𝑡 𝑉𝑡 = 0.3𝑉, 𝑆𝑆 = 100 Τ𝑚𝑉 𝑑𝑒𝑐 , 𝐼𝑂𝐹𝐹 = ?
𝑨𝟏: 𝐼𝑂𝐹𝐹 = 10−10𝐴

𝑸𝟐: 𝑇𝑜𝑡𝑎𝑙 𝐼𝑂𝐹𝐹 𝑓𝑜𝑟 50 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑖𝑠𝑡𝑜𝑟𝑠 = ?
𝑨𝟐: 𝑇𝑜𝑡𝑎𝑙 𝐼𝑂𝐹𝐹 = 10−10𝐴 × 50 × 109 = 5𝐴

𝑸𝟑: 𝐼 = 10−7𝐴 𝑎𝑡 𝑉𝑡 = 0.3𝑉, 𝑆𝑆 = 60 Τ𝑚𝑉 𝑑𝑒𝑐 , 𝐼𝑂𝐹𝐹 = ?
𝑨𝟑: 𝐼𝑂𝐹𝐹 = 10−12𝐴, 𝑡𝑜𝑡𝑎𝑙 𝐼𝑂𝐹𝐹 = 10−12𝐴 × 50 × 109 = 50𝑚𝐴

𝐿𝑜𝑔𝑖𝑐: 𝑉 = 0~𝑉𝐷𝐷, 𝐷𝑅𝐴𝑀: 𝐼𝑂𝐹𝐹 < 𝐿𝑜𝑔𝑖𝑐 𝐼𝑂𝐹𝐹

→ 𝐷𝑅𝐴𝑀 𝑢𝑠𝑒𝑠 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑤𝑜𝑟𝑑 𝑙𝑖𝑛𝑒 (−0.3~1𝑉)
Vgs =-0.3V, Repeat Q1-3
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CMOS (Complementary MOS) Inverter

A CMOS inverter is made of a pFET pull-up device and a

nFET pull-down device.

Q: Vout = ? if Vin = 0V. Vout = ? if Vin = VDD V.

pull-up

pull-down
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Equivalent Oxide Thickness (EOT):

COX: area capacitance (fF/µm2) or (F/cm2)

Ex1: oxide is 1nm SiO2, 𝐶𝑜𝑥 =
𝜀𝑜𝑥

𝑡𝑜𝑥
, 𝜀𝑜𝑥 = 3.9𝜀0

𝐶𝑜𝑥~34.5 Τ𝑓𝐹 𝜇𝑚2

Ex:3 for 1nm Si, 𝐶𝑜𝑥 =
𝜀𝑠𝑖

𝑡𝑠𝑖
=

𝜀𝑜𝑥

𝐸𝑂𝑇

𝜀𝑠𝑖 = 11.9𝜀0~3𝜀𝑜𝑥 → 𝐸𝑂𝑇~ Τ𝑡𝑠𝑖 3

Ex:5 tox=1nm (minimum oxide thickness), IG=?

Ex:4 𝐸𝑂𝑇 = 0.7𝑛𝑚, 𝜀𝐻𝐾 = 20𝜀0 → 𝑡𝐻𝐾 = 3.5𝑛𝑚

ION Improvement -- Cox

Ex:2 oxide is 1nm High K, 𝐶𝑜𝑥 =
𝜀𝐻𝐾

𝑡𝐻𝐾
=

𝜀𝑜𝑥

𝐸𝑂𝑇

𝜀𝐻𝐾 = 20𝜀0 → 𝐸𝑂𝑇 = Τ𝑡𝐻𝐾 5
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EXAMPLE: What is the surface mobility at Vgs=1

V in an N-channel MOSFET with Vt=0.3 V and

Toxe=2 nm?

1MV = 106V. From the mobility figure, mns=190

cm2/Vs, which is several times smaller than the bulk

mobility (mn=1350 cm2/Vs).

𝐸𝑎𝑣𝑔 =
2𝑄𝑑𝑒𝑝 + 𝑄𝑖𝑛𝑣

2𝜀𝑠𝑖

𝑄𝑑𝑒𝑝 = 𝑞𝑁𝐵𝑊𝑑𝑚

𝑄𝑖𝑛𝑣 = 𝐶𝑜𝑥(𝑉𝑔𝑠 − 𝑉𝑡)

Τ𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛: (𝑉𝑔𝑠 + 𝑉𝑡 + 0.2) 6𝑡𝑜𝑥

= Τ1.5𝑉 (12 × 10−7𝑐𝑚)
= 1.25 Τ𝑀𝑉 𝑐𝑚
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• Body effect can be used for multiple VT

𝑄1: 𝐼𝑓 𝑉𝑏 < 0 → 𝑉𝑡? more positive or more negative?

𝐴1: 𝑉𝑡 more positive → 𝐼𝑑𝑠 smaller

𝑄2: 𝐼𝑓 𝑉𝛾 > 𝑉𝑏 > 0 → 𝑉𝑡? more positive or more negative?

𝐴2: 𝑉𝑡 more negative → 𝐼𝑑𝑠 bigger

𝑉𝑡 = 𝑉𝐹𝐵 +
𝑞𝑁𝐵2𝜀𝑠𝑖(2𝜙𝐵 + 𝑉𝑠𝑏)

𝐶𝑜𝑥
+ 2𝜙𝐵

𝑉𝐹𝐵 = 𝜙𝑚 − 𝜙𝑠 − Τ𝑄𝑜𝑥 𝐶𝑜𝑥

• Tuning VFB for multiple VT
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EXAMPLE: Drain Saturation Voltage

Question: At Vgs = 1.8 V, what is the Vdsat of an NFET

with

Toxe = 3 nm, Vt = 0.25 V, and Wdmax = 45 nm for (a) L =10

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

Solution: From Vgs , Vt , and Toxe , mns is 200 cm2V-1s-1. 

Esat= 2vsat/m ns = 8 104 V/cm

m = 1 + 3Toxe/Wdmax = 1.2

𝑉𝑑𝑠𝑎𝑡 = (
𝑚

𝑉𝑔𝑠 − 𝑉𝑡
+

1

𝐸𝑠𝑎𝑡𝐿
)−1
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(a) L = 10 mm,  Vdsat= (1/1.3V + 1/80V)-1 = 1.3 V

(b) L = 1 mm,      Vdsat= (1/1.3V + 1/8V)-1 = 1.1 V

(c) L = 0.1 mm,   Vdsat= (1/1.3V + 1/.8V)-1 =  0.5 V

(d) L = 0.05 mm, Vdsat= (1/1.3V + 1/.4V)-1 =  0.3 V

EXAMPLE:  Drain Saturation Voltage

𝑉𝑑𝑠𝑎𝑡 = (
𝑚

𝑉𝑔𝑠 − 𝑉𝑡
+

1

𝐸𝑠𝑎𝑡𝐿
)−1
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Ref: Y.-S. Huang, 2017, TED

Mobility of GeSn
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Modern Memory Hierarchy

 Modern hardware relies upon temporal and spatial locality of memory 

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

This hierarchical organization of memory 
works because of the Principle of 
Locality. Programs access a relatively 
small portion of the address space at 
any moment. There are two different 
types of locality:

• Temporal Locality: If an item is 
referenced, it will tend to be 
referenced again soon

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

E. Karl, 2023 IEEE International Solid-State Circuits Conference T7:
Fundamentals of Ultra-Low Voltage Embedded Memory Design

Source: Shanthi, Web
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Persistent Memory

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

• Goal:

◼ Nonvolatile and faster than flash SSDs.

◼ Nearly the same speed and latency of DRAM but cheaper than it

◼ Support to write data immediately to the flash when power fails.

(NVDIMM and Intel 3D XPoint DIMMs technology)

• Candidates: RRAM, PCRAM, MRAM,

[1] “Solve Data Challenges with Memory Tiering”

whitepaper published on the official website of intel

Ref: S. Yu et al., IEEE Solid-State Circuits Magazine 2016



7nm SRAM F2 calculation

• From wikichip [1], minimum metal pitch is 40nm

• F means half metal pitch=20nm

• 8T CIM SRAM [2] with bitcell area=0.053um2=53000nm2 = 53000/20/20 F2 = 132.5 F2

• 6T HD SRAM [3] with bitcell area=0.027um2=27000nm2= 27000/20/20 F2 = 67.5 F2

• Actually, 6T HD SRAM needs 3 metal track in Y direction (BL, VDD, BLB) and 2 metal track in X
direction (WL, VSS), but SRAM area is mainly limited by NP isolation.

[1] https://en.wikichip.org/wiki/7_nm_lithography_process

[2] Q. Dong et al., ISSCC, 2020 (TSMC)

[3] G. Yeap, et al., IEDM, 2019 (TSMC)
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• Thus, designer would choose wider power

rail and WL to boost SRAM performance

since metal pitch is not bottleneck of

SRAM area.

• The area consumption of memory

implemented by single transistor (such as

DRAM and FeFET) is much lower compared

to SRAM.
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Ref: Writam Banerjee, 

Electronics 2020
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