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Diffusion of Carriers

Movement of electrons and holes (charge carriers) results in 1D random
effective charge movement and current in materials. walk
Electrons and holes move based on Brownian motion (random 34:
walk). o

In this random movement, electrons effectively move from a

location where the concentration of electrons is higher to where 2D z\z}ﬂm

this concentration is lower.
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Diffusion Current

The current due to the diffusion of electrons is proportional to the gradient of
electron density:
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The coefficient D, is the diffusion constant for electrons with a unit of cm?/s.
Note that the diffusion current does not require an electric field.

The current due to the diffusion of holes is
proportional to the gradient of hole density:
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The coefficient Dpis the diffusion constant for holes

with a unit of cm?/s.
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Drift and Diffusion Currents

The total current in a semiconductor is the sum of diffusion and drift currents for E

both electrons and holes: 3 «—
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The diffusion constant and drtt mobility are related:
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Examples

1. An intrinsic Si is doped with a variable donor atoms with a density of N,(x)=N,e™"*
(a) In equilibrium total current J(x) = 0, what is the built-in electric field E(x) in the
semiconductor? swfar

(b) Sketch a band diagram as a function of x. Nv('u)sNoé LY
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Temperature and Field Dependence of Mobility

Mobility (diffusion constant) should be ideally constant. In reality it is not. Note that if
mobility is constant the conductivity will change only with camer density.
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PN Junctions

A PN junction is formed by putting p-type and n-type semiconductors in contact. Let’'s assume that we have an

< d acc;ptor dopant density N, and a donor dopant density Nj for p-type and n-type semiconductors, respectively.
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When the junction is formed, electrons and holes rush and recombine in the boundary, leaving a depletion region. d#€wsfe—

JIn,deift Depletion region Oy Jpn, diff

The depletion region has fixed ions left after depletion of free electrons and

holes. Acceptor atoms (p-type) leave negative ions and donor atoms T

(n-type) leave positive ions. As a result, the charge density in the n-

type depletion region is +qNp and in the p-type depletion region is J-P'd‘*’

-gN,. In the remaining regions of the PN junction, the material is

neutral and charge density is zero. bui k- x
When no voltage is applied and no current is flowing, the Fermi energy is Electric T batlr-y,

the same in all parts of the device. This Fermi energy alignment can
only be achieved by a band bending that causes a potential barrier V,
pwilt "” at the junction.
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Depletion Region

We need to solve Poisson’s equation in the depletion region N, =10"cm? N, =10" cm=
wa\ to relate potential 7 and width of depletion region W.
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Depletion Region
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Forward and Reverse Bias
/ —D—

.
Vp Revdrse Bias Forwalrd Bias
|

Reverse bias increases depletion region width W and forward bias reduces it.
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" Continuity Equation

AT e et - . : ,
Vo ’A§» rea Continuity equation is basically charge conservation.
&,_ IS Densities of electrons and holes at a point change only by
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Minority Carrier Current

We user the continuity equation for minority carriers (holes) in the n-type
semiconductor. We have a (semi-infinite) n-type semiconductor with uniform doping

density of N, the majority and minority carrier densmes are: " | —
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Similar equatr?;an be found for density of minority carriers (electrons) in a semi-
infinite p-type semiconductor.
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Current in PN Junction

The density of minority holes on n side (p,) will change as
a function of external voltage V,. -
When there is no voltage applied Vi e %32'3-‘1“\1@ 3a0

When a voltage is applied the density of minority carriers
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Current Voltage Characteristics for Diodes

Now we can write the total current by adding hole and Blias
electron currents s
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Fig. 11 Current-voltage characteristics of a practical Si diode. (a) Generation-recombination
current region. (b) Diffusion-current region. (c) High-injection region. (d) Series-resistance

Zener breakdown: effect. (e) Reverse leakage current due to generation-recombination and surface effects.
* Heavily doped junctions: small depletion
region
« Large field > 10° V/cm in W causes field
ionization of host atoms.

Avalanche breakdown:
* Inlightly doped junctions: impact ionization
of host atoms by energetic carriers.
« Large field > 10% V/cm in W causes
ionization of atoms.
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Fig. 15 Energy band diagrams showing breakdown mechanisms of (a) tunneling and (b) ava-
lanche multiplication (example initiated by hole current 7,,).
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Depletion Region Recombination

There is recombination and generation in
the depletion region too.
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So total current can be effectively written as
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1< n L2 is called the ideality factor.
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Diode Capacitance  sm! synal

™M

The charge in depletlon region can be written as:
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In the reverse region, junction capacitance C; is dominant.

In the forward regiqn, stora pacitance C, is dominant:
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Light Emitting Diodes v

A light emitting diode (LED) can be built based on a -
PN junction diode.

By applying a positive bias V, the depletion regions
shrinks and barrier potential decreases.

Electrons from the n-side and holes from the p-side
of the junction are pushed toward depletion region
and recombine. Recombination energy in a good
LED is emitted as a photon as shown in the figure.
The wavelength of emission is determined by the
bandgap of the semiconductor:

E,=h~E,

Often real LEDs are made from heterojunctions

made from junctions of different semiconductors.
Also thin emission layers are used for accurate : :
setting of emission of wavelength: e,ec"onsi\
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Solar radiation photons will generate electron-hole pairs (EHPSs)
that will be swept toward the electrodes by the built in electric
field, resulting in a photocurrent /,.

The flux of photons ( dﬂh /dhy ) is a function of photon energy
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Schottky Diode: Metal-Semiconductor Junctions

By putting a semiconductor in contact with a metal we can form a Schottky junction:
Two main cases will happen:
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MOSFETSs

Metal oxide semiconductor field effect transistors (MOSFETs) are the most important electronic device
used in electronic industry. As seen in the figure, the gate electrode, which couples with the

semiconductor substrate capacitively, controls the conductanc Hl;)etw%;n drain and source.
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In this figure, the substrate is p-type. By applying a positive voltage to the gate, electrons are attracted

to the surface and an electron channel is formed (inversion). Applying a more positive gate voltage will

attract more electrons and the resistance between drain and source becomes smaller. The criteria for
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Linear and Saturation Regimes &~
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Bipolar Junction Transistor (BJT)

n* polysilicon contact

ton* emitter region metal contact

metal contact to base
to collector
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Transistor Operation
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BJT Regions and Currents

Positive bias for BE junction
Negative bias for BC junction
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Carrier Profiles




Current components

VorlV
th _ — BE'"V th
p nk ( 'xBE ) p nkE Oe

dn d
— pB _ — an —
JnB - an dx - JpE - qD P gy =




'\."\.
m O

Current Gain



F'be

n =

Vpe

lp

lc

Upe

Common Emitter

Io+i Y Output
g
. e — =1
_______ £V ]
it x| Veld
. o7 —_—
00 T Ve
__'_.; __________ --_
np(O) np(O)
Y +i, \
—
AC source  Small-signal equivalent circuit Load
5 si B C i i
5 fit g o i
>t g T 5
s R i i
Vini) Ve The (D < Re Vee!
! & l le=OmVbe: !
'V ':
| :
-i-@ o—
8 u.E E



Junction Field Effect Transistor (JFET)
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Junction Field Effect Transistor (JFET)
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