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1 Semiconductor Physics

1.1 3D Energy Bands
Kinetic Energy:
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1.2 2D Energy Bands

Infinite quantum well energies:
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Sub-band energy dispersion:
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Effective density of states:
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1.3 1D Statistics

Carrier concentration:
ni(Er — Ec) = NipF_1/2(nr)
Effective density of states:
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1.4 Crystal Growth
Lattice mismatch:
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Effective hole mass:
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1.5 Fermi Level and F/D Statistics

Fermi-Dirac distribution:
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Electron concentration:
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Maxwell-Boltzmann statistics, valid if n < 0.05N, or E. — Erp >> 3kT":
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If n is known:
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Joyce Dixon approximation:
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1.6 Intrinsic Semiconductors

Carrier concentration, only valid if n < N, and p < Ny:
E
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1.7 Doped Semiconductors

n-doping (Ng >> n;):
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p-doping (N, >> n;):
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Law of mass action:
np =n?
For n-type material:
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1.8 Electrostatics

Poisson’s equation:
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Relations between £, V and p:
Ex)=-vV
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Potential energy of an electron:
E, = —qV(z) + Ec

Potential energy of a hole:

E, = (+)qV(z) + Ev

1.9 Drift and Diffusion

Long Devices - accurate for low E-fields, low carrier concentrations and long
devices.
Electron current density:

d
J = qinne + qDy
dz
Hole Current Density:

dp
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Einsteins relation:
kT
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Drift velocity:

Uy = b - E

Short (hot) Devices - accurate for short (hot) devices and for high E-fields.



Velocity saturation:

T+ E/E

Critical £-field around 3-4 kV /cm

Vel

Ballistic Devices - accurate for nanoscale devices. A > L.
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2 Transistor Fundamentals

2.1 n-type FET

On-resistance:
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Output conductance:
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Transconductance:
g = dIp
m =
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Geometric length scale:
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where t; is the thickness of the insulator, and ¢, in the thickness of the channel.

3 2D FET Electrostatics
3.1 Charge Density FET

On-state:
qns = Cq(Vas — Vr)
Off-state:
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3.2 Gate Capacitance
Quantum capacitance:
B qu*
T k2

Quantum well charge:
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Oxide capacitance:
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Gate Capacitance:
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Gate-Source Voltage:
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3.3 Threshold Voltage
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4 lIdeal Ballistic FETs

Drain current in saturation:
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Drain voltage in saturation:
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5 Real Ballistic devices

Mean free path:
)\0 ~vr-T
Transmission probability:
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Scattering current:
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6 Resistance
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6.3 Semiconductor Contacts
Contact Resistance:

VRsips R
Ro = %pcoth <Lc SH)

cosh(z)
sinh(z)

coth(z) =

Access resistance:

RSHLgs,gd

Rlead = W

Transfer length:

Do
Rsy
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Drain and Source resistance:

Rp = Rc + Rieqd,a
RS’ = Rc + Rlead,s

7 FET AC properties

7.1 Quasi-Static Operation

= The charging time of the inversion layer is ignored.
Gate current:
iy = 5Qa(t)
Drain Current:
in(t) = In(t) + 5Q(t) = In(t) + iu(t)
Source current:
is = ~In(t) + TQs(t) = Is(t) + (1)

Charge neutrality:

Qc(t) +Qcu(t) =0
Qcr(t) =Qp(t) + Qs(t)
Qc+Qs+Qp=0

Qs +Qp = Q¢



Gate charge in saturation:
12 1\
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7.2 Non Quasi-Static Operation

= It takes a finite time to charge the inversion layer due to finite velocity of the
carriers. Introduces lag (resistors to Cyq and Cyq).

Channel resistance (resistive Cy,):
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8 Hybrid Pi Model
8.1 Large/Small Signal

tqg = Igs +igs = lgs + Y11Vgs + Y12Vds
iD = IDS + ids = IDS + Y21Vgs + Y22V4s

y-parameters:
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Common source FET y-parameters:

y11 = jwCyg s

Y12 = —jwCya

Y21 = gm — JwCag ¢
Y22 = gq + jwCaq.¢

General hybrid-Pi:
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Capacitances:
Cgs = Cgg — Cya
Csq = Caq — Cay
Cp=Cgg —Cyq
In saturation :
Cyg = Cys
Cdd ~0
Cdg ~0

Parasitic drain and source resistance:
Rg = Ro + Ricad,s
Rp = Rc + Ricad,d

Complete small signal MOSFET model:
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9 Gain and Stability

9.1 Current Gain
No parasitic resistances (Rg = Rp = 0):

221 9m — jwcdg,t ~ 9Im
ha1 = —— = - -
222 JwCgg,t JwCgg,t
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With parasitic resistances (Rg & Rp > 0):
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where Cyg ¢ = Cyq(L) (intrinsic) + Cyq p (parasitic)

9.2 Gain Expressions
Available gain:

_ Pout
Pavs
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Operating gain:

Py,
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Transducer gain:
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9.3 Stability
Sterns Stability factor, stable if k>1:

_ 2Re(y11) - Re(y22) — Re(y12) - Re(ya1)

k
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Stability factor, S-parameters:
1— 1511 = [S2* — |A]?
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9.4 Power Gain Definitions

Maximum Available Gain:

Sk —Vk2 = 1)

Y21

Yi2

MAG =
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Maximum Stable Gain:
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Unilateral Gain:
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where 0;; is y, z, h, ...
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10 Noise

10.1 Thermal Noise

In all resistors.

v2 = 4kTRAf
—  4kT
5 A
) = f

Total noise power:

52
P=— =4kTA
7 f

10.2 Shot Noise

Discrete nature of electron charge.

’ﬁ B QQIDAf

10.3 1/f Noise

8TRaCya {1 + ?f\y}

- 4[R6(911) . RB(@QQ) - Re(@lg) . Re(Ggl)]

ng,t : ng,t *gdd

ng,t *gd

Im

Semiconductor defects cause trapping of electrons.
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10.4 Noise In a Diffusive FET
— 2
12 = 4kTvygo =~ 4kT§gmAf

where % <7y <.

v2 = 4kT Ry Af

10.5 Signal to Noise Ratio

2

P = Usign,al
signa 4RS
Pg,noise = kT
2
P L ‘/total
amp,noise —
P, 4RS
SNRl _ Psignal
g,noise
SNRQ _ Psignal

Pg,noise + Pamp,noise
Noise factor:
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F

Noise figure:

NF = 10log(F)

10.6 Minimum NF and Optimal Zg
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10.7 Simple Transistor Noise Model
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11 Transmission Lines

Velocity:
c 1

Ecff :\/LC

Characteristic Impedance:

v =

L
Z(): 6

Voltage traveling wave (lossless):
Vi(z) = Vd"eijﬁz + Vo_ejﬂz
Phase propagation constant:

w 2T
ﬂ:—zi

Vp A
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11.1 Reflection Coefficients
Reflection at load:

77

Y20+ Z

Reflection at source:

_Zs—Zy

To= 2520
° T Zs+ 7o
Input impedance:

Z, — Z()ZL +]'Zotanﬁl
Zo+ jZy, tan gl

Power reflection:

Zin — Zol?
2 = i = 20l

|Zzn + Z0|2
P, = |T|*Pavs

11.2 Bounce Diagram

Total voltage:

Viot = Zvi

11.3 Lossy Transmission Line

V(z) = Ve 7% = Ve 2 m9P%
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12 S-Parameters and Smith Chart

12.1 S-Parameters

by
S11 = — =Tin
al (LQZO
bl 2’01 .
S19 = — = = reverse gain
a2lg=0  Us
b2 21)2 .
S91 = — = = gain
al a2=0 Vs
— bQ =T
$22 = — — Lout
a2 a1:0

13 Low Noise Amplifier

13.1 Conjugate Match

Yi Zyll—wz (Y12 =0] = yn1
o Y22 + YL
Y12 - Y21

Your = Y22 — ———— = [y12 = 0] = y2
Y11 +Ys

Optimal power transfer from source to load:

Ys = Y1
YL = Yao
13.2 Stubs
Phase propagation constant:
g 2m f/€r
v, c

16



	Semiconductor Physics
	3D Energy Bands
	2D Energy Bands
	1D Statistics
	Crystal Growth
	Fermi Level and F/D Statistics
	Intrinsic Semiconductors
	Doped Semiconductors
	Electrostatics
	Drift and Diffusion

	Transistor Fundamentals
	n-type FET

	2D FET Electrostatics
	Charge Density FET
	Gate Capacitance
	Threshold Voltage

	Ideal Ballistic FETs
	Real Ballistic devices
	Resistance
	3D
	2D
	Semiconductor Contacts

	FET AC properties
	Quasi-Static Operation
	Non Quasi-Static Operation

	Hybrid Pi Model
	Large/Small Signal

	Gain and Stability
	Current Gain
	Gain Expressions
	Stability
	Power Gain Definitions

	Noise
	Thermal Noise
	Shot Noise
	1/f Noise
	Noise In a Diffusive FET
	Signal to Noise Ratio
	Minimum NF and Optimal ZS
	Simple Transistor Noise Model

	Transmission Lines
	Reflection Coefficients
	Bounce Diagram
	Lossy Transmission Line

	S-Parameters and Smith Chart
	S-Parameters

	Low Noise Amplifier
	Conjugate Match
	Stubs


