
Week 2 Enrichment Lecture X: 
Semiconductors and Transistors: Background 

Nano-electronics 



Metals vs. Insulators 
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Positive ions and core electrons do not 
contribute to conduction, since they are fixed 
in place 
 
The number of free electrons is equal to 
valency times number of positive ions, a 
VERY large number. 
 
Free electrons can move around, and 
therefore contribute to conduction. 

Atomic cores do not give up 
any valence electrons - all of 
them are involved in bonds 
between atoms. 
 
No free electrons means no 
conduction, even if we apply 
a voltage. 

Is there 
anything in 
between? 

~1023 per cm3 



Semiconductors 

Low Temperature 

all electrons (including valence electrons) 
are bound - NO conduction 

High Temperature 

some electrons are able to break 
free and participate in conduction 
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Consider a material where some of the electrons 
can be liberated from chemical bonds by just a little 
kick, e.g., a bit of heat. 

This is a semiconductor.  The conduction depends 
sensitively on the temperature of the material. 



Semiconductors 

Silicon is the most important example.  It is 
the base material for all integrated circuits. 

Silicon has a valency of 4, which 
means it has four electrons that can 
participate in chemical bonds. 

Si: [Ne]3s2 3p2 

It crystallizes in a structure where each atom has four neighbors. Thus 
each of the neighbors gets to use one electron in a covalent bond. 

Source: Wikimedia Commons 



Doping of Semiconductors 

Doped semiconductor:  impurities added on purpose!  
These impurities substitute for a silicon atom. 
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Donor impurity – one that gives up an extra electron. 

Note: the crystal is still electrically neutral (no net charge) !! 

valency = 5 (one larger than that of the surrounding Si atoms) 

Examples: phosphorus, arsenic 

Conduction can also be modified by adding impurities. 

extra 
electron! This extra electron can move through 

the crystal, giving rise to current (i.e., 
contributing to conduction). 



Electrons and holes 

If electrons cascade from the right to the left, filling the vacancy... 

then, effectively, the vacancy (with a + charge) moves from the left to the right... 

POSITIVE CURRENT TO THE RIGHT!! 

Conduction in semiconductors can occur via electrons (with 
negative charge) or holes (with positive charge), or both. 
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Consider a lattice 
where one electron 
has been freed from 
its bond, and has 
moved away, 
leaving a vacancy. 



Acceptor impurities - holes 

Acceptor impurity – one less electron. 
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h extra 
hole! 

valency = 3 (one smaller than that of the silicon atoms) 

Examples: aluminum, gallium 

We saw that adding a valence-5 atom can give us 
extra electrons. 

We can also create extra holes by adding a valence-3 atom. 

This extra hole acts just like an 
extra electron from a donor 
impurity, except with a positive 
(instead of negative) charge. 



Donors and acceptors 

Intrinsic semiconductor – one with no impurities intentionally added 
 
n-type semiconductor: donors added. 

    Ne > 0, Nh ≈ 0. 
 
p-type semiconductor: acceptors added. 

    Ne > 0, Nh ≈ 0. 

Compensated semiconductor: both donors and acceptors added, in 
approximately equal amounts. 

    Ne ≈ Nh > 0. 

Partially compensated semiconductor: Ne ≠ Nh ≠ 0. 



Ohm’s Law and semiconductors 
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slope increases with 
increasing: 
     donor concentration 
     acceptor concentration 
     temperature 

A homogeneous semiconductor is ohmic. 
(That is, the plot of current vs. voltage, the I-V 
curve, is a straight line.  Ohm’s law, V=IR, applies.) 
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In this illustration, the 
semiconductor has Ne > Nh. 



Drift currents – response to an 
applied voltage 
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In this illustration, the 
semiconductor has Ne > Nh. 

“Drift current” – the net current that flows as 
the charge carriers (electrons and holes) 
respond to a voltage. 

Recall that current is:  j = N e vave 
where: 

 N = number of charge carriers 
(per unit volume) 
 e = the charge on them 
 vave = their average velocity 

So, if the velocity of the electrons points 
up, then jelectrons points down, since for 
electrons, e is negative. 

net drift current:  jdrift = jelectrons + jholes   
points down in this picture. 



Your Take-Home Lessons 

•  Current in semiconductors can be carried 
either by electrons or holes (which have 
opposite charges) 

•  Impurities in semiconductors can be either 
“donors” – giving up an extra electron – or 
“acceptors” – creating an extra hole. 

•  “Drift” currents – the motion of charges in 
semiconductors when a voltage is applied 



Week 2 Enrichment Lecture Y: 
Transistors – making logic circuits possible 

Nano-Electronics 



The pn junction 

Two different gases in 
adjacent boxes 
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pn junction 

“Diffusion current” – the net current that 
flows due to the tendency of charge carrier 
concentrations to equalize in a volume 
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What happens if we put p-type silicon next to 
n-type silicon, creating a junction? 

remove the 
partition 
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diffusion of A to the 
right, and B to the left 

This is exactly analogous to putting containers 
of  two different gases next to each other. 



Electrons diffuse to the right 
(which corresponds to a current 

flowing to the left) 
 
Holes diffuse to the left 
(which also corresponds to a 

current flowing to the left) 
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The pn junction 

net diffusion current:  jdiff = jelectrons + jholes   points to the left. 

Note: diffusion current will flow, even if there is no applied voltage, 
until the carrier concentration is constant throughout. 



Diffusing holes leave behind fixed 
negative charges. 

The region near the junction is interesting. 

Ø  Recombination of free electrons with free holes leaves the area 
very close to the junction depleted of mobile charge carriers. 

Ø  The left-behind fixed charges give rise to a voltage.  In the above 
diagram, that voltage pushes electrons to the left and holes to the 
right (i.e., in the opposite direction from the diffusion). 

Ø  These new drift currents, which oppose the diffusion currents, 
grow until they are large enough to cancel the diffusion currents. 
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The depletion region 



Why does this matter? 

The depletion voltage – that is, the voltage that 
spontaneously appears across the depletion region 
due to diffusion – is the key to making devices. 

A voltage applied from outside can either increase the depletion 
voltage or oppose (and thereby diminish) it, depending on the sign. 
 
That means: we can control the thickness of the depletion region by 
applying an external voltage across the pn junction. 

This is the basis upon which transistors and diodes work. 

§  if the applied bias reinforces the depletion voltage: the depletion 
region gets thicker.  Since it contains few mobile charges, no current 
can flow across it. 

§  if the applied bias opposes the depletion voltage: the depletion region 
gets thinner. Current can flow across the thin depleted zone. 



A key example: the field-effect 
transistor (FET) 

n-type channel 
p-type gate 

gate 

source 

drain 

+_VGS 

+
_ VDS 

A transistor is a three-terminal device. 

In the usual operation, the gate is biased negative, so that there is 
a large depletion region and no current flows through the gate 
electrode. 
 
Even though no current flows through the gate, it still controls the 
amount of current that flows from source to drain. 



FET operation 

decreasing 
VGS 

VGS = 0 

depletion 

When VGS = 0, the channel 
between source and drain 
is large. 
 
As VGS decreases, the 
depletion region grows, 
making the channel 
smaller.  Current flows less 
easily from source to drain. 
 
When VGS is negative 
enough, the channel is 
pinched off, and no current 
flows from source to drain. 

“pinch off” 

source drain 
Pinch-off: VGS < VPinch 

(caused by the effect of the field applied to the gate) 



A FET is a voltage-controlled 
resistor 

V DS 

i D decreasing 
V GS 

VGS ≤ VPinch 

A voltage-controlled resistor! 

For reasonably small values of |
VDS|, the drain current iD is 
proportional to the voltage VDS; that 
is, the device behaves as a resistor 
between source and drain. 
 
The resistance (the inverse of the 
slope of the line) is determined by 
the gate voltage. 

This allows us to control the flow of current from source to 
drain, without dissipating any power in the gate (since the 
gate current is always zero). 



MOSFETs 

MOSFET: Metal-oxide-silicon FET 

•  replaces the doped silicon gate with a metal and a thin 
insulating layer (oxide) 
•  operating principle is similar 
•  MOSFETs are the most commonly used form of transistors 

Si substrate 

drain electrode source electrode 

insulating oxide layer metal gate 

channel 



MOSFET operating regimes 

Source: Wikimedia commons 

No current flows. Current flows 
through the channel. 



Your Take-Home Lessons 

•  Putting a p-type semiconductor adjacent to an 
n-type semiconductor creates a pn junction. 

•  The region near the junction becomes depleted 
of charge carriers. 

•  We can use a voltage to control the thickness 
of the depletion region.  This is the basis by 
which transistors and diodes operate. 

•  MOSFET: the most common transistor 
architecture 


