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Materials   
Based on electrical properties, materials can be classified as Conductors, Insulators and 
Semiconductors. 
Conductors: Conductors are materials that permit electrons to flow freely from particle to particle. 
Conductors are good at allowing electric current to move through them and even into another 
object, especially if the second object is made of a conducting material.  Most solid conductors are 
made of metal.  The inside of an electrical wire is made of copper and is an example of a 
conductor.  However, some saltwater solutions can also conduct electricity. 
Insulators: In contrast to conductors, insulators are materials that do not allow the free flow of 
electrons from atom to atom and molecule to molecule. While insulators are not useful for 
transferring charge, their ability to prevent charge from moving to certain places makes them very 
useful.  The reason that electrical wires do not pass their electrical charge onto humans is because 
they are coated with plastic or rubber, both examples of insulators. 
Semiconductors: The division of materials into the categories of conductors and insulators is a 
somewhat artificial division. It is more appropriate to think of materials as being placed somewhere 
along a continuum. Materials that are highly conductive (known as superconductors) would be 
placed at one end and the least conductive materials (best insulators) would be placed at the other 
end. Metals would be placed near the most conductive end and glass would be placed on the 
opposite end of the continuum. In the middle would be what are called semiconductors, substances 
whose electrical conductivity is between that of a conductor such as copper and that of an insulator 
such as glass. Semiconductors are the foundation of modern electronics, including transistors, solar 
cells, and light-emitting diodes (LEDs). 

 
Figure 1 Conductivity of different materials 

In general, semiconductor materials fall into one of two classes: single-crystal and compound. Single-
crystal semiconductors such as germanium (Ge) and silicon (Si) have a repetitive crystal structure, 
whereas compound semiconductors such as gallium arsenide (GaAs), cadmium sulfide (CdS), gallium 
nitride (GaN), and gallium arsenide phosphide (GaAsP) are constructed of two or more 
semiconductor materials of different atomic structures. 
The three semiconductors used most frequently in the construction of electronic devices are Ge, Si, 

and GaAs. 

In early days Germanium was used widely because it was relatively easy to find and was available in 
fairly large quantities. It was also relatively easy to refine. But Germanium based transistor are 
temperature sensitive. In 1954 the first silicon transistor was introduced, and silicon quickly became 
the semiconductor material of choice. Not only is silicon less temperature sensitive, but it is one of 
the most abundant materials on earth, removing any concerns about availability. 
As time moved on, however, the field of electronics became increasingly sensitive to issues of speed. 
Computers were operating at higher and higher speeds, and communication systems were operating 
at higher levels of performance. A semiconductor material capable of meeting these new needs had 
to be found. The result was the development of the first GaAs transistor in the early 1970s. This new 
transistor had speeds of operation up to five times that of Si. The problem, however, was that 
because of the years of intense design efforts and manufacturing improvements using Si, Si 
transistor networks for most applications were cheaper to manufacture and had the advantage of 
highly efficient design strategies. GaAs was more difficult to manufacture at high levels of purity, 
was more expensive, and had little design support in the early years of development. However, in 
time the demand for increased speed resulted in more funding for GaAs research, to the point that 
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today it is often used as the base material for new high-speed, very large scale integrated (VLSI) 
circuit designs. 

Covalent Bonding and Intrinsic materials 
To fully appreciate why Si, Ge, and GaAs are the semiconductors of choice for the electronics 
industry requires some understanding of the atomic structure of each and how the atoms are bound 
together to form a crystalline structure. The fundamental components of an atom are the electron, 
proton, and neutron. In the lattice structure, neutrons and protons form the nucleus and electrons 
appear in fixed orbits around the nucleus. The Bohr model for the three materials is provided in 
Fig.2. 

 
Figure 2 Atomic structure of (a) silicon; (b) germanium; and (c) gallium and arsenic. 

As indicated in Fig. 2, silicon has 14 orbiting electrons, germanium has 32 electrons, gallium has 31 
electrons, and arsenic has 33 orbiting electrons. For germanium and silicon there are four electrons 
in the outermost shell, which are referred to as valence electrons. Gallium has three valence 
electrons and arsenic has five valence electrons. Atoms that have four valence electrons are called 
tetravalent, those with three are called trivalent, and those with five are called pentavalent. The 
term valence is used to indicate that the potential (ionization potential) required to remove any one 
of these electrons from the atomic structure is significantly lower than that required for any other 
electron in the structure. 
In a pure silicon or germanium crystal the four valence electrons of one atom form a bonding 
arrangement with four adjoining atoms, as shown in Fig. 3a.  
This bonding of atoms, strengthened by the sharing of electrons, is called covalent bonding. 

                                     
(a)                                                                                                                                (b) 

Figure 3 Covalent bonding of the (a) silicon atoms (b) GaAs Crystal 

Because GaAs is a compound semiconductor, there is sharing between the two different atoms, as 
shown in Fig. 3b. Each atom, gallium or arsenic, is surrounded by atoms of the complementary type. 
There is still a sharing of electrons similar in structure to that of Ge and Si, but now five electrons are 
provided by the As atom and three by the Ga atom. 
Although the covalent bond will result in a stronger bond between the valence electrons and their 
parent atom, it is still possible for the valence electrons to absorb sufficient kinetic energy from 
external natural causes to break the covalent bond and assume the “free” state. The term free is 
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applied to any electron that has separated from the fixed lattice structure and is very sensitive to 
any applied electric fields such as established by voltage sources or any difference in potential. The 
external causes include effects such as light energy in the form of photons and thermal energy (heat) 
from the surrounding medium. At room temperature there are approximately 1.5X1010 free carriers 
in 1 cm3 of intrinsic silicon material, that is, 15,000,000,000 (15 billion) electrons in a space smaller 
than a small sugar cube—an enormous number. 
The term intrinsic is applied to any semiconductor material that has been carefully refined to 

reduce the number of impurities to a very low level—essentially as pure as can be made available 

through modern technology. 

The free electrons in a material due only to external causes are referred to as intrinsic carriers. Table 

1 compares the number of intrinsic carriers per cubic centimeter (abbreviated ni) for Ge, Si, and 

GaAs. It is interesting to note that Ge has the highest number and GaAs the lowest. In fact, Ge has 

more than twice the number as GaAs. The number of carriers in the intrinsic form is important, but 

other characteristics of the material are more significant in determining its use in the field. One such 

factor is the relative mobility (μn) of the free carriers in the material, that is, the ability of the free 

carriers to move throughout the material. Table 1 also clearly reveals that the free carriers in GaAs 

have more than five times the mobility of free carriers in Si, a factor that results in response times 

using GaAs electronic devices that can be up to five times those of the same devices made from Si. 

Note also that free carriers in Ge have more than twice the mobility of electrons in Si, a factor that 

results in the continued use of Ge in high-speed radio frequency applications. 
Table 1 Intrinsic carrier and carrier mobility for different semiconductor 

Semiconductor Intrinsic carrier (Per cubic centimeters) μn (cm2/V.s) 

GaAs 1.7 × 106 8500 
Si 1.5 × 1010 1500 
Ge 2.5 × 1013 3900 

One of the most important technological advances of recent decades has been the ability to produce 

semiconductor materials of very high purity. Recall that this was one of the problems encountered in 

the early use of silicon—it was easier to produce germanium of the required purity levels. Impurity 

levels of 1 part in 10 billion are common today, with higher levels attainable for large-scale 

integrated circuits. One might ask whether these extremely high levels of purity are necessary. They 

certainly are if one considers that the addition of one part of impurity (of the proper type) per 

million in a wafer of silicon material can change that material from a relatively poor conductor to a 

good conductor of electricity. We obviously have to deal with a whole new level of comparison when 

we deal with the semiconductor medium. The ability to change the characteristics of a material 

through this process is called doping, something that germanium, silicon, and gallium arsenide 

readily and easily accept. The doping process is discussed in detail later. 

One important and interesting difference between semiconductors and conductors is their reaction 

to the application of heat. For conductors, the resistance increases with an increase in heat. This is 

because the numbers of carriers in a conductor do not increase significantly with temperature, but 

their vibration pattern about a relatively fixed location makes it increasingly difficult for a sustained 

flow of carriers through the material. Materials that react in this manner are said to have a positive 

temperature coefficient. Semiconductor materials, however, exhibit an increased level of 

conductivity with the application of heat. As the temperature rises, an increasing number of valence 

electrons absorb sufficient thermal energy to break the covalent bond and to contribute to the 

number of free carriers. Therefore: 

Semiconductor materials have a negative temperature coefficient. 



NEUB CSE 213 Lecture 1: Semiconductor and Diodes 

Prepared BY 
Shahadat Hussain Parvez  

P
ag

e4
 

Energy Levels 
Within the atomic structure of each and every isolated atom there are specific energy levels 
associated with each shell and orbiting electron, as shown in Fig. 4. The energy levels associated with 
each shell will be different for every element. However, in general: 
The farther an electron is from the nucleus, the higher is the energy state, and any electron that 

has left its parent atom has a higher energy state than any electron in the atomic structure. 

 
(a) 

 
Figure 4 Energy levels: (a) discrete levels in isolated atomic structures; (b) conduction and valence bands of an insulator, 

a semiconductor, and a conductor. 

It is evident from figure 5a that electron can exist in a specific energy levels. The result is a series of 
gaps between allowed energy levels where carriers are not permitted. However, as the atoms of a 
material are brought closer together to form the crystal lattice structure, there is an interaction 
between atoms, which will result in the electrons of a particular shell of an atom having slightly 
different energy levels from electrons in the same orbit of an adjoining atom. The result is an 
expansion of the fixed, discrete energy levels of the valence electrons of Fig. 5a to bands as shown in 
Fig. 5b. In other words, the valence electrons in a silicon material can have varying energy levels as 
long as they fall within the band of Fig. 5b. Figure 5b clearly reveals that there is a minimum energy 
level associated with electrons in the conduction band and a maximum energy level of electrons 
bound to the valence shell of the atom. Between the two is an energy gap that the electron in the 
valence band must overcome to become a free carrier. That energy gap is different for Ge, Si, and 
GaAs; Ge has the smallest gap and GaAs the largest gap. In total, this simply means that: 
An electron in the valence band of silicon must absorb more energy than one in the valence band 

of germanium to become a free carrier. Similarly, an electron in the valence band of gallium 

arsenide must gain more energy than one in silicon or germanium to enter the conduction band. 

This difference in energy gap requirements reveals the sensitivity of each type of semiconductor to 
changes in temperature. For instance, as the temperature of a Ge sample increases, the number of 
electrons that can pick up thermal energy and enter the conduction band will increase quite 
rapidly because the energy gap is quite small. However, the number of electrons entering the 
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conduction band for Si or GaAs would be a great deal less. This sensitivity to changes in energy level 
can have positive and negative effects. The design of photodetectors sensitive to light and security 
systems sensitive to heat would appear to be an excellent area of application for Ge devices. 
However, for transistor networks, where stability is a high priority, this sensitivity to temperature or 
light can be a detrimental factor. 
It is important to underscore the importance of understanding the units used for a quantity. In Fig. 5 
the units of measurement are electron volts (eV). The unit of measure is appropriate because W 
(energy) = QV (as derived from the defining equation for voltage: V = W/Q). Substituting the charge 
of one electron and a potential difference of 1 V results in an energy level referred to as one electron 
volt. 
i.e.  

𝑊 =  𝑄𝑉 
=  (1.6 ∗  10−19𝐶)(1 𝑉) 

=  1.6 ∗  10−19 𝐽 
And  

1𝑒𝑉 = 1.6 × 10−19J                       (1.1) 

n-Type and p-Type materials 
As silicon is the most used material as the base material is construction of solid state electronic 
devices, we will mainly discuss about Silicon semiconductor in this lecture. Ge, Si, and GaAs share a 
similar covalent bonding, the discussion can easily be extended to include the use of the other 
materials in the manufacturing process. 
The property of semiconductor can be altered significantly by adding specific impurity atoms to the 
relatively pure semiconductor material. These impurities, although only added at 1 part in 10 million, 
can alter the band structure sufficiently to totally change the electrical properties of the material. 
A semiconductor material that has been subjected to the doping process is called an extrinsic 

material. 

There are two types of extrinsic materials used in semiconductor fabrication: n-type and p-type 

n-Type Material 

Any dopant that can provide extra free electron to the covalent structure of semiconductor is 
classified as n-type dopant the resulting semiconductor is n-type semiconductor. An n-type material 
is created by introducing impurity elements that have five valence electrons (pentavalent), such as 
antimony, arsenic, and phosphorus. Each is a member of a subset group of elements in the Periodic 
Table of Elements referred to as Group V because each has five valence electrons. The resulting 
effect is shown in figure 5 below. Four covalent bonds are still present. There is, however, an 
additional fifth electron due to the impurity atom, which is unassociated with any particular covalent 
bond. This remaining electron, loosely bound to its parent (antimony) atom, is relatively free to 
move within the newly formed n-type material. Since the inserted impurity atom has donated a 
relatively “free” electron to the structure: 
Diffused impurities with five valence electrons are called donor atoms. 

It is important to realize that even though a large number of free carriers have been established in 
the n-type material, it is still electrically neutral since ideally the number of positively charged 
protons in the nuclei is still equal to the number of free and orbiting negatively charged electrons in 
the structure. 
The effect of this doping process on the relative conductivity can best be described through the use 
of the energy-band diagram of Fig. 6. Note that a discrete energy level (called the donor level) 
appears in the forbidden band with an Eg significantly less than that of the intrinsic material. Those 
free electrons due to the added impurity sit at this energy level and have less difficulty absorbing a 
sufficient measure of thermal energy to move into the conduction band at room temperature. The 
result is that at room temperature, there are a large number of carriers (electrons) in the conduction 
level, and the conductivity of the material increases significantly. At room temperature in an intrinsic  
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Si material there is about one free electron for every 1012 atoms. If the dosage level is 1 in 10 million 
(107), the ratio 1012/107=105 indicates that the carrier concentration has increased by a ratio of 
100000:1. 

 
Figure 5 Antimony impurity in n-type material. 

 
Figure 6 Effect of donor impurities on the energy band structure. 

p-Type Material 

The p-type material is formed by doping a pure germanium or silicon crystal with impurity atoms 

having three valence electrons. The elements most frequently used for this purpose are boron, 

gallium, and indium. Each is a member of a subset group of elements in the Periodic Table of 

Elements referred to as Group III because each has three valence electrons. The effect of one of 

these elements, boron, on a base of silicon is indicated in Fig. 7. 

Note that there is now an insufficient number of electrons to complete the covalent bonds of the 

newly formed lattice. The resulting vacancy is called a hole and is represented by a small circle or a 

plus sign, indicating the absence of a negative charge. Since the resulting vacancy will readily accept 

a free electron: 

The diffused impurities with three valence electrons are called acceptor atoms. 

The resulting p-type material is electrically neutral, for the same reasons described for the n-type 

material. 

 
Figure 7 Boron impurity in p-type material. 
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Electron versus Hole Flow 

The effect of the hole on conduction is shown in Fig. 8. If a valence electron acquires sufficient 

kinetic energy to break its covalent bond and fills the void created by a hole, then a vacancy, or hole, 

will be created in the covalent bond that released the electron. There is, therefore, a transfer of 

holes to the left and electrons to the right, as shown in Fig. 8. The direction to be used in this text is 

that of conventional flow, which is indicated by the direction of hole flow. 

 
Figure 8 Electron versus hole flow. 

Majority and Minority Carriers 

In intrinsic semiconductor materials, the number of free electrons is due to those free electrons in 

the valence band that have acquired sufficient energy from thermal or light sources to break the 

covalent structure or to the few impurities that could not be removed. The vacancies left behind in 

the covalent bonding structure represent our very limited supply of holes. 

In an n-type material, the number of holes has not changed significantly from this intrinsic level. The 

net result, therefore, is that the number of electrons far outweighs the number of holes. For this 

reason: 

In an n-type material the electron is called the majority carrier and the hole the minority carrier. 

For the p-type material the number of holes far outweighs the number of electrons. Therefore: 

In a p-type material the hole is the majority carrier and the electron is the minority carrier. 

 
Figure 9 (a) n-type material (b) p-type material 

When the fifth electron of a donor atom leaves the parent atom, the atom remaining acquires a net 

positive charge: hence the plus sign in the donor-ion representation. For similar reasons, the minus 

sign appears in the acceptor ion. 

The n- and p-type materials represent the basic building blocks of semiconductor devices. We will 

find in the next section that the “joining” of a single n-type material with a p-type material will result 

in a semiconductor element of considerable importance in electronic systems. 
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Semiconductor Diode  
A semiconductor diode can be formed by simply joining an n-type material and a p-type material 

together, nothing more, just the joining of one material with a majority carrier of electrons to one 

with a majority carrier of holes. The basic simplicity of its construction simply reinforces the 

importance of the development of this solid-state era. 

At the junction, the donated electrons in the n-type material, called majority carriers, diffuse into 

the p-type material (diffusion is from an area of high density to an area of lower density) and the 

acceptor holes in the p-type material diffuse into the n-type material as shown by the arrows in Fig. 

10. Because the n-type material has lost electrons, it acquires a positive potential with respect to the 

p-type material and thus tends to prevent further movement of electrons. The p-type material has 

gained electrons and becomes negatively charged with respect to the n-type material and hence 

tends to retain holes. Thus after a short while, the movement of electrons and holes stops due to the 

potential difference across the junction, called the contact potential. The area in the region of the 

junction becomes depleted of holes and electrons due to electron-hole recombination, and is called 

a depletion layer, as shown in Fig. 10. 

 

 
Figure 10 

To manipulate the depletion region, we need to do biasing. The term bias refers to the application of 

an external voltage across the two terminals of the device to extract a response. 

There are three possible biasing possible. 

1. No Bias 

2. Forward Bias 

3. Reverse Bias 
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No Bias (V=0) 

When two materials are joined the electrons and holes in the region of the junction will combine, 
resulting in a lack of free carrier in the region near the junction, as shown in figure 11a. Note in Fig. 
11a that the only particles displayed in this region are the positive and the negative ions remaining 
once the free carriers have been absorbed. 
This region of uncovered positive and negative ions is called the depletion region due to the 

“depletion” of free carriers in the region. 

Since there is no external voltage applied to the diode, the diode is said to be in no bias condition. 
This condition is also called equilibrium condition. In Fig. 11b the symbol for a semiconductor diode 
is provided to show its correspondence with the p–n junction. In each figure it is clear that the 
applied voltage is 0 V (no bias) and the resulting current is 0 A, much like an isolated resistor. 

 

 
Figure 11 A p–n junction with no external bias: (a) an internal distribution of charge; (b) a diode symbol, with the 

defined polarity and the current direction; (c) demonstration that the net carrier flow is zero at the external terminal of 
the device when VD  0 V. 

Under no-bias conditions, any minority carriers (holes) in the n-type material that find themselves 
within the depletion region for any reason whatsoever will pass quickly into the p-type material. The 
closer the minority carrier is to the junction, the greater is the attraction for the layer of negative 
ions and the less is the opposition offered by the positive ions in the depletion region of the n-type 
material. We will conclude, therefore, for future discussions, that any minority carriers of the n-type 
material that find themselves in the depletion region will pass directly into the p-type material. This 
carrier flow is indicated at the top of Fig. 11c for the minority carriers of each material. 
The majority carriers (electrons) of the n-type material must overcome the attractive forces of the 
layer of positive ions in the n-type material and the shield of negative ions in the p-type material to 
migrate into the area beyond the depletion region of the p-type material. However, the number of 
majority carriers is so large in the n-type material that there will invariably be a small number of 
majority carriers with sufficient kinetic energy to pass through the depletion region into the p-type 
material. Again, the same type of discussion can be applied to the majority carriers (holes) of the p-
type material. The resulting flow due to the majority carriers is shown at the bottom of Fig. 11c. 
A close examination of Fig. 11c  will reveal that the relative magnitudes of the flow vectors are such 
that the net flow in either direction is zero. This cancellation of vectors for each type of carrier flow 
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is indicated by the crossed lines. The length of the vector representing hole flow is drawn longer 
than that of electron flow to demonstrate that the two magnitudes need not be the same for 
cancellation and that the doping levels for each material may result in an unequal carrier flow of 
holes and electrons. In summary, therefore: 
In the absence of an applied bias across a semiconductor diode, the net flow of charge in one 

direction is zero. 

Reverse-Bias Condition (VD < 0 V) 

If an external potential of V volts is applied across the p–n junction such that the positive terminal is 
connected to the n-type material and the negative terminal is connected to the p-type material as 
shown in Fig. 12, the number of uncovered positive ions in the depletion region of the n-type 
material will increase due to the large number of free electrons drawn to the positive potential of 
the applied voltage. For similar reasons, the number of uncovered negative ions will increase in the 
p-type material. The net effect, therefore, is a widening of the depletion region. This widening of the 
depletion region will establish too great a barrier for the majority carriers to overcome, effectively 
reducing the majority carrier flow to zero, as shown in Fig. 12a. 
The number of minority carriers, however, entering the depletion region will not change, resulting in 
minority-carrier flow vectors of the same magnitude indicated in Fig. 11c with no applied voltage. 
The current that exists under reverse-bias conditions is called the reverse saturation current and is 

represented by Is. 

 
Figure 12 Reverse-biased p–n junction: (a) internal distribution of charge under reverse-bias conditions; (b) reverse-bias 

polarity and direction of reverse saturation current. 

The reverse saturation current is seldom more than a few microamperes and typically in nA, except 

for high-power devices. The term saturation comes from the fact that it reaches its maximum level 

quickly and does not change significantly with increases in the reverse-bias potential, as shown on 

the diode characteristics of Fig. 14 for VD < 0 V. The reverse-biased conditions are depicted in Fig. 

13b for the diode symbol and p–n junction. Note, in particular, that the direction of Is is against the 

arrow of the symbol. Note also that the negative side of the applied voltage is connected to the p-

type material and the positive side to the n-type material, the difference in underlined letters for 

each region revealing a reverse-bias condition. 

Forward-Bias Condition (VD > 0 V) 

A forward-bias or “on” condition is established by applying the positive potential to the p-type 

material and the negative potential to the n-type material as shown in Fig. 13. 

As +ve potential is added to the positive side of the diode, it will pressurize the holes in the p-type 

material to recombine with the -ve ion of the depletion region and vice versa in the n side to reduce 

the size of the depletion region. This does not change the rate of minority carrier flow but reduction 

in the depletion region increases majority carrier flow heavily. As electrons in n-type materials sees 

reduced barrier at the depletion region and also attraction from positive charge of the p-type 

material. As the applied bias increases in magnitude, the depletion region will continue to decrease 
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in width until a flood of electrons can pass through the junction, resulting in an exponential rise in 

current as shown in the forward-bias region of the characteristics of Fig. 14.  

 

 
Figure 13 Forward-biased p–n junction: (a) internal distribution of charge under forward-bias conditions; (b) forward-

bias polarity and direction of resulting current. 

 
Figure 14 Silicon semiconductor diode characteristics 

Note that the vertical scale of Fig. 14 is measured in milliamperes (although some semiconductor 

diodes have a vertical scale measured in amperes), and the horizontal scale in the forward-bias 

region has a maximum of 1 V. Typically, therefore, the voltage across a forward-biased diode will be 

less than 1 V. Note also how quickly the current rises beyond the knee of the curve. 

It can be demonstrated through the use of solid-state physics that the general characteristics of a 

semiconductor diode can be defined by the following equation, referred to as Shockley’s equation, 

for the forward- and reverse-bias regions: 
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𝐼𝐷 = 𝐼𝑆 (𝑒
𝑉𝐷

𝑛𝑉𝑇 − 1)   (𝐴)                      (12. ) 

where  Is is the reverse saturation current 

VD is the applied forward-bias voltage across the diode 

n is an ideality factor, which is a function of the operating conditions and physical 

construction; it has a range between 1 and 2 depending on a wide variety of factors (n = 1 

will be assumed throughout this text unless otherwise noted). 

The voltage VT in Eq. (1.2) is called the thermal voltage and is determined by 

𝑉𝑇 =
𝑘𝑇𝐾

𝑞
    (𝑉)                          (1.3) 

where  k is Boltzmann’s constant  1.38 × 10−23 𝐽/𝐾 

TK is the absolute temperature in kelvins = 273 + the temperature in °C 

q is the magnitude of electronic charge = 1.6 × 10−19 C 

Initially, Eq. (1.2) with all its defined quantities may appear somewhat complex. However, it will not 

be used extensively in the analysis to follow. It is simply important at this point to understand the 

source of the diode characteristics and which factors affect its shape. 

A plot of Eq. (1.2) with Is  10 pA is shown in Fig. 14 as the dashed line. If we expand Eq. (1.2) into the 

following form, the contributing component for each region of Fig. 14 can be described with 

increased clarity: 

𝐼𝐷 = 𝐼𝑆𝑒
𝑉𝐷

𝑛𝑉𝑇 − 𝐼𝑆 

For positive values of VD the first term of the above equation will grow very quickly and totally 

overpower the effect of the second term. The result is the following equation, which only has 

positive values and takes on the exponential format ex appearing in Fig. 15: 

𝐼𝐷 ≅ 𝐼𝑆𝑒
𝑉𝐷

𝑛𝑉𝑇               (𝑉𝐷 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒) 

 
Figure 15 Plot of ex 

For negative values of VD the exponential term drops very quickly below the level of I, and the 
resulting equation for ID is simply  

𝐼𝐷 = −𝐼𝑆              (𝑉𝐷  𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒) 
Note from fig.14 that for negative voltage of VD the current is essentially horizontal at the level of -IS. 
For V=0 the equation 1.2 becomes 

𝐼𝐷 = 𝐼𝑆(𝑒0 − 1) = 𝐼𝑆(1 − 1) = 0 𝑚𝐴 
As confirmed by figure 14. 
The defined direction of conventional current for the positive voltage region matches the 

arrowhead in the diode symbol. 
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It is particularly interesting to note that the reverse saturation current of the commercial unit is 

significantly larger than that of Is in Shockley’s equation. In fact, 

The actual reverse saturation current of a commercially available diode will normally be 

measurably larger than that appearing as the reverse saturation current in Shockley’s equation. 

This increase in level is due to a wide range of factors that include 

• leakage currents 

• generation of carriers in the depletion region 

• higher doping levels that result in increased levels of reverse current 

• sensitivity to the intrinsic level of carriers 

• a direct relationship with the junction area 

• temperature sensitivity 

Breakdown Region 

Even though the scale of Fig. 14 is in tens of volts in the negative region, there is a point where the 
application of too negative a voltage with the reverse polarity will result in a sharp change in the 
characteristics, as shown in Fig. 16. The current increases at a very rapid rate in a direction opposite 
to that of the positive voltage region. The reverse-bias potential that results in this dramatic change 
in characteristics is called the breakdown potential and is given the label VBV. 

 
Figure 16 Breakdown region 

As the voltage across the diode increases in the reverse-bias region, the velocity of the minority 
carriers responsible for the reverse saturation current Is will also increase. Eventually, their velocity 

and associated kinetic energy (𝑊𝑘 =
1

2
𝑚𝑣2) will be sufficient to release additional carriers through 

collisions with otherwise stable atomic structures. That is, an ionization process will result whereby 
valence electrons absorb sufficient energy to leave the parent atom. These additional carriers can 
then aid the ionization process to the point where a high avalanche current is established, and the 
avalanche breakdown region determined. 
The avalanche region (VBV) can be brought closer to the vertical axis by increasing the doping levels 
in the p- and n-type materials. However, as VBV decreases to very low levels, such as 5V, another 
mechanism, called Zener breakdown, will contribute to the sharp change in the characteristic. It 
occurs because there is a strong electric field in the region of the junction that can disrupt the 
bonding forces within the atom and “generate” carriers. Although the Zener breakdown mechanism 
is a significant contributor only at lower levels of VBV, this sharp change in the characteristic at any 
level is called the Zener region, and diodes employing this unique portion of the characteristic of a 
p–n junction are called Zener diodes. They are described later. 
The breakdown region of the semiconductor diode described must be avoided if the response of a 
system is not to be completely altered by the sharp change in characteristics in this reverse-voltage 
region. 
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In summary breakdown can be due to 2 reasons 

• the Zener effect, resulting from the applied voltage being sufficient to break some of the 
covalent bonds, and 

• the avalanche effect, resulting from the charge carriers moving at sufficient speed to break 
covalent bonds by collision. 

The maximum reverse-bias potential that can be applied before entering the breakdown region is 

called the peak inverse voltage (referred to simply as the PIV rating) or the peak reverse voltage 

(denoted the PRV rating). 

If an application requires a PIV rating greater than that of a single unit, a number of diodes of the 
same characteristics can be connected in series. Diodes are also connected in parallel to increase the 
current-carrying capacity. 
In general, the breakdown voltage of GaAs diodes is about 10% higher those for silicon diodes but 
after 200% higher than levels for Ge diodes. 
The Zener region show in figure 16 can also be changed due to the level of doping during the 
manufacture of the diode. 

Ge, Si, and GaAs 

The discussion thus far has solely used Si as the base semiconductor material. It is now important to 
compare it to the other two materials of importance: GaAs and Ge. A plot comparing the 
characteristics of Si, GaAs, and Ge diodes is shown in Fig. 17. 

 
Figure 17 Comparison of Ge, Si, and GaAs commercial diodes. 

The curves are not simply plots of Eq. 1.2 but the actual response of commercially available units. 
The total reverse current is shown and not simply the reverse saturation current. It is immediately 
obvious that the point of vertical rise in the characteristics is different for each material, although 
the general shape of each characteristic is quite similar. Germanium is closest to the vertical axis and 
GaAs is the most distant. As noted on the curves, the center of the knee (hence the K is the notation 
VK) of the curve is about 0.3 V for Ge, 0.7 V for Si, and 1.2 V for GaAs.  
The shape of the curve in the reverse-bias region is also quite similar for each material, but notice 
the measurable difference in the magnitudes of the typical reverse saturation currents. For GaAs, 
the reverse saturation current is typically about 1 pA, compared to 10 pA for Si and 1 mA for Ge, a 
significant difference in levels. 
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Also note the relative magnitudes of the reverse breakdown voltages for each material. GaAs 
typically has maximum breakdown levels that exceed those of Si devices of the same power level by 
about 10%, with both having breakdown voltages that typically extend between 50 V and 1 kV. 
There are Si power diodes with breakdown voltages as high as 20 kV. Germanium typically has 
breakdown voltages of less than 100 V, with maximums around 400 V. The curves of Fig. 17 are 
simply designed to reflect relative breakdown voltages for the three materials. When one considers 
the levels of reverse saturation currents and breakdown voltages, Ge certainly sticks out as having 
the least desirable characteristics. 
A factor not appearing in Fig. 17 is the operating speed for each material—an important factor in 
today’s market. For each material, the electron mobility factor is provided in Table 1. It provides an 
indication of how fast the carriers can progress through the material and therefore the operating 
speed of any device made using the materials. Quite obviously, GaAs stands out, with a mobility 
factor more than five times that of silicon and twice that of germanium. The result is that GaAs and 
Ge are often used in high-speed applications. However, through proper design, careful control of 
doping levels, and so on, silicon is also found in systems operating in the gigahertz range. Research 
today is also looking at compounds in groups III–V that have even higher mobility factors to ensure 
that industry can meet the demands of future high-speed requirements. 

Temperature Effects 

Temperature can have a marked effect on the characteristics of a semiconductor diode, as 

demonstrated by the characteristics of a silicon diode shown in Fig. 18: 

In the forward-bias region the characteristics of a silicon diode shift to the left at a rate of 2.5 mV 

per centigrade degree increase in temperature. 

 
Figure 18 Variation in Si diode characteristics with temperature change. 

An increase from room temperature (20°C) to 100°C (the boiling point of water) results in a drop of 
80*(2.5 mV) 200 mV, or 0.2 V, which is significant on a graph scaled in tenths of volts. A decrease in 
temperature has the reverse effect, as also shown in the figure: 
In the reverse-bias region the reverse current of a silicon diode doubles for every 10°C rise in 
temperature. 
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Finally, it is important to note from Fig. 18 that: 
The reverse breakdown voltage of a semiconductor diode will increase or decrease with 
temperature. 
However, if the initial breakdown voltage is less than 5 V, the breakdown voltage may actually 
decrease with temperature 
 

 
Example 1.2 Using the curves of Fig. 17: 

 
 

 

 

1. Boylestad problems 1,2,4,5,7,8,9,10,13,14,17,19, 20,21 
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