[image: image1]Investigating the Transistor: A Freezer Alarm
In this Investigation you will be using a one transistor circuit with a thermistor controlling the input and an LED as the output.
Checking the components
Collect and identify the components, and the card with the circuit printed on it.  You also need a small nail or drawing pin for making holes in the card.
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Other Equipment:
· Two multimeters,

· Six wires with alligator clip ends,

· A sealed plastic bag with an iceblock in it.
Investigating the Thermistor

The thermistor is a semiconductor device whose resistance changes with temperature.

1. Set the multimeter to the maximum resistance scale.

2. Connect the thermistor to the multimeter.

3. Adjust the resistance scale to obtain the most accurate reading.

4. Measure the resistance of the thermistor at room temperature, at ice temperature and note how the resistance changes as the thermistor warms up.

A
How does the resistance of the thermistor change as the temperature increases?

_____________________________________________________________________

_____________________________________________________________________
Building the circuit

1. Using the nail or drawing pin provided, pierce small holes in the card where the round circles are marked.  Place a piece of polystyrene or other suitable material under the card while you are doing this.

2. The battery, LED (light emitting diode) and transistor must be connected the right way round, otherwise they will be damaged.  So before connecting anything, make sure you can recognise the terminals for these components shown in the drawings above.  The negative terminal on the LED has a slightly shorter connecting wire; the negative side may also be slightly flattened.

3. Place the transistor so that the three leads goes through the three holes marked on the card.  Make sure that the flat side of the transistor is facing the correct way, as shown on the card.  You may need to bend the leads of the transistor so that they go neatly into the holes.  Don’t bend the leads near where they are attached to the transistor, or they may break off.
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4. Now place the 2,200( (2,200ohm) resistor so that its leads go through the holes marked on each side of it.  Again, you may need to bend the leads so that the resistor sits neatly.

5. On the other side of the card, twist together the resistor lead that is nearest the transistor, with the middle lead of the transistor.  If you wish you can use pliers to twist the wires and make a more secure join, but be very careful not to twist too tightly with the pliers or the leads may break off the components.

6. Now place the LED so that its negative lead goes through the hole marked ‘-ve’ on the diagram above, and the positive lead goes through the other hole.

7. Identify the transistor lead marked ‘c’ (ie collector) on the circuit diagram above.  Join this to the lead from the negative lead of the LED.  Again, do this by twisting these two leads together on the back of the card.

8. Work your way around the rest of the circuit joining each component in a similar way: twist together the wire in the hole at one end of a black line with the wire in the hole at the other end.  In some places three wires have to be twisted together; do this under the middle hole of the three.
9. When you have assembled all the components, you can test your freezer alarm.  Connect the thermistor to its place in circuit via two of the wires, these keep the wet thermistor away from the card.  The LED should go on.  Place the bag with the iceblock on the thermistor – the LED should go off.
Investigating Current

How big is the Base current? How big is the Collector current? How are they related?
There are two ways of investigating these two currents.  One way is to actually measure the current through the circuit with milliammeter or a multimeter placed between two components. This is difficult to do with the tiny base current and the small circuit.  The other and preferred way is to calculate the current by measuring the voltage drop across a known resistor using voltmeter or multimeter, then using Ohm's Law V = IR.  
1. Place a voltmeter or a multimeter set to DC volts in parallel across the 680 ( resistor connected to the LED.  Divide the voltmeter reading by 680 to obtain the Collector current.  Place the meter in parallel across the 2,200 ( resistor.  Divide the reading by 2200 to obtain the Base current.  The leads of a digital meter can be connected either way, if the connection is the wrong way the display shows a negative sign.  However if an analogue meter is used, the red terminal must connect through to the positive of the battery, that is, the red terminals must connect to the resistor in each case.

2. Cool the thermistor down.

3. Measure the two voltages and record in the table below and calculate the two currents.
4. Let the thermistor warms up slowly and observe the changes in the two currents.

5. Calculate a value for the current gain (the gradient of the graph) for this transistor circuit.

	Voltage across 2200 
	Base

Current

(A)
	Voltage across 680 
	Collector current

(mA)
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B. Describe your graph_________________________________________________

C. What value do you get for the current gain?_______________________________

Investigating Voltage
How does the Collector – Emitter voltage change as the Base - Emitter voltage is changed by the thermistor?

1. You can use either two voltmeters or two multimeter set to DC volts (the voltage will not go above 9 V) to measure the voltages.  Connect the black terminal of each of the two meters to the negative of the battery.  To measure the Base - Emitter voltage, connect the red terminal to the 2,200 ( - Base join.  To measure the Collector – Emitter voltage, connect the red terminal to LED - Collector join.
2. Cool the thermistor down.

3. Measure the Base - Emitter voltage and the Collector – Emitter voltage.

4. Let the thermistor warm up slowly and record the values for each voltage.

5. Graph the results and determine the Voltage Gain of this transistor circuit.

	Base Emitter Voltage
	Collector Emitter Voltage
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D. Describe your graph

_____________________________________________________________________
_____________________________________________________________________
E. When the LED is fully on, the collector current has reached saturation, with nearly all of the supply voltage being across the 680  resistor and the LED.  Label the saturation point on the graph.
F. When the LED is fully off, the collector current is very low and most of the supply voltage is across the collector emitter.  Label the cut off point on the graph.

G. What value do you get for the voltage gain?_______________________________
AC Amplifier

To change the circuit into an AC amplifier the thermistor needs to be replaced by a fixed value resistor, whose value will put the circuit in the middle of the voltage graph drawn in step 6 above.
1. Remove the meters.  Replace the thermistor with an 8.2k ( resistor.  Use the clips to connect it to the circuit.
2. Connect a signal generator to the circuit, the signal lead to the join of the three resistors and the earth lead to the negative terminal of the battery.  A capacitor should be placed in series in the signal line.
3. Set the output voltage of the generator to low and the frequency to about 1 - 10 Hz.  Slowly increase the output voltage until the brightness of the LED is seen to oscillate.

4. Use the CRO leads to display the Collector – Emitter voltage on the CRO.

5. Observe the change in the pattern on the CRO as the frequency from the signal generator is increased.

6. Observe the change in the pattern on the CRO as the voltage from the signal generator is increased.

7. Repeat step 6 with a 9.1k ( resistor instead of the 8.2k ( resistor, and again with a 7.5k ( resistor.

H. Describe the pattern on the CRO screen in step 5 and also how it changed as the frequency was increased.

_____________________________________________________________________
_____________________________________________________________________
I. Describe the pattern on the CRO screen in step 6 and also how it changed as the frequency was increased.

_____________________________________________________________________
_____________________________________________________________________
J. What was the affect on the pattern on the CRO screen of changing the resistor value?

_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
Other activities with your alarm circuit

1. An alarm that will come on if the thermistor gets too cold

If you swap the thermistor and the 680( resistor, which is connected to the black lead, i.e. the negative of the battery, you will find that the light goes on when the thermistor is cold, and off when it is warm.  Can you think of some situations when this might be useful?

2. Adjusting the alarm temperature
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The circuit you have built is a very simple one that demonstrates the idea of a temperature sensitive alarm.  The indicator light will turn on and off at a particular temperature – about 0(C.  A more versatile circuit would allow you to adjust the temperature at which the indicator light switches on.  This can be done by connecting a variable resistor into the circuit as shown in figure 9.

a) Purchase a 10,000( (10 k() variable resistor from an electronics shop.

b) Identify the three legs on the variable resistor as shown.

c) Solder wire leads onto the legs a and b of the variable resistor.

d) Remove the 680(, which is connected to the black lead, i.e. the negative of the battery.

e) [image: image6.png]


Connect the variable resistor into the circuit in place of the 680( resistor.  The wire from leg ‘b’ of the variable resistor connects to emitter of the transistor and the black lead from the negative terminal of the battery.  The wire from leg ‘a’ goes to the end of the 2,200( resistor and the thermistor, as shown in figure below.

3. Making an alarming sound

You can replace the other 680( resistor and LED beside it with a 9V DC piezo-electric buzzer.  The buzzer can also be purchased at electronics shops.  The buzzer has a positive lead, coloured red, and a negative lead coloured black, and these must be connected the right way around.  The red lead should go nearest the positive terminal of the battery, and the black lead near the emitter of the transistor.

(The buzzer can be connected in to the circuit with the original 680( resistor.  Alternatively, if you replaced this resistor with the variable resistor you can leave the variable resistor as part of the circuit.)

4. A light sensitive alarm

If you use a light dependent resistor as a sensor in place of the thermistor you can produce an alarm that will turn on in bright light.  A light dependent resistor, usually just called an LDR, is made of a material whose resistance is high in the dark, but low in light.  You will also need to replace the 680( resistor, which is connected to the black lead, i.e. the negative of the battery with a 50,000( variable resistor.  The setting of the variable resistor needs to be adjusted so that the LED turns on and off at the desired light level.  For example you might want the LED to be on in a room with artificial lighting, but to be off if you cover the LDR with your hand.  You would need to set the variable resistor differently if you want the LED to switch on in bright sunlight.

Can you think of a way of changing this circuit so that the LED will turn on in the dark?

5. Mix and match

You can try various combinations of the above variations on the basic circuit.  For example, you can make a circuit with a buzzer that will turn on when the temperature gets low.

Can you think of situations in which these different types of alarm circuits might be useful?

This activity was designed by Alex Mazzolini (Swinburne University of Technology, School of Biophysics and Electrical Engineering), and edited by Christina Hart and adapted by Dan O’Keeffe for the Education Sub-Committee of the Australian Institute of Physics (Victorian Branch).  Layout by Bronwyn Halls.

( The Australian Institute of Physics (Victorian Branch) Education Sub-Committee, 2007.
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Freezer Alarm

Explaining the Alarm Circuit

The freezer alarm makes use of a type of electronic circuit that is found in a variety of warning devices, as well as in automatic switches such as those which turn on external lighting when it gets dark.  This type of circuit always requires a sensor that produces an electrical signal in response to some event, such as the required temperature being reached, or something being touched.  But the key component is an electronic switch, called a transistor.
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A basic alarm circuit

The basic idea of the freezer alarm is that a light will glow when the temperature in the freezer rises to, say, 0(C.  Figure 1 shows a hypothetical circuit that would do this, if there were some way of making the switch close when the temperature reached 0(C.
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Alternatively, we could try putting a specially designed resistor in place of the switch, as shown in figure 2.  Imagine this is a special resistor that has a very high resistance when the temperature is low, but very low resistance when the temperature goes above 0(C.  With this resistor in the circuit, the globe would not light at low temperatures, and at high temperatures it would.

Unfortunately, like many good hypothetical designs, this one will not work in practice.  The special resistor is not the problem: the modern study of materials has produced temperature dependent resistors, called thermistors.  The resistance of a thermistor decreases as the temperature increases.  The thermistor that you used to build the freezer alarm has a resistance of about 20,000( at 0(C.  Its resistance decreases to about 5,000( at room temperature (20(C).

The problem, however, is that the thermistor has a large resistance and therefore only a small electric current.  A small electric current through the thermistor means only a small electric current through the globe also, and in most cases this current is too small to make the globe light.  A second problem is that the resistance of the thermistor decreases only gradually as the temperature rises.  This means that the current in the circuit increases gradually, and the globe gradually glows more brightly.  So the resistor does not work as effectively as the switch, where the light is either on or off.  Instead, as the temperature rises, the globe gradually gets brighter.  It would be hard to tell when the freezer has become too warm.

The transistor as a current-operated switch

One of the several uses for a transistor is as a special switch, in which a small current is used to turn a large current on or off.  A transistor is an electronic component with three terminals, called the collector (c), base (b) and emitter (e).  The circuit symbol for a transistor is shown in figure 3.  It is usually connected into a circuit something like the one shown in figure 4.
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To understand how the transistor circuit works, let us first think about what would happen in a very similar circuit without the transistor, shown in figure 5.  There are two parallel paths through this circuit.  Most of the current will take the path through resistor Y, since X has much greater resistance.  If we made the resistance of X even larger, say 20,000(, then almost no current would flow through X, but the [image: image11.png]


current through Y would stay pretty much the same.

However, with the transistor in the circuit (figure 4) things change.  The resistance of the transistor itself is small compared to the other resistors (X & Y) in the circuit, and makes very little difference in that regard.  But, if you make the resistance of X very large, so that the current through that path in the circuit almost stops, then no current will flow through Y either.  A small current through X (the base current) is necessary for the larger current to flow through Y (the collector current).  In other words, the small base current ‘switches on’ the larger collector current.

Suppose we place the light globe next to resistor Y in the circuit in diagram 4, and the thermistor in place of resistor X.  At low temperatures the thermistor has a very high resistance, and almost no current flows through the base of the transistor.  This means that no current can flow through the indicator light, and so the light is off.  At high temperatures, the thermistor resistance is low, and a small current flows through the transistor base.  This allows a larger current to flow through the indicator light, making it turn on.  So using the transistor in the circuit makes it possible to have a fairly large current through the light globe, even though the current through the thermistor is much smaller.

In fact, in the freezer alarm a light emitting diode (LED) is used as the indicator light instead of a normal light globe, as this operates on less current that the light globe.  Even in the transistor circuit currents that are large enough to light a normal globe will burn out the transistor.

But, so far, the transistor does not appear to have solved the problem of the brightness of the globe increasing gradually as the temperature increases.  As the temperature rises the current through the thermistor increases gradually, and you would expect that the current through the globe would also increase gradually.

The transistor as a voltage-operated switch

The current in the circuit is the amount of electrical charge moving around the circuit.  As the charges move through the battery they collect energy and this energy is used in various parts of the circuit.  The amount of energy the charges use as they move around the circuit is called the potential difference in the circuit.  Electronics engineers call this the voltage of the circuit.

[image: image12.png]


Let us now look at the simple circuit shown in figure 6.  A 9.0 volt battery is connected to a circuit with two resistors, P and Q.  The voltage in this circuit is 9.0 V.  If P and Q have equal resistance then the charges will use half their energy going through P, and half going through Q.  The voltage across P will be 4.5 V, and the voltage across Q will be 4.5 V.  If P has twice as much resistance as Q, then the charges will use twice as much energy going through P.  The voltage across P will be 6.0 V and the voltage across Q will be 3.0 V.

In other words, the circuit voltage is ‘shared out’ between the resistors, in proportion to their resistances.  The larger resistor gets a larger share of the voltage.  For obvious reasons, a circuit with two resistors connected like this is called a voltage divider circuit.

Suppose we replace P with the thermistor, and choose the resistance of Q to be 680(.  The voltage across Q will now change as the temperature changes.  At one (rather high) temperature the resistance of the thermistor will also be 680(; at this temperature the voltage across Q will be 4.5 V.  At temperatures around 0(C the resistance of the thermistor (P) will be 20,000(, and the voltage across Q will be only about 0.3 V.  The voltage across Q will increase as the temperature increases - it will be about 1.1 V at 20(C.
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The circuit diagram for the alarm you built is shown in figure 7.  If you look carefully you will see that the circuit of figure 6 is part of this circuit, with P being the thermistor and Q having a resistance of 680(.  (There are actually two 680 ( resistors in this circuit.  To distinguish them, the one in the voltage divider part of the circuit has been marked #, and the one next to the LED has been marked *.)
The voltage across the 680( resistor (marked # on the circuit diagram) gradually increases as the temperature increases.  But the voltage across the transistor does not change smoothly as the voltage across the #680( resistor goes up.  Instead the voltage across the transistor drops quite suddenly when the voltage at the base of the transistor reaches 0.6 V.  This is shown in the graph in figure 8.
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When the voltage across the transistor drops, the voltage across the 680( resistor (marked *) and LED combination goes up.  This means the charges in the circuit are now using energy in the resistor and LED, and so the LED lights up.  Because the voltage across the transistor drops suddenly at one particular temperature, the LED switches on quite sharply at that temperature.  The #680( resistor controls the temperature at which the LED switches on.  With the #680( resistor, the LED will switch on at slightly above 0(C.  Changing the value of this resistor will alter the temperature at which the LED switches on.

The 2,200( resistor in the circuit prevents the current through the base of the transistor getting too large when the thermistor resistance gets low.  Again, a large current may damage both the transistor and thermistor.  The 680( resistor (marked *) next to the LED prevents the current through the transistor and the LED from getting too large.

The reason why the voltage across the transistor changes suddenly as shown in figure 8 is quite complex.  An explanation requires a knowledge of what is known as solid state physics.  Transistors are made from materials known as semiconductors; these materials are normally electrical insulators, but they become conductors under special circumstances.  Understanding the electrical conductivity of materials is an important area of physics.  Electrical conductivity, like many other properties of materials, can be manipulated by changing the chemical composition or arrangement of atoms.

Electronics: applications and careers

From transistor to silicon chip

In the freezer alarm circuit the transistor is used as a switch.  Once the voltage across the thermistor gets below a certain value, a current is turned on in the LED.  Transistors can also be used as amplifiers: used in this way they are the basic component of any audio system.  The amplifying effect of transistors was first discovered in 1947 by John Bardeen, Walter Brittain and William Shockley.  For their discovery, the three scientists were awarded the Nobel Prize for physics in 1956.

Nowadays the switching ability of transistors is important in a huge number of situations, including computer design.  Transistors are not only used as individual components, but are built into integrated circuits.  The first integrated circuit was made in 1958, and consisted of just two transistors.  Today integrated circuits contain millions of components such as transistors and resistors.  These components are not wired together as in the freezer alarm you made.  Instead both the circuit and the components are fabricated into a tiny silicon chip.

Microprocessor applications

Most modern appliances and motor vehicles contain one or more microprocessor units: electronic control units based on integrated circuits.

For example a tumble drier
 incorporates thermistors and a simple microprocessor to control the heating element, fan and drum motor.  The exhaust thermistor monitors the temperature of the exhaust air after it has passed through the clothes in the drier.  As the clothes are drying the water in them evaporates, and this keeps the exhaust air fairly cool.  Once the clothes have finished drying, the exhaust air starts to get hotter.  The exhaust thermistor detects this temperature.  A transistor switching circuit in the microprocessor turns the drier off once the exhaust air gets above a certain temperature.  A second thermistor monitors the temperature of the incoming air.  The microprocessor adjusts the “switch off” temperature of the exhaust air according to this temperature.  This makes sure that the drier does not switch off on a hot day before the clothes are fully dry.

In a motor vehicle the microprocessor unit receives information from several sensors and manages many engine functions.  As a result of such units, modern vehicles are more mechanically reliable and fuel efficient than earlier models, and have lower exhaust emissions.  A thermistor monitors the temperature in the cooling system, and a transistor switching circuit turns on a cooling fan if the coolant becomes too hot.  A different type of sensor monitors the amount of oxygen in the exhaust gas.  The microprocessor adjusts the amount of fuel injected into the engine cylinder to give the appropriate mix of oxygen and fuel, so that the engine operates at peak efficiency.

Careers in electronics

Because electronic controls are so widely used, a knowledge of electronics is required for many jobs.  In fact a whole new field called “mechatronics” has emerged to cover the areas in which electronics and mechanics overlap.  The increasing dependence between these areas affects everyone from the engineers who design appliances and motor vehicles to the mechanics who build and service them - and even the consumers who use them.

Computers are simply an array of electronic switches, so anyone who works with computer hardware also requires a sound knowledge of electronics.  This includes computer engineers, who design the hardware, and technicians who build, service and repair it.  But looked at the other way around, microprocessor control units are more than simply electronic switches, and are becoming small computers.

The microprocessor revolution has only just begun.  The potential is vast, especially once microprocessors combine with communication technologies.  For example
 all appliances manufactured by the New Zealand Company Fisher and Paykel over the past five years are “self diagnostic”.  They keep a detailed record of their own operation over the previous 40 hours, which enables a repairperson to immediately determine the source of any problem.  The next generation of appliances will be able to send the diagnostic information through the telephone line directly to the service centre.  This means the appliance repairer can arrive with any necessary parts, or may even be able to fix a problem remotely.

Self-diagnostic systems for motor vehicles are already well established
.  Once the communications systems are added, a car will be able to call the service centre for its own repairs or maintenance.  The Holden Calais already incorporates a “his and hers” key system that automatically sets the airconditioning and sound systems according to pre-programmed choices.  Developments in the foreseeable future include automatic adjustments to the airbag system to suit the weight of the passenger, and the “keyless car” which can recognise the driver, probably through a thumbprint reader.  This might even allow Dad to make sure that, when you borrowed the car, you could not drive at more than 100kmh!

Some things to do

1. Find out what qualifications someone would need if they wanted to become:

· a person who designs appliances for domestic or industrial use

· a computer technician

· a car mechanic

· a computer engineer

· an appliance service and repair person

· a person who designs car engines

2. One important type of sensor used in electronic control systems produces a voltage in response to pressure.  These devices are used for many different purposes such as water level switches in washing machines and oil pressure sensors in motor vehicles.  Their operation depends on a property of certain materials called the piezo-electric effect.  If you do a web search for ‘piezo-electric’ you will discover a huge number of uses for piezo-electric materials, in electronics and many other applications.  You may also like to find out what the piezo-electric effect is and how it was discovered.

3. What types of electronic sensors and controls might be used in:

· a system to monitor and control conditions in a plant nursery greenhouse

· a burglar alarm system

· equipment to monitor the condition of a new-born baby, and adjust the conditions in the humidicrib

· a solar pool heating system.

4. How many other occupations can you think of that require a knowledge of electronics, or are likely to do so in the future?

5. You can have some fun taking electronic devices apart.  You won’t be able to work out everything that goes on inside a device just by looking at it, but you might be able to see some things you can recognise, such as integrated circuits (silicon chips), resistors, LEDs, and transistors.  Restrict your investigations to devices that are broken, because things are unlikely to work properly again once you have taken a few screws out and had a good look.  Also, never open up a device that is connected to the mains electricity.  Unplug the device before you delve into it, and never plug it in again once you have finished.

A musical greeting card is a safe, inexpensive and interesting device to investigate.

6. According to the Macquarie History of Ideas (p 751 and 861) the invention of the transistor, together with the subsequent development of the silicon chip, has been the most significant invention since the steam engine.

a) Think about the effects of the silicon chip on people’s lifestyles.  Do you think it is valid to compare these effects with the effects that the steam engine brought about?

b) Both inventions lead to massive social upheaval.  List as many of the social consequences of each invention that you can think of.  What social consequences of the silicon ship do you think there will be in the future, that have not yet happened?

These notes were prepared by Christina Hart, with help from Alex Mazzolini (Swinburne University, School of Biophysics and Electrical Engineering), Dan O’Keeffe (Camberwell Grammar School), and Helen Lye (Star of the Sea College, Gardenvale), for the Education Sub-Committee of the Australian Institute of Physics (Victorian Branch).  Layout and graphics by Bronwyn Halls.

( The Australian Institute of Physics (Victorian Branch), 1999.
Advice for the Teacher: Investigating the transistor

Materials needed 

Contents of the Freezer Alarm kit

Each kit contains for each student:

· a card with the circuit printed on it

· battery lead

· thermistor

· transistor

· LED

· 2 x 680( fixed resistors

· 2,200( fixed resistor

· booklet of instructions for the Freezer Alarm

· Explanatory notes of the Freezer Alarm

You will need to provide

· sufficient 9V batteries, or power supplies – at least one for every two students

· protection for your laboratory bench tops

Off cuts of vinyl flooring are useful for this purpose.

· a number of small nails or drawing pins for making holes for the components in the card

· off cuts of polystyrene, or other suitable material, on which students can place the card while they are making holes in it

· soldering irons if required (see below)

· small containers of iced water or ice blocks in sealed bags for testing the circuit

· 2 multimeters or 2 millammeters and 2 voltmeters per group,
· A signal generator and a CRO.
Preparation for the session

Before the students arrive

· Sort the Freezer Alarm components into complete sets, using suitable containers (eg polystyrene cups).

· Set up one or two soldering stations, depending on the number of students.

The Freezer Alarm can be made without any soldering.  However some students may have difficulty attaching the battery leads, in which case either use wire trimmers to trim the battery leads or use soldering irons.

· Set out the containers of components, cards with circuit diagram, student booklets and brochures, so that students can conveniently collect one of each.
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� TekPak The Electronics Explorer Physics Curriculum Resource p 7 (Department of School Education, School Programs Division 1991)


ibid p 13-16.


� See “Excuse me, your fridge is on the telephone” in The Age Saturday 26 December 1998, p 14.


� ibid.
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