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CONSTANTS

Electronic charge q 1.602 E -19 Coulomb

Speed of light in vacuum c 2.998E8 m/s

Permittivity of vacuum εo 8.854 E -14 F/cm

Free electron Mass mo 9.11E-31 Kg

Planck constant h 6.625E-34 J s

Boltzmann constant k 1.38 E-23 J /°K = 8.625E-5 eV/°K
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Boltzmann constant k 1.38 E-23 J /°K = 8.625E-5 eV/°K

Avogadro’s number Ao 6.022E23 molecules/gm- mole

Thermal voltage kT/q @ 300 °K =  0.02586

PLAY
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PERIODIC TABLE OF THE ELEMENTS
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MATERIAL PROPERTIES

Symbol Units Si Ge GaAs GaP SiO2 Si3N4

Atoms per unit cell 8 8 8 8

Atomic Number Z 14 32 31/33 31/15 14/8 14/7

Atomic weight MW g/g-mole 28.09 72.59 144.64 100.70 60.08 140.28

Lattice constant ao nm 0.54307 0.56575 0.56532 0.54505 0.775

Atomic density No cm-3 5.00E22 4.42E22 2.21E22 2.47E22 2.20E22         1.48E22

Density d g cm-3 2.328 5.323 5.316 4.13 2.19 3.44

Energy Gap 300°K Eg eV 1.124 0.67 1.42 2.24 8~9 4.7

Relative permittivity εr 11.7 16.0 13.1 10.2 3.9 7.5

Index of refraction n 3.44 3.97 3.3 3.3 1.46 2.0

Melting point Tm °C 1412 937 1237 1467 1700

Specific heat Cp J (gK)-1 0.70 0.32 0.35 1.4 0.17
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Specific heat Cp J (gK)-1 0.70 0.32 0.35 1.4 0.17

Thermal diffusivity K w(cmK)-1 0.87 0.36 0.44 0.004 0.32

Coefficient expansion Dth K-1 2.5E-6 5.7E-6 5.9E-6 5.3E-6 5E-6 2.8E-6

Intrinsic carrier conc ni cm-3 1.45E10 2.4E13 9.0E6

Electron Mobility µn cm2/Vs 1417 3900 8800 300 20

Hole Mobility µp cm2/Vs 471 1900 400 100 10E-8

Density of States conduction Nc cm-3 2.8E19 1.04E19 4.7E17

Density of States valance Nv cm-3 1.04E19 6.0E18 7.0E18

Breakdown Electric Field E V/cm 3E5 8E4 3.5E5 6~9E6

Effective mass electron mn*/mo 1.08 0.55 0.068 0.5

Effective mass hole mp*/mo 0.81 0.3 0.5 0.5

Electron affinity qX eV 4.05 4.00 4.07 4.3 1.0
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UNIFORMLY DOPED PN JUNCTION

n-type

εεεε
p-type

Space Charge Layer

charge density, ρρρρ

n = NDp = NA
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Potential, ΨΨΨΨ

Electric Field,εεεε

-W1

W2

εεεεοοοο

ΨΨΨΨο ο ο ο +VR

x

-qNA
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UNIFORMLY DOPED pn JUNCTION

From Physical Fundamentals:

 ρ ρ ρ ρ

Potential Barrier - Carrier Concentration:   Ψ Ψ Ψ Ψο ο ο ο = KT/q   ln (NA ND /ni2)

From Electric and Magnetic Fields :
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Relationship between electric flux D and electric field Ε Ε Ε Ε :  D = ε Εε Εε Εε Ε

Gauss’s Law, Maxwells 1st eqn:   ρ ρ ρ ρ    =          D

Poisson’s Equation:       2 ΨΨΨΨο ο ο ο =  - ρρρρ / εεεε

Definition of Electric Field:   Ε Ε Ε Ε     =  - V
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ΨΨΨΨοοοο FROM PHYSICS (FERMI STATISTICS)

q(Vbi) = (Ei - Ef)p-side  +  (Ef-Ei) n-side

p= ni e(Ei-Ef)/KT/q n= ni e(Ef-Ei)/KT/q

ln(p/ni) = ln e(Ei-Ef)/KT/q ln(n/ni) = ln e(Ef-Ei)/KT/q
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Ψο = KT/q   ln (NA ND /ni2)

KT/q ln(n/ni) = (Ef-Ei)n-sideKT/q ln(p/ni) = (Ei-Ef)p-side

Where NA=~p in p-type silicon and ND=~n in n-type silicon

ni = 1.45E10 cm-3 for silicon
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UNIFORMLY DOPED PN JUNCTION

W = ( = ( = ( = (W1 +  +  +  + W2 )  )  )  )     = [ (2ε/ε/ε/ε/ q) () () () (ΨΨΨΨο ο ο ο +VR) (1/NA + + + + 1/ND)]1/2 

W1    = W [ND/(NA + + + + ND)] W2    = W [NA/(NA + + + + ND)]

ΨΨΨΨο ο ο ο = KT/q   ln (NA ND /ni2)

ni = 1.45E10 cm-3

Built in Voltage:

Width of Space Charge Layer, W: with reverse bias of VR volts

W1  width on p-side                 W2 width on n-side
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W1    = W [ND/(NA + + + + ND)] W2    = W [NA/(NA + + + + ND)]

ΕΕΕΕο ο ο ο =  - [(2q/ε) (ε) (ε) (ε) (ΨΨΨΨο ο ο ο +VR) (NA ND/(NA + + + + ND))]1/2

Cj’ = ε = ε = ε = εο ο ο ο εεεεr////W            = εεεεο ο ο ο εεεεr////[(2ε/ε/ε/ε/ q) () () () (ΨΨΨΨο ο ο ο +VR) (1/NA + + + + 1/ND)]1/2 

Junction Capacitance per unit area:

Maximum  Electric Field:

ε = εε = εε = εε = εo εεεεr = 8.85E-12  (11.7) F/m

= 8.85E-14  (11.7) F/cm
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EXAMPLE

Example: If the doping concentrations are Na=1E15 and Nd=3E15 

cm-3 and the reverse bias voltage is 0, then find the built in voltage, 

width of the space charge layer, width on the n-side, width on the p-

side, electric field maximum and junction capacitance.  Repeat for 

reverse bias of 10, 40, and 100 volts.
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Ψο = Vbi = KT/q   ln (NA ND /ni2) = 

W = (W1 + W2 )  = [ (2ε/q) (Ψο +VR) (1/NA + 1/ND)]1/2   =

W1 =

W2 =

Emax =

Cj = 
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EXAMPLE  CALCULATIONS
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REAL JUNCTION

Real pn junctions:  The uniformly doped abrupt junction 
is rarely obtained in integrated circuit devices.  (epi layer 
growth is close).

Diffused pn junction: 

NA
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Xj

NBC  = ND (x)

0
x
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REAL pn JUNCTION

Given, Xj, NA (X), ND (X)

Pick an X1 to the left of Xj.  

Calculate the total charge per 

unit area in the region 

Between X1 and Xj.  This 

charge is Q1.

Calculate potential V1 from 

physical fundamentals:
V1= KT/q   ln (NA ND /ni2) + VR

Calculate potential V2 from 

E & M fields fundamentals:

2 ΨΨΨΨο ο ο ο =  - ρρρρ / εεεε

© November 29, 2010 Dr. Lynn Fuller, Professor

Rochester Institute of Technology

Microelectronic Engineering

Page 13

Pick an X2 to the right of Xj.  

Calculate the total charge per 

unit area in the region between 

X2 and Xj.  This charge is Q2.

Q1 = Q2

V1 = V2

ΨΨΨΨο ο ο ο ρρρρ εεεε

Calculate W1 = X1, W2 = X2

W = W1 + W2, Cj, other

No

No

Yes

Yes
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REAL, UNIFORM DOPED, SINGLE SIDED DIODES

Example: assume that the heavily doped side of a pn junction is 

doped at 1E20, calculate the doping necessary on the lightly doped 

side such that the space charge layer is ~0.1 µm.  With 5 volts reverse 

bias.

ΨΨΨΨο ο ο ο = KT/q   ln (NA ND /ni2) guess ~0.9 volts
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W = ( = ( = ( = (W1 +  +  +  + W2 )  )  )  )     = [ (2εεεε/q) (ΨΨΨΨο ο ο ο +VR) (1/NA + + + + 1/ND)]1/2   =  0.1 µm = 0.1E-4 cm

05.9V

N =  =  =  = 2 (11.7)(8.85Ε2 (11.7)(8.85Ε2 (11.7)(8.85Ε2 (11.7)(8.85Ε−−−−14)5.9/(1.6Ε14)5.9/(1.6Ε14)5.9/(1.6Ε14)5.9/(1.6Ε−−−−19)(0.1Ε19)(0.1Ε19)(0.1Ε19)(0.1Ε−−−−4)4)4)4)2 2 2 2 = 7.6Ε17  = 7.6Ε17  = 7.6Ε17  = 7.6Ε17  cm−−−−3333
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CURRENTS IN PN JUNCTIONS

VD

Id

VRB = reverse 

breakdown voltage Forward Bias
Is
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Vbi = turn on voltage

~ 0.7 volts for Si

p n

Id

+   VD -

Reverse Bias

Id = Is [EXP (q VD/KT) -1]

Ideal diode equation

Is = qA (Dp/(LpNd) +Dn/(LnNa))ni2
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INTEGRATED DIODES

p-wafer

n+ p+
n-well
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p+ means heavily doped p-type
n+ means heavily doped n-type
n-well is an n-region at slightly higher

doping than the p-wafer

Note: there are actually two pn junctions, the well-wafer pn 

junction should always be reverse biased
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REAL DIODES

Series Resistance =1/4.82m=207

Junction Capacitance ~ 2 pF

Is = 3.02E-9 amps

BV = > 100 volts

Size 80µ x 160µ
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N

P
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DIODE SPICE MODEL

MEMS Diode

Model Parameter    Default Value    Extracted Value

Is reverse saturation current 1e-14 A 3.02E-9 A

N emission coefficient 1 1

RS series resistance 0 207 ohms

VJ built-in voltage 1 V 0.6

CJ0 zero bias junction capacitance 0 2pF
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CJ0 zero bias junction capacitance 0 2pF

M grading coefficient 0.5 0.5

BV Breakdown voltage infinite 400

IBV Reverse current at breakdown 1E-10 A -

DXXX N(anode) N(cathode) Modelname 

.model Modelname  D Is=1e-14 Cjo=.1pF Rs=.1

.model RITMEMS D IS=3.02E-9 N=1 RS=207

+VJ=0.6 CJ0=2e-12 M-0.5 BV=400
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DIODE TEMPERATURE DEPENDENCE

Id = IS [EXP (q VD/KT) -1]

Neglect the –1 in forward bias, Solve for VD

VD = (KT/q) ln (Id/IS) = (KT/q) (ln(Id) – ln(Is))

Take dVD/dT: note Id is not a function of T but Is is

eq 1
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dVD/dT = (KT/q) (dln(Id)/dT – dln(Is)/dT) + K/q (ln(Id) – ln(Is))

zero VD/T from eq 1
Rewritten

dVD/dT = VD/T - (KT/q) ((1/Is) dIs/dT )

Now evaluate the second term, recall

Is = qA (Dp/(LpNd) +Dn/(LnNa))ni2

eq 2

Note: Dn and Dp are proportional to 1/T
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DIODE TEMPERATURE DEPENDENCE

and ni2(T) = A T 3 e - qEg/KT

This gives the temperature dependence of Is

Is = C T 2 e - qEg/KT

Now take the natural log

ln Is = ln (C T 2 e - qEg/KT)

Take derivative with respect to T

eq 3
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Take derivative with respect to T

(1/Is) d (Is)/dT = d [ln (C T 2 e -qEg/KT)]/dT = (1/Is) d (CT2e-qEg/KT)dT

= (1/Is) [CT2 e-qEg/KT(qEg/KT2) + (Ce-qEg/KT)2T]

= (1/Is) [Is(qEg/KT2) + (2Is/T)]
Back to eq 2

dVD/dT = VD/T - (KT/q) [(qEg/KT2) + (2/T)])

dVD/dT = VD/T - Eg/T - 2K/q)



Diode Review

EXAMPLE: DIODE TEMPERATURE DEPENDENCE

dVD/dT = VD/T - Eg/T - 2K/q

Silicon with Eg ~ 1.2 eV, VD = 0.6 volts, T=300 °K

dVD/dT = .6/300 – 1.2/300) - (2(1.38E-23)/1.6E-19

= -2.2 mV/°
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= -2.2 mV/°

I

V

T1
T2

T1<T2



Diode Review

EXPERIMENTAL DATA

P+
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Compare with theoretical -2.2mV/°C

Poly Heater, Buried pn Diode,
N+ Poly to Aluminum Thermocouple

N+
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PHOTODIODE

p-type

B - P+

B -B -

B -B -

P+ P+P+P+

P+

P+

B-

+

εεεε
B -B -

B-

+

-
+

-
+

I

-
+

-
+

space charge layer
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B -

P+ Ionized Immobile Phosphrous donor atom

Ionized Immobile Boron acceptor atom

Phosphrous donor atom and electronP+

-

B-

+
Boron acceptor atom and hole

n-typeP+

-
P+

-
P+

-
P+

-
electron

and hole

pair
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PHOTODIODE

In

p

IV

M.A.Green and Keevers
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V
I

+

V

-

More Light 

No Light

Most Light 

M.A.Green and Keevers

φ(x) = φ(0) exp-α x

Find % adsorbed for Green light at x=5 µm 

and Red light at 5 µm
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CHARGE GENERATION vs WAVELENGTH

II
p-type

λλλλ1 λλλλ3 λλλλ4λλλλ2

E = hνννν = hc / λλλλ

h = 6.625 e-34 j/s 

= (6.625 e-34/1.6e-19) eV/s

E = 1.55 eV (red)

E = 2.50 eV (green) ++
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II

n-type

p-type

εεεε

E = 2.50 eV (green)

E = 4.14 eV (blue) B - P+

B -B -

B -B -

P+ P+P+P+

P+

P+

P+

-

B-

+

B -B -

P+

-
P+

-
P+

-

B-

+

-
+-

+
-

+
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VARIOUS SEMICONDUCTORS

E = hνννν = hc / λλλλ

What wavelengths will not 

generate e-h pairs in silicon.  

Thus silicon is transparent or 

© November 29, 2010 Dr. Lynn Fuller, Professor

Rochester Institute of Technology

Microelectronic Engineering

Page 26

Thus silicon is transparent or 

light of this wavelength or 

longer is not adsorbed?

h = Plank’s constant
c = speed of light

Kovacs
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LIGHT EMITTING DIODES (LEDs)

Space

charge

Layer

LightLight

Hole concentration vs distnaceElectron concentration vs distance
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P-side N-side

Layer

xx

In the forward biased diode current flows and as holes 
recombine on the n-side or electrons recombine on the p-side, 
energy is given off as light, with wavelength appropriate for the 
energy gap for that material.  λ = h c / E

h = Plank’s constant
c = speed of light
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LED

Flat

Light Emitting Diode -LED
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Flat

n p

- Va + 
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OPTICAL LINK CIRCUIT DESIGN

Lets design a LED/Photo Detector circuit for a digital communication link.

Assumptions:

Block Diagram:
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Circuit Diagram:
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Diode Review

HOMEWORK: DIODE REVIEW

1. Look up the 1N4448 diode on the Digikey.com webpage, find the 
unit price, max current, max reverse voltage, package types, etc.

2. A pn junction has Na=2e16 and Nd=5e17.  At 0 volts bias 
calculate the Vbi, W, W1, W2, Emax, and Cj.

3.  Calculate the reverse breakdown voltage for a pn junction with 
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3.  Calculate the reverse breakdown voltage for a pn junction with 
Nd=1e19 and Na=2.75e16.

4.  Design a pn junction and an amplifier circuit that will make a 
good photo detector for red light.  State reasonable assumptions.

5.  A diode is used to rectify an ac voltage from a transformer and 
charge a 1uF capacitor.  Estimate how long it will take the capacitor 
to discharge from 3 volts to 1.5 volts (once ac voltage is turned off) 
a) with no load b) with a scope probe across the capacitor.



Diode Review

HOMEWORK: DIODE REVIEW

6. Repeat problem 5 but use the largest value 3 volt super capacitor 
available from digikey.com.

7. Diodes and capacitors can be used to create a very large dc voltage 
from a relatively small ac voltage.  These circuits are called voltage 
multipliers.  Using a 5 volt peak ac voltage estimate the dc output 
voltage of this multiplier circuit.

© November 29, 2010 Dr. Lynn Fuller, Professor

Rochester Institute of Technology

Microelectronic Engineering

Page 32

voltage of this multiplier circuit.

Vout

Vin



Diode Review

OPTICAL LINK CIRCUIT DESIGN

Design a LED/Photo Detector circuit for a digital communication link.

Assumptions: Assume we have +5 and -5 volts available and the 
digital signal is 0 or 5 volts.

Block Diagram:
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Circuit Design:


