INTRODUCTION
PREVIOUSLY YOU LEARNED that one useful form of energy is electrical energy. Electricity’s powerful force is caused by electrons moving from one point to another. Learning the characteristics of electricity makes it possible for us to direct how and when electrons flow, which enables us to use electricity beneficially.

CHAPTER 9
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Engineers, technicians, and scientists have developed many devices and innovations to control electricity, from a switch turning on power for lights to a computer commanding roving robots on Mars. There are countless other examples of innovations in the field of electricity and electronics that make our lives interesting, safe, and productive.

You will learn in this chapter that electricity is generated in many forms and that each form has unique characteristics. As an example, the signals generated by computer circuits are different from the electrical signals generated by an FM radio station, as shown in Figure 9.1. Engineers and technicians learn about the signals, circuits, devices, formulas, and equipment that are specific to the field of electricity and electronics. In the next few chapters you will learn some of the same basics.

Electronics deals with devices and specialized circuitry to control electricity. Semiconductor devices such as the transistor have revolutionized the industry and form the foundation for electronic products. Integrated circuits, which are complex devices built using millions of transistors, are the backbones of such modern products as the computer, cell phone, and Internet router (see Figure 9.2 for an example of a transistor and an integrated circuit).

The subjects of electricity and electronics are fascinating to learn. The next several sections and chapters introduce you to electricity concepts and interesting applications in the computer and communications fields.

[[Insert Figure 9.1 here]]
[[Insert Figure 9.2 here]]

SECTION 1: Understanding Electricity Concepts

[[Start Key Ideas > Box here]]

KEY IDEAS >
· We use the energy from electrons to do work.

· Atomic structure determines an element’s electrical properties.

[[End Key Ideas > Box here]]

[[Insert Figure 9.3 here]]

Have you ever been “zapped” by static electricity? Shocking, isn’t it? When it happened, you felt the force of electricity as electrons moved from your body to the object you touched. This force is what enables electricity to do work for us. This section examines atomic structure, the starting point for understanding the nature of electrical force.

What Is Electricity?

A fan turns and blows cooling air, as shown in Figure 9.3. A spinning motor causes fan blades to move air, but electricity causes the motor to spin. The motion derived from a reaction between electricity and magnetism provides the energy that causes the motor to spin. The motor is simply a device created to convert electron energy into rotary motion. The value of electricity is that we use the energy from electrons to do work.

Motors, which are found in fans, refrigerators, robots, conveyors, and other products, are just one type of electrical device invented to productively use electricity. Electricity also powers our computers, televisions, DVD players, and MP3 players. It runs traffic lights, street lights, house lights, and flashlights. Electricity is a powerful and useful force used in many of the things we take for granted every day. Understanding electricity requires that we investigate elements of nature we cannot even see. We will learn that atomic structure determines an element’s electrical properties.

The primary component of electricity, the electron, is a negatively charged particle found in all atoms. Atoms are the basic component of the approximately 115 elements that make up all matter. One way to understand how an atom’s structure relates to electricity is to use a model that shows how the atom is put together. The model we use is a drawing of an atom (see Figure 9.4), which consists of a central area called the nucleus. The nucleus contains two of the three main atomic particles: the proton and the neutron. From an electricity standpoint, the charge on these two particles is important. The proton has a positive charge and the neutron is neutral, which means it has no charge. The notion of charge is important because electricity flows from one charge level to another. Clearly, the nucleus has only one particle with charge, so we need to find another particle with a different kind of charge.

Now focus on the third atomic particle, the electron. Each atom may have one or several electrons. They are not trapped within the nucleus with the protons and neutrons. Electrons instead orbit the nucleus, much as a satellite orbits the earth. In terms of size, electrons are the smallest of the three particles and are relatively far away from the nucleus. They exist at specific distances from the nucleus, and each particular atom has a certain number of electrons that are a certain distance from the nucleus. For instance, the atom carbon has six electrons and the silicon atom has fourteen electrons. Every atom has a matching number of electrons and protons. Scientists use this number to classify the atom.

The structure of one iron atom, for instance, is the same as the structure of every other iron atom, but it is different from the structure of a silicon or hydrogen atom. Just as the number of electrons varies from one element to another, so do the placements or orbits of the electrons. Atoms can have many orbits for their electrons, and the greater the number of electrons, the greater the number of orbits. Each orbit can hold several electrons, and the exact number can be determined mathematically. If you looked at models of each atom in the periodic table of elements, you would notice that electrons populate the orbits closest to the nucleus. Each orbit can hold a certain number of electrons; only when a given orbit holds as many as nature allows will we see a more distant orbit used. An important point to appreciate is that the distance between the nucleus and an electron in orbit is related to the electron’s energy. The further an electron is from its nucleus, the greater its energy.
[[Insert Figure 9.4 here]]

While an atom may have many electrons distributed across several orbits, of particular interest are the electrons in the outermost orbit of atoms (called the valence orbit). Electrons in the valence orbit are the furthest from the nucleus, and they possess the greatest energy, as shown in Figure 9.5. These electrons also react with electrons from other atoms and thereby help determine how one element reacts with another. Valence electrons can be moved from their orbit by externally applied energy from heat or a battery. Once outside their orbits, these electrons are free to move away from their parent atom. The movement of these free electrons is electricity.

Every material is made up of many atoms. Atomic forces bond atoms to one another and create the solids, liquids, and gasses we use to manufacture the products we want and need. For materials to be useful in electrical devices, certain properties are necessary. For example, some materials easily permit electricity to flow through them, but other materials inhibit the flow of electricity. We classify materials as conductors, insulators, or semiconductors, depending on how they permit electricity to flow.

Conductors, Insulators, and Semiconductors

A material is said to conduct electricity if it easily allows electricity to flow. Such materials are conductors. Metals such as copper, iron, and gold are very good electrical conductors and are frequently used in electrical circuits. We can see why metals are good electrical conductors by examining the atomic structure of metal atoms. Specifically, the number of electrons in an atom’s valence orbit determines its conductivity (see Figure 9.6). Remember that valence electrons have high energy because of their great distance from the nucleus. This explains why it is easy for valence electrons to become the moving electrons in electricity. A valence electron requires very little additional energy to move from its orbit to a higher energy level outside the atom, which is called the “conduction band.” This means that a valence electron in a conductor may free itself from its attraction to the nucleus of its parent atom. At room temperature, thermal energy alone provides many valence electrons with the boost they need to jump to the conduction band. Here, the freed electrons move easily throughout the metal’s structure. For example, in a length of copper wire made from billions of atoms, millions of “free electrons” are available for conduction.

Electrons in the conduction band are available to support the flow of electricity. When a conductor is connected to the electrical force provided by a battery, for instance, conduction band electrons begin moving and electrical flow is achieved. Electrical conductors have a natural supply of electrons ready to go.

You must realize that sometimes a flow of electricity is undesirable. For example, imagine a table lamp plugged into an electrical outlet with two bare wires. Wires that are not covered by insulating plastic create a dangerous situation by exposing people to a serious shock hazard. Therefore, we sometimes need materials that are the opposite of conductors; in other words, materials that resist the movement of electrons and inhibit the flow of electricity. Such materials are insulators because they do not readily conduct electricity. Materials with insulating properties protect people and equipment from electric currents. Certain elements are inherently insulators, but most practical insulating products are combinations of several insulating materials.
[[Insert Figure 9.5 here]]

[[Insert Figure 9.6 here]]

Because we investigated how conductors function at the atomic level, we will do the same with insulators to see why some atoms do not provide free electrons to the conduction band. The reason for this insulating behavior again resides in the makeup of the valence orbit.

Argon, for example, is an insulating element. Argon’s valence orbit has eight electrons, far more than in a metal. In nature, eight electrons happen to be the precise number needed to fill all the available energy levels in the valence orbit. In an atom with eight electrons, a single electron requires a significant amount of energy to become free and move to the conduction band. At room temperatures, very few electrons attain enough energy to escape to the conduction band. Therefore, insulators have few free electrons; without free electrons, there is no flow of electricity even when electrical force is applied.

The third class of electrical materials is semiconductors. As the name implies, semiconductors are not good conductors of electricity, nor are they good insulators. Nevertheless, they are extremely useful electrical materials.

Silicon atoms, as an example, are semiconductors. Silicon atoms at room temperature have a small number of free electrons, an insufficient number to conduct electricity well. Semiconductor materials have four valence-orbit electrons, which you will notice is exactly half the number between the full orbit of insulators and the nearly empty orbit of conductors. When semiconductor materials combine with other elements, manufacturers can create devices such as transistors and integrated circuits. These devices are discussed later in this chapter.

[[Start Section one Feedback > here]]

SECTION ONE FEEDBACK >
1.
Can you explain the difference between conductors and insulators?

2.
Why does it make sense that electricity is the movement of electrons rather than the movement of protons?

3.
Why is copper used to connect electrical devices together?

4.
What part of an atom determines the electrical property of a material?

[[End Section one Feedback > here]]

SECTION 2: Examining Electrical Circuits

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Schematics are circuit diagrams that show how electrical components are wired together.

· Ohm’s Law is a simple equation, which is algebraically arranged to solve for any of three properties: voltage, current, or resistance of a circuit
· Electronic gear is built using two basic circuit forms called the series circuit and the parallel circuit. All complex circuits are combinations of the two.

· Electricity exists in two basic forms: direct current (DC) and alternating current (AC).

[[End Key Ideas > Box here]]

[[Insert Figure 9.7 here]]

Our investigation of atomic structure gave us the background to understand electricity. Engineers and technicians use this knowledge to analyze how electrical circuits function. Using specialized equipment and components, they are able to design, test, and troubleshoot real-life products and systems.

Electrical and Electronic Symbols

The many parts used in the electronics industry are represented by symbols that can be used in diagrams showing how an electrical circuit is wired. Such diagrams are called schematics, which are blueprints for electrical and electronic circuits. Schematics are circuit diagrams that show how electrical components are wired together. On the schematic, symbols represent parts, and lines represent wires. These schematics make it easy for people to analyze, assemble, test, and troubleshoot circuits. When schematics are created with a computer, engineers use specialized software programs to simulate how the circuit will operate. This is handy in the design process because errors are spotted long before actual hardware is assembled.

Figure 9.7 shows many of the electrical symbols used in schematics. Each symbol’s shape depicts a unique electrical component. Numbers and other identifying information, placed next to the symbol on the schematic, show important electrical characteristics of the component. For instance, consider the schematic for the common circuit shown in Figure 9.8.

This circuit uses several symbols to show how two typical 1.5-volt batteries are connected to a switch and a 3-volt light bulb. Later we will see exactly how this circuit operates, but for now, you see that the schematic shows how to wire or interconnect the components. Can you change the circuit schematic to show how two 1.5-volt bulbs could be used instead of the 3-volt bulb?
[[Insert Figure 9.8 here]]

Block Diagrams

· A type of schematic called a block diagram shows the connections of a product’s major subsystems. A subsystem is the circuitry for an important portion of a product. Block diagrams do not show each electrical component in the design, but they do give an overall picture of how the product subsystems fit together. The block diagram for a video camera, shown in Figure 9.9, is an example showing the important subsystem circuits needed to create a useful product.

[[Insert Figure 9.9 here]]

Voltage, Current, and Resistance

Engineers and technicians figure out how electricity flows and reacts by acquiring knowledge about electrical circuits. This section begins by defining a few important terms.

We previously learned that conduction band electrons move easily through conductive materials by the application of external energy. In an electrical circuit, a voltage source provides the energy to move electrons. Voltage is the electrical pressure that pushes electrons through an electrical circuit. The common battery is a voltage source. You probably know that batteries come in different sizes, shapes, and voltages; some common battery voltages are 1.5 V and 9 V. Notice that the letter V is used to represent voltage. Some books also use the letter E to represent a voltage source.

Batteries (see Figure 9.10) produce energy through a chemical reaction. The battery’s terminals are the two points at which wires are connected. The electrons move rapidly from the negative terminal toward the positive terminal when a complete circuit or electrical path is in place. We use the term circuit to describe device connections that form paths along which electricity flows. In a later section of this chapter, we will take a closer look at the characteristics and operation of electrical circuits.

[[Insert Figure 9.10 here]]

Consider a 9 V battery installed in a clock. It produces an electron flow in the clock’s circuitry. With this image in mind, we introduce the conventional term for the flow of electrons, which is current. The greater the number of electrons flowing in a circuit, the greater is the current.

The letter I (for intensity) is used in formulas and on schematics to represent current. We measure the amount of current flowing in amperes, or amps for short. Typical circuits have current levels that range from several amps to as little as one-millionth of an amp (stated as one microamp, or 1µA, see Figure 9.11 for other common prefixes). A 100-watt light bulb, for instance, draws approximately 0.8 amps.

When a circuit is formed, electrons flow from the negative voltage source terminal, through the circuit components, to the positive voltage source terminal. When electrons flow through the components within a circuit, useful things happen. For example, if the electronic components in a circuit provide amplification, the flow of electrons might enable us to hear the music recorded on a CD.

You may be wondering what limits the amount of current flowing through a circuit. This is a good question to ponder because too much electric current can be a safety concern. For example, fire can break out if too many electrical devices are plugged into the same extension cord (see Figure 9.12). In this example, each electrical device operates by drawing current, and all current flows through the same extension cord. As electrons flow, energy is released as heat, and too much heat causes materials to ignite.
[[Insert Figure 9.11 here]]

[[Insert Figure 9.12 here]]

Resistance controls current levels. Increasing resistance will decrease current, so when little current flows, we say resistance is high. When current is high, resistance is low. Because all materials have resistance, so do electrical components. Resistance is measured with a unit called the ohm, and is represented by the letter R. The Greek letter omega (() represents the amount of resistance in ohms. For example, we might say that a certain electrical component has a resistance of 2,500 (, or that R = 2,500 (.

It is useful to visualize electric current as billions of particles moving through a pipe. Something pushes the particles to get them moving, and something else is needed to control how many particles will move. In electrical circuits, voltage sources do the pushing, and resistance controls the number of moving particles or current.

A second useful visualization is comparing electricity to water, as in Figure 9.13. Water flow through a pipe is similar to current flow through a wire. Water moves through a pipe because of pressure exerted on the water by gravity or a water pump. This pressure is like a battery’s voltage potential pushing electrons. The diameter of a pipe in a water system creates resistance, which determines the amount of water flowing. In a circuit, both the resistance created by the wire, and the components used, control the amount of current flowing. When you consider this water analogy, it is easy to recognize that a wider pipe lets more water flow than a narrow-diameter pipe. Keep this analogy in mind when analyzing electrical circuits.

Ohm’s Law

In our previous discussion, we determined that voltage, current, and resistance are all related. George Ohm mathematically related these three properties through experiments he conducted in the 1820s. The results, now called Ohm’s Law, form the basis of most circuit design.

Ohm’s Law is a simple equation that is algebraically arranged to solve for any of three properties: voltage, current, or resistance of a circuit (see Figure 9.14). The three forms of Ohm’s Law are:

V = I × R
(voltage = current multiplied by resistance)

I = V/R
(current = voltage divided by resistance)

R = V/I
(resistance = voltage divided by current)

An example will show how to use Ohm’s Law. Assume that a 9 V battery is powering an MP3 player. When the player is on, a current of 0.01A flows from the battery. What resistance does the MP3 player present to the battery so that the current is limited to 0.01A? Using Ohm’s Law, we can calculate that the MP3 player resistance is:

R = V/I

R = 9 V/0.01A

R = 900 (
Electrical Circuits

Electronic gear is built using two basic circuit forms called the series circuit and the parallel circuit. All complex circuits are combinations of the two.

A series circuit has one path for electrons to follow. A flashlight is an example. Electrons begin their journey from a voltage source and follow a single path. Batteries supply electrons with energy to flow through wires interconnecting an on-off switch and a light bulb. By tracing the connections in Figure 9.15, you will see that electrons only flow through circuit components one at a time. The circuit operates by closing the switch to turn on the light. The light glows as electrons flowing through the bulb’s filament resistance give up their energy in the form of heat and light.
[[Insert Figure 9.13 here]]

[[Insert Figure 9.14 here]]

[[Insert Figure 9.15 here]]

[[Start Engineering Quick Take here]]
ENGINEERING QUICK TAKE
How Much Current Is Safe?

The electrical circuitry in a house is protected by fuses or circuit breakers. These protective devices open or interrupt the current flow in a circuit when current exceeds a preset level. Careful planning is needed to ensure that the wiring circuits in homes and businesses are safely designed and installed. If you were designing the wiring for a new home, how would you determine how much current is too much?

It is common to use the standard incandescent light bulb as a measure. For example, a circuit designer will use Ohm’s Law to calculate how many lights can be plugged into a typical house circuit before its current requirements are exceeded.

First, a bit of information is necessary. A 100-watt incandescent bulb operates on 120 V. The resistance of this bulb is 144 (. A typical circuit breaker interrupts current flow at 20 A.

Using this information, calculate how much current each bulb requires.

I = V/R

I = 120V/144 (
I = 0.83A

Each bulb requires 0.83 A of current. All current for the lights on this circuit will flow through the 20A circuit breaker. To see how many bulbs can be on without tripping the breaker, perform the following calculation:

Number of bulbs = 20 A/0.83 A

Number of bulbs = 24.096

Number of bulbs = 24

It appears that twenty-four bulbs will use a bit less than the 20A of current needed to open the circuit breaker.

[[End Engineering Quick Take here]]

A parallel circuit is an arrangement in which two or more paths exist for electrons to follow. In Figure 9.16, for example, two bulbs are wired in parallel. Current from the voltage source flows through each bulb so that both are on simultaneously. In this circuit, the flow of electrons leaving the battery divide at the wire junction, so some current flows through one bulb and the remainder flows through the other bulb. We say that each bulb is a different branch of the parallel circuit. Past each bulb, the two current paths recombine and electrons return to the other voltage source terminal. If the bulbs were identical, each would receive half the available electrons. In parallel circuits in which each branch is not electrically identical, meaning each branch has different resistance values, electrons flow through the branches in differing amounts. A mathematical relationship called Kirchhoff’s Current Law describes the fact that the total current flowing into parallel branches is equal to the sum of the current in each parallel branch. Ohm’s Law is also used to predict exactly how much current will flow through each branch.

In all circuits, the voltage potential of the source is distributed across each component in the circuit. We say voltages develop across components as current flows through the components. The voltage developed across a component is called a voltage drop.
[[Insert Figure 9.16 here]]

[[Insert Figure 9.17 here]]

In series circuits, voltage drops add up to the source voltage. Observe, in Figure 9.17, that the individual voltage drops across each component mathematically add to equal the voltage of the source. This mathematical relationship is Kirchhoff’s Voltage Law (KVL). The size or magnitude of each voltage drop depends on the resistance of any individual component relative to all the resistances in the circuit. This means that the larger the resistance is, the larger the voltage drop.

Power

As current flows, the devices’ resistance releases energy from electrons. Some of the energy provides the intended work of the circuit. Additionally, a significant amount of the energy is released as heat. A simple light bulb illustrates this concept. When a light is on, some of the electrical energy produces visible light, but a good amount of energy also radiates as heat. Components might release enough heat to cause a nasty burn. Electrical components have a power rating that designates the rate at which energy is dissipated by a particular component. The power rating is just one consideration when selecting electrical components for use in circuitry. Resistors, as an example, come in different physical sizes. A physically large resistor will dissipate more power than a smaller resistor. Even though resistors may have the same resistance value, the power rating may determine if it is usable in a circuit. It is important to select components with proper power ratings because an undersized component will not release heat fast enough to keep working properly.

The power in electrical circuits is easy to compute. The amount of power is expressed in watts (W). Like Ohm’s Law, three variations of the power formula exist.

P = I × V

P = I2 × R

P = V2/R

Any of the formulas is used to calculate power in watts. To understand this concept, calculate the electrical power of a 120 V light bulb drawing 0.833A of current.

P = I × V

P = 0.833 × 120

P = 99.96 ~ 100 W

Alternating Current (AC)

Electricity exists in two basic forms: direct current (DC) and alternating current (AC), as shown in Figure 9.19. In our discussion of electricity, we stated that current flows from a battery’s negative terminal, through circuit components, and back to the battery’s positive terminal. This scenario is true for direct current (DC) electricity. DC is characterized by a constant level of voltage and current, with current flowing in one direction only.

Alternating current (AC) is characterized by changes in the level and polarity of electrical signals over a period of time. The term signal represents any changing electrical quantity such as voltage, current, or electric field. Changing signals are extremely useful in conveying information. Simply turning a signal on and off, for example, is sufficient to represent information.

[[Insert Figure 9.18 here]]

[[Insert Figure 9.19 here]]

Many signals are AC, including radio, TV, cellular communications signals, and computer signals, as well as signals generated by a microphone. The most common AC signal is the voltage present at an electrical outlet. Your power company provides the AC voltage at an outlet. The voltage level is standardized throughout the United States, which is why you can plug in an appliance anywhere in the country and it will operate properly. Additionally, the outlet voltage changes polarity 60 times a second, a fact we will explore in more detail shortly. In the meantime, you can see from this brief introduction that AC voltage is certainly more complicated than DC voltage.

A thorough understanding of the sine wave is the key to unlocking the nature of AC signals. The sine wave is the most fundamental AC signal in nature. Complex AC signals are made from individual sine waves, much as light is divided into colors with a prism. By studying the sine waveform, engineers and technicians can understand the characteristics of complex signals.

Looking at the sine wave in Figure 9.20, you can see why the word “wave” is used when referring to this signal—it looks like a wave in water. Notice how the sine wave is drawn on a simple graph. The vertical axis shows the amount of signal available. In electrical terms, the y-axis typically represents voltage or current, with the largest value of y indicating the peak value of the signal. We refer to the peak value as the amplitude of the signal. Using Figure 9.20, we say the amplitude of the signal is a 10 V peak.

The horizontal or x-axis represents time and provides information on how many times per second the AC signal changes polarity. Notice that by a change in polarity, we mean the signal is positive for a certain amount of time and then negative for another increment of time. This means that, in an AC circuit, current will flow first in one direction and then in the opposite direction.

The number of times an AC signal changes per second is important. For example, the AC signal at an electrical outlet changes 60 times per second, or once every 0.0166 seconds, whereas an AC signal from an FM radio station can change 100 million times per second, or once every 0.00000001 seconds. We refer to the rate of signal change as frequency, and we use time information from the horizontal axis to determine the signal’s frequency.

AC Signal Measurements

There are several ways to state the amplitude of an AC signal. To examine the conventional ways, use the electrical outlet waveform shown in Figure 9.22.

Notice that the positive peak reaches 169.7 V, and the negative peak value reaches –169.7 V, which are standard voltages in the United States. Because the waveform is continually changing voltage over time, any of several possible values could specify the waveform amplitude, but because the peak in the waveform is easily recognized, the positive peak voltage is a standard way to represent the entire signal voltage.

 Over time, the waveform voltage rises from zero volts to the peak voltage of +169.7 V and then back to zero volts. The wave next changes polarity and becomes negative, heading to a negative peak voltage of –169.7 V. Finally, the wave returns to zero volts and becomes repetitive from this point. That is, the sine wave does exactly the same thing repeatedly. We will get back to the repetition shortly, but for now we will continue examining the voltage levels.
[[Insert Figure 9.20 here]]

[[Insert Figure 9.21 here]]

[[Insert Figure 9.22 here]]

It is perfectly acceptable to say that the amplitude of the AC waveform is 169.7 V, which is called the peak voltage. Engineers and technicians understand that we do not need to refer to the negative peak voltage because it is the same as the positive peak. Another way to indicate the size or magnitude of the voltage is by stating the peak-to-peak voltage. Can you figure out why the peak-to-peak voltage of the waveform in Figure 9.22 is 339.4 Vp-p?

AC signal magnitudes are often represented in RMS values. RMS stands for Root-Mean-Square, a mathematical way to relate the power content of AC and DC signals. RMS is a very important way to represent AC signals in the electrical industry. In standard practice, pure AC signals easily convert to RMS values when you multiply the signal’s peak amplitude by 0.707. The constant 0.707 is the RMS mathematical conversion for sine waves, so even though the words Root-Mean-Square may sound intimidating, it is a fairly simple conversion to carry out. For example, the RMS value of the electrical outlet voltage is:

169.3 Vp × 0.707 = 119.7 Vrms

This amount is rounded to 120 Vrms. Therefore, when someone says your outlet voltage is 120 V, you will know the reference is to the RMS voltage value. This is why “120 V” is stamped on light bulbs and most of the electrical gear you plug into outlets. RMS is also important because almost all AC electrical test meters display voltages in RMS values.

Figure 9.22 also shows a sine wave repeating its shape over time. You should expect your outlet to provide a continuous stream of sine waves (unless you pop a breaker or forget to pay the power company). Each repetition of a sine wave is called a cycle, and each cycle lasts the same amount of time. In this example, one cycle lasts for 0.0166 seconds. This may seem like an odd number, but, at this rate, 60 cycles occur in one second. We say the frequency of the wave is 60 cycles per second. In the electronics industry, the term hertz (Hz) means cycles per second, so you will see the waveform frequency written as 60 Hz. Because we have stated that a certain number of cycles occur per second, it is apparent that frequency and time are mathematically related. Frequency (f) is easily determined from time by dividing 1 by the time (period) of one full cycle:

f = 1/T

Furthermore, time or period (T) of one cycle is also computed from the frequency:

T = 1/f

Using the sine wave example given:

f = 1/T

f = 1/0.0166 sec

f = 60 Hz

Frequency is a very important characteristic of AC signals. In other chapters, you will see how frequency relates to bandwidth. Frequencies are conveniently grouped into ranges, as shown in Figure 9.23, and different frequency ranges have useful characteristics.

For example, frequencies in the range of 100 million Hz are in the VHF band, and these are used in communication systems. Some TV signals, for instance, are in this range. Compare the high frequencies of the VHF band to the low frequency of 60 Hz, which is in the SLF band. Many electrical applications exist because designers take advantage of the characteristics that different frequencies provide.
[[Insert Figure 9.23 here]]

It is worthwhile to mention that high frequencies are often used to carry information. When you listen to an FM radio, for example, the song you hear was created from many complex AC signals that represent the music. The musical sounds are created by musicians and then converted to AC signals by microphones, guitar pickups, and other electronic music devices. The AC signals produced by these devices vary, such that the signal amplitude increases as music volume increases and frequency increases as musical pitch increases. These musical signals are now information in electrical form. At the FM radio transmitter, the musical signals, which are relatively low frequencies, are combined with a very high-frequency AC signal (see Figure 9.24). This combination process is known as frequency modulation (FM). With frequency modulation, the musical information moves wirelessly from an FM station to many radio receivers simultaneously. This process is one of the many fascinating things about electronics.

[[Insert Figure 9.24 here]]

Test Equipment

· Engineers and technicians need equipment to test circuit performance and troubleshoot broken products. A typical electronics laboratory will have many kinds of test equipment for these purposes. Some equipment is used to test almost every circuit, while other pieces are specialized and used in specific applications.
The power supply, the digital multimeter (DMM) and the oscilloscope are among the most common pieces of test equipment (see Figures 9.25–9.27).

A power supply converts the AC voltage at a wall outlet into DC voltage. The DC voltage then powers a circuit. A power supply used for laboratory work is adjustable. With the twist of a knob, the DC output voltage can be changed through a range, such as from 1 VDC to 30 VDC. Power supplies also provide controls so that output currents may be limited. Many bench-top power supplies have several outputs so that multiple voltages can be used at one time.

The digital multimeter is the work horse of the electronics industry. The meter has a control knob which sets the meter to read AC or DC voltages and currents. The control knob also permits the meter to read resistance. Depending on the meter’s complexity, it may also be used to check continuity, test diodes, measure transistor betas, and determine capacitor values. The DMM is small enough to be held in the hand. Two probes connect the meter to the circuit under test.

[[Insert Figure 9.25 here]]

[[Insert Figure 9.26 here]]

Like a multimeter, an oscilloscope measures electronic signals but has a display screen showing the electrical signal. The picture of the signal on the oscilloscope screen permits the operator to measure amplitude and frequency. Oscilloscopes have several input channels so that several signals may be viewed at once. This makes it convenient to compare a circuit’s input signal and the resulting output signal. Oscilloscopes are complex devices—people require some training before they can use them effectively.

[[Insert Figure 9.27 here]]

Electrical Components

Too many electrical and electronic components are available for circuit design to discuss in this book, but we will discuss some of the common ones. Engineers and technicians must know what is available, and they use many resources to find the right components for a circuit design. It is important to know where to find information about parts. People who work in the electronics industry constantly read about new developments and products. They attend seminars and take courses to keep current. Learning is a necessary part of any technology or engineering career.

Finding parts for products takes work, so engineers and technicians spend time developing contacts with vendors and researching what is available. The Internet, as you might expect, is a great source for finding parts and good prices. Price is particularly important because designers often buy ten thousand units of the same part. The major component companies provide catalogs to the electronics industry. In addition, many component manufacturers provide free samples of their parts to engineers and technicians for testing and evaluation.

Now we will look at the characteristics of several important parts.

Resistor Resistors are parts designed to have specific values of electrical resistance. They come in an astounding array of resistance values, so a circuit designer can buy almost any resistance value he needs. Resistors (see Figure 9.28) are used when a specific value of electrical resistance needs to be inserted into an electrical path. They come in many sizes and shapes, and the physical size and shape directly relate to the resistor’s power-handling capability. A 100-ohm resistor, for example, is available with power ratings that range from a few milliwatts to hundreds of watts. Resistors are built from a combination of conductive and insulating elements that are mixed together to create specific resistance values.

Some types of resistors have adjustable resistance values. These variable resistors are called potentiometers. The volume controls on radios, stereos, and TVs are often potentiometers. A potentiometer’s resistance will change in response to a person who is listening to a radio adjusting the volume knob. This change in resistance changes the radio signal’s voltage (according to Ohm’s Law), which in turn raises or lowers the sound level.

Capacitors Capacitors are components constructed with alternating layers of insulating and conducting materials. Capacitors store and release electrical energy, and their relatively simple construction provides amazing results (see Figure 9.29). Energy is stored when electrons accumulate within the capacitor structure.

Electrons flowing in a capacitor circuit collect on the conducting surfaces of the capacitor. These surfaces are called plates. A layer of insulating material called “dielectric” separates plates from one another. The dielectric material prevents electrons from flowing from plate to plate and determines how much charge can be stored. Electron charge will deposit onto the capacitor plates at a specific rate. The total charge stored within the capacitor increases as more electrons accumulate on the plates. You may be familiar with the large capacitors used in car audio systems. The charge that the capacitors store provides a momentary boost in energy to the audio amplifier. In this way, the audio system can obtain the spikes in power needed by the speaker system to reproduce low-frequency bass notes.
[[Insert Figure 9.28 here]]

[[Insert Figure 9.29 here]]

Capacitors store energy, a process called charging, and release energy, a process called discharging. Both processes are predictable. The charging and discharging periods span a length of time that is determined by the circuit capacitance and resistance values. These periods can be accurately calculated and used to our advantage in timing circuits. A typical example is a motion-sensitive outside lighting system, in which the motion of a person who crosses in front of the light is the trigger to turn on the light. The light remains on for an interval of time before automatically turning off. In this system, a capacitor charge or discharge time determines how long the light stays on.

The following formula is used to calculate the capacitor voltage, as determined by its charge time. The formula shows that capacitor charging follows an exponential curve:

Vc = 1 – e –t/RC (Vc = 1 minus natural log e raised to the power (t divided by R times C)

Similar formulas calculate the capacitor discharge voltage. Other variations of these formulas determine voltage for situations in which the capacitor may already be partially charged. You can see in Figure 9.30 that the capacitor’s charging and discharging voltage changes from moment to moment.

Capacitors have another useful function: the ability to sort out AC and DC signals. Capacitors respond differently to DC than to AC. When both signals are present in a circuit, a capacitor will block DC current flow but permit the AC current flow. We can understand how this happens by referring to the previous discussion of charging and discharging. The actual charging and discharging of the capacitor occurs relatively quickly, and the time it takes to do so is called the transient state. As you have learned, the duration of the transient state is controlled by the amount of capacitance and resistance in a circuit. Regardless of the duration, charging or discharging will be complete at some specific time.
[[Insert Figure 9.30 here]]

After the transient state ends, we say the capacitor has entered a steady state. In the steady state, the capacitor is either at a fully charged or fully discharged voltage level. Because the process of charging and discharging involves movement of electrons, no movement of electrons characterizes the steady state. No DC current flows in the capacitor circuit during the steady state, so we say the capacitor is blocking the path for DC.

The situation is different with AC currents. An alternating signal is never constant, so a capacitor subjected to AC is always charging or discharging at a rate dependent on the frequency of the AC signal. With low frequencies (DC, by the way, is the lowest frequency at 0 Hz), capacitors dramatically impede current flow. As a signal frequency increases, the capacitor more easily permits current flow.

In the electronics field, the term impedance describes the opposition to current flow in an AC circuit. Impedance is similar to resistance and is measured in ohms. However, impedance is far more complicated. A capacitor’s impedance is called capacitive reactance (Figure 9.31) and is represented by the symbol Xc. Capacitive reactance is calculated using the following formula:

Xc = 1/2(fC (Xc = 1 divided by 2 times 3.14 times frequency times capacitance, where f = frequency and C = the value of the capacitor)

Because of the inverse relationship between Xc and frequency or capacitance, Xc decreases as frequency or capacitance increases.

Engineers and technicians study the transient and steady state responses of capacitors to DC, as well as the frequency sensitivity of capacitors to AC signals. These are important responses for engineers and technicians to understand.

Inductors Inductors have many electrical similarities to capacitors. They are made by coiling wire, and they operate by generating a magnetic field as current flows through the coils (see Figure 9.32). This property of electromagnetism means that a magnetic field is generated by electricity. The reverse property is also true; current is generated when wire is moved through a magnetic field. These two effects, electricity generated from magnetism and magnetism generated from electricity, are fundamental to the creation of many helpful devices, including the generators supplying electricity to our homes and businesses. The response from inductors to a particular electrical signal stems from this interaction as well.

Like capacitors, inductors store and release energy. Because of current flow, energy is stored in an inductor as a magnetic field. Energy returns to the inductor circuit when current flow changes or stops, which causes the magnetic field to increase or decrease in strength. The changing magnetic field induces an opposing current flow into the inductor. This happens because a collapsing or expanding magnetic field changing around a wire has the same effect as if wire were moved through the field.

The study of an inductor’s response to DC and AC is beyond this chapter’s scope. However, some of the inductor’s similarities to the capacitor can be identified. With DC, the inductor has a transient state and a steady state. Creating a magnetic field in an inductor takes time. This time is the inductor’s transient state; the resistance and inductance in the circuit control the transient state time. In the steady state, inductors freely pass DC currents but inhibit, or choke off, AC currents. Inductors present an opposition to AC signals called inductive reactance, which is represented by the symbol XL. The formula is:

XL = 2(fL (XL = 2 times pi times frequency times inductance)

Here, f = frequency in hertz and L = inductance in henrys. Inductive reactance increases with frequency and with the amount of inductance. This response to frequency is opposite to that of the capacitor, so high frequencies are blocked.

[[Insert Figure 9.31 here]]

[[Insert Figure 9.32 here]]

Batteryless Flashlights

· Maybe you have seen advertisements on TV for flashlights that work without batteries (see Figure 9.33). All you have to do is shake the flashlight to generate the electricity needed for the LED (light emitting diode) bulb to light. This device uses the electromagnetic properties of inductors to generate electricity. A magnet in the flashlight is free to slide back and forth within the inductor. The magnet’s magnetic field cuts through the wires of the coil as the magnet is shaken. This action induces a voltage across the inductor. Current flows due to the developed voltage and is stored in a capacitor. The LED uses the stored charge in the capacitor as its power source.

[[Insert Figure 9.33 here]]

Transformers Transformers are devices that use electricity and magnetism. They function like two inductors formed together (see Figure 9.34). The magnetic field created in one of the inductors overlaps the coils of the second inductor. Under proper conditions, this induces a voltage into the second inductor. Two inductors positioned together make up a transformer. The two sets of coil windings are identified as the primary winding and the secondary winding.

Transformers are used to step up or step down voltage or current levels. That is, the voltage or current on the primary side changes to a different level on the secondary side. To do this, one need only control the number of turns of wire in each coil of the transformer. More turns in the secondary side of a transformer than in the primary side will, for example, step up or increase the voltage at the secondary terminals. This means voltage levels are increased or decreased with a transformer. This is the most common purpose for a transformer.

You may have noticed large, round transformers mounted on power poles. These transformers usually reduce the higher voltages needed to transfer electricity across the country to the lower voltage levels used in homes. You also may have plugged a power pack into a wall outlet to run a laptop or video game system. The power pack’s transformer lowers the outlet voltage to an appropriate level for the electronic circuitry in your system.

Switches Switches are electromechanical devices used to turn the current flow to a device or circuit on or off. They come in many sizes and shapes for just about any application imaginable (see Figure 9.35). A typical wall switch used to turn on lights is one application; the keys on a computer keyboard are another application. Each key is
[[Insert Figure 9.34 here]]

[[Insert Figure 9.35 here]]

a separate switch, and typing on a key turns the switch on. A computer chip in the keyboard senses this switch action and then interprets the movement as a letter or number.

Buying Electrical Parts

· Now you are familiar with some electrical components. As mentioned earlier, many companies sell these parts, and you might be amazed at the selection available. For example, Figure 9.36 shows part of a page from a typical catalog. The information shown is just a small sampling of the selection available for one type of capacitor; the catalog has ten pages for capacitors alone.

[[Insert Figure 9.36 here]]

[[Start Section two Feedback > here]]

SECTION TWO FEEDBACK >
1.
Draw a schematic for the switches, outlets, and lights in your classroom.

2.
If a flashlight is powered by two 1.5 V batteries and has 0.02 A of current flowing through the bulb, what is the resistance of the bulb?

3.
How many cycles per second is the frequency of your local AM radio station?

4.
Name an important characteristic of capacitors.

5.
What component is made by wrapping fifty turns of wire around a wooded dowel?

[[End Section two Feedback > here]]

SECTION 3: Learning About Electronics

[[Start Key Ideas > Box here]]

KEY IDEAS >
· When a semiconductor element is combined with small amounts of other elements, beneficial electrical properties result in the newly formed material.

· Semiconductor materials are used to create semiconductor devices such as diodes and transistors.

· Two basic kinds of transistors exist: the bipolar junction transistor (BJT) and field effect transistor (FET).

· Transistors are often used as electronic switches.

[[End Key Ideas > Box here]]

Electronic components are made from many different materials. Silicon is primarily used to make electronic devices. This section discusses silicon’s use as an electrical material and how it is used to make transistors.

Semiconductors

Semiconductor devices are created from elements such as silicon and germanium, which are neither good conductors nor insulators of electricity. Based on this fact, it appears that these elements are not very useful electrically, but nothing could be further from the truth. When a semiconductor element is combined with small amounts of other elements, beneficial electrical properties result in the newly formed material. Semiconductor materials are used to create semiconductor devices such as diodes and transistors.

In order to manufacture semiconductor devices, two types of silicon based semiconductor materials are created. These materials are simply called N-type and P-type.

N-type material is formed by combining silicon atoms with small amounts of another element that possesses a specific atomic structure (see Figure 9.37). In the semiconductor manufacturing industry, adding materials to silicon is called doping. Doping radically alters the electrical properties of the resultant material.

[[Insert Figure 9.37 here]]

To understand N-type material, recall that an atom consists of a nucleus surrounded by electrons and that the number of electrons in the outer orbit of an atom determines its electrical properties. Conductors typically have few electrons in the valence orbit, while insulators have many electrons in the valence orbit. A silicon atom possesses four outer electrons, making pure silicon neither a good conductor nor a good insulator.

When silicon atoms are combined with other atoms such as phosphorus or arsenic, which are elements of five valence electrons each, a unique electrical material is created. In nature, atoms can bond or link to each other by sharing electrons, which is why solid materials exist: Atoms are able to attach to each other. In a combination of silicon and arsenic atoms, four separate silicon atoms are able to bond to one arsenic atom. The bonding occurs when valence electrons are shared among the five atoms. These strong bonds are called covalent bonds. The material that forms from this mixture is made up of a regular and orderly crystalline structure. However, within this structure, each arsenic atom has one electron unable to bond with an electron from nearby silicon atom. The arrangement of atoms in the crystalline structure makes such bonding impossible. The nonbonded arsenic electron is loosely attached to the arsenic atom and is readily available to become a free electron in the conduction band. Keep in mind that although our description pertains to one atom, it actually happens to millions of atoms at the same time. The result is that many free electrons are now available. Because electrons carry a negative charge, the resulting material is called N-type. It is the availability of many free electrons that makes N-type semiconductor material very conductive—far more conductive than silicon alone.

P-type material is produced similarly to N-type. The difference is that the doping element used has three electrons in the valence orbit. Boron is often used as the dopant for P-type material (see Figure 9.38). When small amounts of boron combine with silicon, a reaction occurs at the valence-orbit level. The three boron electrons bond with electrons in three adjoining silicon atoms. Due to the crystalline arrangement of the atoms, a fourth nearby silicon atom is also available to form a bond. Because boron only donates three electrons to this process, one remaining silicon electron is unable to form a strong covalent bond. However, a vacant energy level is available for an electron to fill and thereby form a bond. An electron can make its way to the vacant energy level and fill it. Keep in mind that this electron movement happens throughout the valence energy levels.

Any vacant energy level is a hole and is a positive charge because holes will attract electrons. Electrons from nearby atoms can simply move from one atom to the vacancy in another. This is equivalent to the hole moving because when an electron leaves one atom to fill a hole in another atom, the resultant movement creates a hole, which another electron can then occupy. This hole-current flow occurs because the doping process creates an excess of energy levels, which have a positive charge associated with them in P-type material.

Transistors: The BJT and FET

The term semiconductors most commonly refers to the devices made from N-type and P-type materials. The most common semiconductor device is the transistor; it is technically possible to simultaneously build millions of these components on integrated circuits, resulting in the development of sophisticated and helpful products. Computers, cell phones, PDAs, health equipment, and Internet routers are just some of the products built around transistors. Clearly, semiconductor devices have changed the electronics industry and our world.
[[Insert Figure 9.38 here]]

Two basic types of transistors exist: the bipolar junction transistor (BJT) and the field effect (FET). Figure 9.39 shows the common electrical symbols used for BJTs and FETs. With additional circuitry, both transistor types can operate as amplifiers, which are circuits increasing the amplitude of voltage signals. Amplifiers, for instance, permit a very small signal to be transmitted from a satellite and received on earth, resulting in a great-looking picture on a high-definition TV.

Transistors are often used as electronic switches. This may not seem very important to you at first, but consider the significant difference between a mechanical light switch and a transistor switch. The light switch is turned on or off by a person, whereas a transistor switch is turned on or off by a low-voltage signal. The low-voltage signal can come from computers, sensors, or many other sources. Controlling switching with an electronic signal makes the digital age a reality, for the essence of a digital signal is simply turning something on or off. Transistor switches are the heart of computers.

Field Effect Transistors (FET)

Field effect transistors are physically smaller than BJTs, and millions of them are packed onto the small area of an integrated circuit. There are several types of FET designs; we will concentrate our transistor study on the metal oxide semiconductor FET, or MOSFET. This transistor is used as a switch, and it is relatively simple to fabricate.

Examine how an FET is constructed, and how it operates as a switch. Transistors are made from N-type and P-type semiconductor material. Figure 9.40 shows how N-type and P-type materials combine to build an N-channel MOSFET. This transistor has three important sections: the source, drain, and gate. Notice that the source and drain are both small N-type areas embedded into a larger P-type block. The P-type material therefore separates the source and drain from each other. Constructed over this area is the gate. The gate is fabricated from semiconductor material, but is deliberately isolated from the P-type region between the source and drain. A small layer of silicon dioxide, a type of glass, electrically insulates the gate from the rest of the structure. This means no electricity can flow between the gate and the rest of the MOSFET. Keep in mind that, in the modern world of nanotechnology, the gate structure may only be 45 billionths of a meter wide. On this extremely small scale, it is possible to pack millions of transistors on a very small integrated circuit (see Figure 9.41).

In order to operate as an on-off switch, the transistor must control when current will flow between source and drain. When current flows, the transistor is on; when current does not flow, the transistor is off. Preventing current flow is easy, as this is the device’s natural state. By simply keeping the gate voltage at zero, the MOSFET enters the off state. Creating current flow requires applying a positive potential to the gate. When this happens, free electrons within the P-type material drift toward the glass layer. (There are always some free electrons in P-type.) After a sufficient number of electrons migrate to this area and line up along the insulating glass layer, a conducting N-channel forms. The positive gate voltage has forced free electrons to line up as a bridge between the source and the drain terminals. The channel can now carry current. When current flows, the FET is on. If we remove the gate voltage, the free electrons dissipate back into the P-type region, and current flow ceases (Figure 9.42). Now the transistor is off.
[[Insert Figure 9.39 here]]

[[Insert Figure 9.40 here]]

[[Insert Figure 9.41 here]]

The MOSFET is very small and simply designed. Manufacturers fabricate P-channel devices just like N-channel devices. The difference is that the channel is formed using holes rather than electrons. Operation is very similar; a negative gate voltage turns the channel on, and the lack of any gate voltage turns the channel off.

Connecting N-channel devices to P-channel devices forms a complementary metal oxide semiconductor (CMOS) circuit. This circuit (see Figure 9.43) is the foundation of all circuitry used in computer chips. We will discuss logic circuits created by this technology in the next chapter.

[[Insert Figure 9.42 here]]

[[Insert Figure 9.43 here]]

TECHNOLOGY IN THE REAL WORLD:
Electronics Equals Small

Since the invention of the transistor in 1948 and the development of the integrated circuit in 1959, electronics products have become a necessary part of our lives. Products we use every day and take for granted did not exist when the transistor and integrated circuit were invented. No one had heard of or used a Bluetooth earpiece in the 1980s, for example.

The tiny size of modern products, along with their light weight and small power requirements, has made it possible for large, bulky items to be reduced to portable, pocket-sized objects. Have you ever seen a movie in which the actors communicated using a car telephone? The movies reflected what was possible in early communications equipment. The telephone was an actual table-top phone connected to a very large transmitter, which took up lots of space in the automobile. Additionally, the power requirements were also large and required connections to an automobile battery. With the development of transistors and integrated circuits, size and power has been significantly reduced. So, nowadays, we just flip open a cell phone to talk, text, and use the Internet just about anywhere we like.

A more recent improvement in technology, made possible by electronics, is the computer mouse. The early mice were electromechanical devices (see Figure 9.44). The movement of the mouse depended on the motion of a ball on a mouse pad. The ball’s motion was converted to an electrical signal through variable resistors, which adjusted the resistance as the user moved the mouse. These early mice were heavy, and they worked poorly because dust and dirt entered and clogged the mechanical mechanism.

The modern mouse is completely electronic (see Figure 9.45). This newer mouse uses an LED to shine light onto a surface. A CMOS sensor detects the image provided by the LED light. The signal from the sensor is sent to a special computer chip called a DSP, or digital signal processor. The DSP determines how far the mouse has moved based on the image provided by the sensor. Everything in the mouse is electronic and is therefore lightweight and reliable.

[[Insert Figure 9.44 here]]

[[Start Section three Feedback > here]]

SECTION THREE FEEDBACK >
1.
Explain how N-type semiconductor material is created.

2.
Name the three parts of a field effect transistor.

3.
Describe how an FET operates as a digital device.

4.
What are the devices needed to make a CMOS circuit?

[[End Section three Feedback > here]]

[[Insert Figure 9.45 here]]

SECTION 4: Fabricating Integrated Circuits

[[Start Key Ideas > Box here]]

KEY IDEAS >
· ICs begin their formation as wafers of doped silicon.

· ICs are comprised of thousands, and sometimes millions, of transistors built on a single very small piece of silicon.

· On each wafer, numerous ICs are built.
· The chip fab is a special manufacturing environment in which wafers become functional integrated circuits.

[[End Key Ideas > Box here]]

The electronic products we use daily are designed with complex circuitry. Because of the integrated circuit, it is possible for products to be powerful, yet small and energy efficient. This section examines the manufacturing of integrated circuits and how millions of microscopic devices are built simultaneously.

Integrated Circuits

Transistors, resistors, and other parts are called discrete parts. Discrete parts are soldered together on circuit boards to form an electronic system. Systems built with discrete parts tend to be physically large. The trend in the electronics industry is to make products small, light, and power efficient.

A revolution in the electronics industry came about with the invention of the integrated circuit (IC). ICs are comprised of thousands, and sometimes millions, of transistors built on a single very small piece of silicon. The FET described earlier is one of the most commonly built IC devices. FETs can function as transistors or as resistors, making IC fabrication easier, because the same basic steps build both devices. Fabrication is the process of making an integrated circuit.

[[Insert Figure 9.46 here]]
Wafers

ICs begin their formation as wafers of doped silicon. First, silicon is melted and purified. Dopants are added as needed to convert the refined silicon into N-type or P-type material. Over a lengthy period, the molten silicon is slowly withdrawn from its heated container. This causes the melted silicon mixture to cool. As it solidifies, a long silicon cylinder forms. This cylinder is sawed into thin disks or wafers (see Figure 9.46). Many ICs will be built upon the wafers.

Wafers are processed in a chip fabrication plant (see Figure 9.47) or chip fab. The chip fab is a special manufacturing environment in which wafers become functional integrated circuits. The chip fab contains many clean rooms, which are specially constructed rooms that contain highly filtered air and vibration-dampening flooring. Dust and other impurities will render an IC useless if permitted to contaminate the silicon, and because a speck of common dust is dramatically larger than a transistor, a special environment is necessary.

As in any manufacturing process, the individual elements of each transistor are built one at a time. What makes integrated circuit manufacturing unique is that millions of the same transistor parts are built simultaneously. For example, multiple wafers are processed at the same time. On each wafer, numerous ICs are built. On each IC, a million FETs are under construction. In addition, all this fabrication takes place at the same time. Talk about mass production! This is one reason that the price of electronic gear decreases over time. It is very cost-effective to build products from ICs.
[[Insert Figure 9.47 here]]

IC fabrication is divided into two general processing stages. The front end of the line (FEOL) is where the transistors are created. The back end of the line (BEOL) is where transistors are interconnected to form working circuitry.

Front End of the Line

The transistor construction process begins with the wafer acting as the substrate, or foundation, for the entire IC. The wafer is placed in a special oven, called a “diffusion furnace.” There, under specially controlled temperature and pressure, silicon and doping materials are added. Given some time, atoms fall upon the wafer, resulting in a new layer just a few hundred atoms deep. This new layer of semiconductor material is called the epitaxial (epi) layer, and it becomes the channel area for many FETs.

Thousands of individual transistor features are created on the wafer. Masking is the technique that defines exactly where the features go (see Figure 9.48). A mask is a special glass covered with opaque lines in certain areas and clear glass in other areas. The mask shows where features of the FET, such as the source and drain, are placed on the IC.

The wafer, covered with its new epi layer, is transported to a process machine where a light-sensitive liquid chemical called photoresist is applied. A mask is placed over the coated wafer, and then the wafer is exposed to ultraviolet light, which will cause the photoresist to harden. The photoresist hardens only in the areas where the mask permits light to pass. In the areas where the mask prevents light from passing, the photoresist remains unexposed and liquid. This process is similar to that used to develop a conventional photograph.

Chemical solvents dissolve the unexposed photoresist. Only the exposed and hardened photoresist remains, protecting portions of the silicon epi layer. Now, the next step begins. The opened areas on the wafer are placed in an ion implantation machine, which blasts ions of dopant materials into the wafer’s uncovered areas, creating the sources and drains of each FET. An ion implant converts a section of P-type material into N-type material or vice versa.

Additional masking steps take place to define the placement of insulating glass and the gate structure itself. The same steps are repeated many times as each feature is created. It is remarkable that the process can create gate feature sizes as small as 45 billionths of a meter, and that IC manufacturers are working to achieve feature sizes as small as 10 billionths of a meter.

Back End of the Line

After FETs are fully formed on the IC, they must be interconnected to create functional circuits. For example, the FETs on a computer processor chip and a cell phone controller chip are formed in the same way. The manner in which the FETs interconnect is what distinguishes one chip from another.

To create a circuit, each terminal of the FET—gate, source, and drain—must have a conducting connection made to other devices. ICs are built in layers, including metallization layers, which are designed for interconnections and formed from aluminum or copper. Inter-connection layers, created with the masking process, resemble a sandwich of metal and insulation (see Figure 9.49). Finally, ICs are tested one by one while still on the wafer to ensure that they work. Next, the finished wafers are sawed to separate the individual ICs into chips. These chips are then packaged. This means that the chip is sealed, and external pins are added to connect the chip to other parts on a circuit board.
[[Insert Figure 9.48 here]]

The preceding description briefly explains the key steps in manufacturing integrated circuits. Actual manufacturing takes two to three weeks to complete and involves more than 5,000 individual steps.

[[Insert Figure 9.49 here]]

TECHNOLOGY AND PEOPLE:
Engineering Behind the Digital Camera

Steven Sasson is an electrical engineer who works for the Eastman Kodak Company. In 1975, he began experimenting with a new sensor called a charged-coupled device (CCD) and decided to use it to build a new type of camera. It would be unlike any camera Kodak had built, as Sasson’s camera would use no photographic film. Using his knowledge of electronics and optics, as well as test equipment in his lab, he learned the CCD’s principles of operation. He combined the CCD with other devices he could obtain, such as analog-to-digital converters (ADC) and optical lenses, to build the first digital camera.

Sasson’s first digital camera weighed eight pounds, was the size of a toaster, and required a TV to view the image (see Figure 9.50). It took 23 seconds for this camera to take a picture and another 23 seconds to see it on the TV. The picture resolution was a mere 0.01 megapixels—not much compared to the multi-megapixel cameras we can buy today.

Steven Sasson still works for Kodak. In a 2006 interview, he said, “I have had a great career at Kodak. I had the opportunity to see the birth of digital photography and see it mature. From the time when we had several arguments on whether digital photography can ever be a reality to actually seeing digital photography completely changing the world of photography has been a special privilege to me.”

[[Insert Figure 9.50 here]]

[[Start Section four Feedback > here]]

SECTION FOUR FEEDBACK >
1.
If the overall size of an integrated circuit FET is 95 nanometers, how many transistors can be placed in a row on a silicon wafer that is 300 mm wide?

2.
At what point in the IC manufacturing process does FEOL end?

3.
What makes an iPod chip and an HDTV chip different when they are both made from FETs?

4.
How is a wafer first formed?

5.
What process defines where specific features are placed on an integrated circuit?

[[End Section four Feedback > here]]

CAREERS IN TECHNOLOGY
Matching Your Interests and Abilities with Career Opportunities: Engineering Technicians

Electrical and electronic engineering technicians make up 34 percent of all engineering technicians. Employment of engineering technicians often is influenced by the same local and national economic conditions that affect engineers; as a result, job outlook varies with industry and specialization. Opportunities will be best for people who have an associate degree or extensive job training in engineering technology.

Nature of the Industry

Electrical and electronics engineering technicians help design, develop, test, and manufacture electrical and electronic equipment. This includes communication equipment, navigational equipment, and computers, as well as radar, industrial, and medical monitoring or control devices. These technicians may work in product evaluation and testing, using measuring and diagnostic devices to adjust, test, and repair equipment.

Working Conditions

Most engineering technicians work at least 40 hours a week in laboratories, offices, manufacturing or industrial plants, or construction sites. Some may be exposed to hazards from equipment, chemicals, or toxic materials.

Training and Advancement

Although it may be possible to qualify for certain engineering technician jobs without formal training, most employers prefer to hire someone with at least a two-year associate degree in engineering technology.

After completing the two-year program, some graduates get jobs as engineering technicians, whereas others continue their education at four-year colleges. Many four-year colleges offer bachelor’s degrees in engineering technology, but graduates of these programs often are hired to work as technologists or applied engineers, not as technicians.

Outlook

Opportunities will be best for people with an associate degree or extensive job training in engineering technology. As technology becomes more sophisticated, employers will continue to look for technicians who are skilled in new technology and require a minimum of additional job training. An increase in the number of jobs related to public health and safety should create job opportunities for engineering technicians who have the appropriate training and certification. Overall employment of engineering technicians is expected to increase about as fast as the average for all occupations through 2014.

Earnings

Median annual earnings of electrical and electronics engineering technicians were $46,310 in May 2004. The middle 50 percent earned between $36,290 and $55,750. The lowest 10 percent earned less than $29,000, and the highest 10 percent earned more than $67,900. Table 9.1 shows median annual earnings in the industries that employed the largest numbers of electrical and electronics engineering technicians as of May 2004.
[[Start Table 9.1 here]]
Table 9.1 | Earnings of Engineering Technicians
	Federal government
	$64,160

	Wired telecommunications carriers
	$51,250

	Architectural, engineering, and related services
	$44,800

	Navigational, measuring, electromedical, and control instruments manufacturing
	$42,780

	Semiconductor and other electronic component manufacturing
	$41,300


[[End Table 9.1 here]]

Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2008–09 Edition, 2/2008, http://www.bls.gov/oco/
Summary >

All materials are composed of atoms. One atomic component accounts for electricity

Every atom is made of protons, neutrons, and electrons. Some of the electrons in atoms move away from their parent atom by the application of external energy. This flow of electrons is electricity.

Materials are classified by their ability to permit electricity to flow. Conductors are materials through which electricity easily flows. Insulators are materials that present a great opposition to the flow of electricity. Semiconductors are somewhat conductive.

Electron flow in an electrical circuit is called current. Voltage provides the energy to make current flow possible. The electrical resistance of the devices in the circuit regulates the current in a circuit. All materials have some amount of resistance.

The equation I = V/R is one form of Ohm’s Law. This equation tells us that, with a fixed voltage, an increase in resistance will decrease the current flow. Conversely, decreasing resistance increases the level of current.

Useful electronic products are made from complex circuits. The circuits are the interconnection of components such as resistors, capacitors, inductors, and transistors in series and parallel arrangements. Good engineers and technicians understand electrical and electronic theory, and they use this knowledge to design and test electronic products.

Silicon is the main material used in semiconductors. When small amounts of other materials are added to silicon, N-type and P-type semiconductor materials are formed. These materials then are used to make transistors and ICs.

Many types of transistors are manufactured. Bipolar transistors include the NPN and PNP. Another type of transistor is the field effect transistor (FET). Transistors are used as amplifiers or as switches.

Many ICs (integrated circuits, or chips) are formed on a wafer. Within each IC, millions of FET transistors are fabricated. Each transistor functions as an on-off switch. When interconnected to each other at the IC’s metallization layer, complicated circuits are formed. Computer chips are common examples of the parts produced by the integrated circuit fabrication industry.

FEEDBACK
1.
What is electricity? What is necessary for electricity to flow through a circuit?

2.
Research how circuit breakers work.

3.
An MP3 player draws 300 mA of current from a 12 V battery source. What is the resistance of the MP3 player?

4.
Draw a series circuit schematic consisting of a 25 V battery and five 100-ohm resistors.

5.
Using the series circuit in Question 4, determine the current provided by the battery to the resistors.

6.
Using the series circuit in Question 4, confirm that the voltage across each 100-ohm resistor will be 5 V.

7.
For a series circuit with a fixed voltage source, what happens to the current when the resistance is decreased?

8.
It is a hot day. You buy four fans and plug them into outlets. The outlets are powered by a circuit protected by a 20 A circuit breaker. If each fan is rated at 250 W and the outlet voltage is 120 V, will the circuit breaker interrupt current flow?

9.
Do research to find out why the frequency of the AC voltage in a typical home outlet is 60 Hz.

10.
Investigate what the outlet frequency is in France, Australia, Japan, and Russia.

11.
Students can sometimes talk to the astronauts on the International Space Station using amateur radio. A certain group of students use a radio transmitter operating at 145.8 MHz for this communication. How much time does it take for one cycle of this signal to complete?

12.
High-voltage transmission lines carry electricity from power-generating stations to cities. If a line is specified as a 25,000-Vrms line, what is the line rating in voltage peak and voltage peak-to-peak?

13.
Investigate how inductors and capacitors store electrical energy.

14.
A transformer is used in a video-game system that requires 12 V to operate. The transformer is plugged into the house outlet voltage on one side and connected to the game system on the other side. Is this transformer stepping up or stepping down the voltage?

15.
A potentiometer has 15 volts across it. Between the center terminal and one end, a technician measures 3.4 V. What voltage will the technician measure between the center terminal and the other terminal of the potentiometer?

16.
Use online research to determine how Moore’s Law applies to the integrated circuits industry.

17.
Do online research to find out how many transistors are in the following microprocessor chips:

a. 8085

b. 8086

c. Pentium III

18.
Restaurants depend on electricity to power cooking equipment, cash registers, refrigerators, freezers, security systems, lights, and the HVAC (heating, ventilation, air conditioning) system. Visit a local fast-food restaurant and list all the electrical devices you notice. Using online resources, determine the restaurant’s power requirements for the devices in your list.

DESIGN CHALLENGE 1:
Electrical Wiring Design

· Problem Situation

Your kitchen is outdated—it needs a face-lift. An important part of the renovation is to rewire the electrical circuits for the updated kitchen appliances. Unfortunately, your home breaker box is nearing its electrical capacity, and your budget does not allow for an upgrade in the electrical service. You will have to make do with what is available.

The existing breaker box has two 15 A circuit breakers and two 20 A circuit breakers that are available to use for the kitchen’s new electrical requirements. You must design the wiring plan to use the available breaker capacity, minimize the amount of wiring needed for the new circuitry, and above all, create a safe, non-overloaded electrical system.

· Your Challenge

You and your teammates first must lay out the updated kitchen physical wiring plan on graph paper. Next, you will prototype the system using standard electrical devices.

The plan will accommodate five overhead lights controlled by a switch. Eight new electrical outlets will also be included in the plan. Small appliances for the kitchen will include a food processor, a can opener, a small flat-screen TV, a toaster, and a radio. Additionally, large appliances such as a refrigerator, microwave oven, dishwasher, and garbage disposal are required. Any other appliances and devices found in a standard kitchen are currently powered by the existing kitchen wiring, so you do not need to include these in your wiring plan.

· Safety Considerations

1.
Always exercise caution when working with electricity.

2.
Assume that circuits are energized.

3.
Follow your instructor’s safety guidelines for your lab.

· Materials Needed

1.
Graph paper

2.
Hook-up wire

3.
12 V bulbs

4.
Switches

5.
120 V standard electrical outlets

6.
120 V standard switches

7.
12 V batteries or power supply

· Clarify the Design Specifications and Constraints

Your design will first be detailed on graph paper. Select a teammate’s kitchen floor plan to use for your design. On the graph paper, draw the entire electrical system using standard schematic symbols. The design must ensure that no circuit will be overloaded.

Build a prototype of your design using 12 V light bulbs to represent the kitchen lights and appropriately sized resistors to represent the appliances. Devise tests to determine whether your system design meets the needs and safety requirements for the kitchen renovation.

Build a second prototype using standard electrical outlets and switches. If a circuit panel is available, tie each branch circuit into the panel breakers. Your instructor will determine if this prototype will be powered with 120 V or 12 V.

· Research and Investigate

To complete the design challenge, you need to first gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: Household appliance electrical requirements.

2.
In your guide, complete the Knowledge and Skill Builder II: Circuit breakers and standard electrical wiring devices.

3.
In your guide, complete the Knowledge and Skill Builder III: Voltage, current, resistance, and power.

4.
In your guide, complete the Knowledge and Skill Builder IV: Series and parallel circuits.

· Generate Alternative Designs

Describe two of your possible alternatives to the wiring layout. Discuss the decisions you made in (a) distribution of the wiring layout and (b) assignment of devices to circuit breakers.

· Choose and Justify the Optimal Solution

Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct your chosen design, and include either photographs or drawings to explain its operation.

· Test and Evaluate

Explain whether your design met the specifications and constraints. What tests did you conduct to verify this?

· Redesign the Solution

Explain how you would redesign your kitchen electrical system based on the knowledge and information you gained during this design challenge.

· Communicate Your Achievements

Describe the plan you will use to present your solution to the class. Include a media-based presentation.

DESIGN CHALLENGE 2:
Transistor Control of an LED

· Problem Situation

You tell your friends that you read that transistors are the heart of all electronic equipment and that a typical integrated circuit may contain more than a million transistors. Your friends ask you to show them how a single transistor works. They don’t think you can do this. You decide to prove them wrong by showing how a simple transistor can control an LED.

· Your Challenge

LEDs require certain amounts of current flow for light to be visible. Your challenge is to show your friends that an LED will not glow when connected to a low-level signal, but it will when the signal is amplified by a transistor. In this way, you will demonstrate to your friends how the transistor operates. You must design the proper circuitry needed for the transistor to function reliably in this application, and you must create a source for the low-level signal.

· Safety Considerations

1.
Always exercise caution when working with electricity.

2.
Assume that circuits are energized.

3.
Follow your instructor’s safety guidelines for your lab.

· Materials Needed

1.
Various colored LEDs

2.
Resistor assortment

3.
NPN transistor, such as a 2N3904

4.
FET, such as a 2N7000

5.
DC voltage or battery

6.
Square-wave voltage source

7.
Proto-board for circuit construction

· Clarify the Design Specifications and Constraints

Show how an LED will glow when an appropriate voltage is applied to the device. Devise a test to confirm exactly what voltages and currents are needed for light to appear. Show how this varies depending on the LED color. From this testing, select a voltage or current level that is insufficient to light up the LED. You will design a transistor circuit that can use this low level to light the LED.

Design the transistor circuit so that the low-level signal is the input to the transistor. You will design the remaining circuitry so the transistor can sufficiently amplify the signal to light the LED. Because a variety of transistor devices are available, justify which transistor component you ultimately select.

Because you really want to impress your friends, consider modifying the input signal so the LED does more than simply light up.

· Research and Investigate

To complete the design challenge, you need to first gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: LEDs.

2.
In your guide, complete the Knowledge and Skill Builder II: Bipolar transistors.

3.
In your guide, complete the Knowledge and Skill Builder III: Field effect transistors.

· Generate Alternative Designs

Describe two of your possible alternatives to the transistor circuit. Discuss the decisions needed to use a bipolar and a field effect transistor.

· Choose and Justify the Optimal Solution

Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct your chosen design and include either photographs or drawings to show how it operates. Use data from test equipment to prove amplification is taking place.

· Test and Evaluate

Explain whether your design met the specifications and constraints. What tests did you conduct to verify this?

· Redesign the Solution

Explain how you would redesign your circuit based on the knowledge and information you gained during this design challenge. What additional features would you have added to the design if you had more time?

· Communicate Your Achievements

Describe the plan you will use to present your solution to the class. Include a media-based presentation.

Numbered Figure
Figure 9.1|Signals generated by computer circuits (shown on the right) are different from electrical signals generated by an FM radio station (shown on the left).

Figure 9.2|Transistors and integrated circuits are vital to modern electronics devices.

Figure 9.3|Electricity provides energy to move air.

Figure 9.4|Atoms are the basic components of all matter.

Figure 9.5|Electrons in the valence orbit are the furthest from the nucleus and possess the greatest energy.

Figure 9.6|Different conduction and valence energy bands exist for insulators, semiconductors, and conductors.

Figure 9.7|Schematics make it easy for people to analyze, assemble, test, and troubleshoot circuits.

Figure 9.8|This simple electrical schematic shows how two typical batteries are connected to a switch and a light bulb.

Figure 9.9|A block diagram shows how subsystem circuits connect to provide the important functions for a complex electronic product, such as a video camera.

Figure 9.10|Batteries are a common source of electrical voltage.

Figure 9.11|The electronics industry uses many common metric prefixes.

Figure 9.12|An overloaded circuit can be dangerous.

Figure 9.13|Water flow through a pipe is similar to electrical-current flow through a wire.

Figure 9.14|Ohm’s Law can be presented by a circle.

Figure 9.15|This circuit schematic of a flashlight shows that electrons only flow through circuit components one at a time.

Figure 9.16|A parallel circuit provides two or more paths for electrons to follow.

Figure 9.17|Voltage dropped across each component in a series circuit adds up to the source voltage.

Figure 9.18|A physically large resistor dissipates more power than a smaller resistor, as indicated in this illustration of resistor power ratings.

Figure 9.19|As you can see in these images of a DC signal and an AC signal, AC voltage is more complicated than DC voltage.

Figure 9.20|A sine wave is the most fundamental AC signal in nature.

Figure 9.21|In this comparison of low- and high-frequency waves, the AC signal at an electrical outlet changes once every 0.0166 seconds, while an AC signal from an FM radio station can change once every 0.00000001 seconds.

Figure 9.22|The amplitude of an AC signal is represented by this 60-Hz waveform of a home electrical outlet.

Figure 9.23|Electromagnetic frequencies are conveniently grouped into ranges, or bands, each of which has useful characteristics.

Figure 9.24|Two electrical signals are converted into an FM signal.

Test Equipment

Figure 9.25|A bench-top power supply like this one typically has several outputs so that multiple voltages can be used at one time.

Figure 9.26|A digital multimeter (DMM) can read AC or DC voltages, currents, and resistance. Some can also check continuity, test diodes, measure transistor betas, and determine capacitor values.

Figure 9.27|An oscilloscope is a complex device that measures electronic signals—like a multimeter—but it features a display screen showing the signal.

Figure 9.28|Fixed and variable resistors possess an astounding array of resistance values.

Figure 9.29|Capacitors store and release electrical energy.

Figure 9.30|These graphs show how capacitors charge and discharge exponentially.

Figure 9.31|Capacitive reactance decreases as frequency increases.

Figure 9.32|Electricity flowing in a coil of wire produces magnetism.

Figure 9.33|A batteryless flashlight uses the electromagnetic properties of inductors to generate electricity.

Figure 9.34|Various transformers are represented by the transformer symbol.

Figure 9.35|Switches are used to turn current flow on or off.

Figure 9.36|A wide variety of capacitors are available.

Figure 9.37|Because electrons carry a negative charge, the resulting material is called N-type material.

Figure 9.38|The doping process creates an excess of energy levels, which have a positive charge associated with them in P-type material.

Figure 9.39|This figure shows schematic symbols for bipolar and FET transistors.

Figure 9.40|An N-channel MOSFET has three important sections: source, drain, and gate.

Figure 9.41|This is what a MOSFET structure looks like under an electron-microscope. It is possible to pack millions of transistors on a very small integrated circuit.

Figure 9.42|When current flows, the FET is on. If you remove the gate voltage, the free electrons dissipate back into the P-type region, and current flow ceases.

Figure 9.43|The CMOS circuit is the foundation of all circuitry used in computer chips.

Figure 9.44|The first computer mice were electromechanical devices.

Figure 9.45|The modern computer mouse is completely electronic.

Figure 9.46|The silicon used to manufacture integrated circuits is grown to form a cylinder; individual wafers are cut from the cylinder.
Figure 9.47|The AMD Chip Fab facility in Dresden, Germany, produces integrated circuits.

Figure 9.48|The masking process defines where features of the FET are placed on the integrated circuit.

Figure 9.49|This figure shows a cross section of an integrated circuit.

Figure 9.50|Steven Sasson holds the first digital camera.
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