Laboratory Exercise 3 – Simple Semiconductor Devices: Diodes, Thermistors, and Varistors

Diodes, varistors, thermistors, and transistors are semiconductor devices, constructed from at least two materials that have dissimilar resistance (or current carrying) properties. They show different resistance/current behavior depending on the way that voltage is applied to them and certain external characteristics (temperature, light, etc).   They can be used as sensors of the external characteristics based on these differences in response. They are all non-Ohms law devices in the sense that their resistance (impedance) depends on external factors.

Uses of these devices:

Diode – rectifier, protection, light production and detection
Thermistor – temperature sensor

Varistor, zeners – pulse generator, protection
Diodes

Diodes are devices that have a single p-n junction. Transistors have two junctions. This means that diodes are made of two chunks of silicon or germanium that have a small fraction of something else “doped” into them. The important point is that one side has a slight excess of electron carriers and the other side has an excess of hole carriers. If you swap a silicon atom (with 4 bonding electrons) with a gallium (with 3 valence electrons) you end up with a hole (missing electron) and the material is p-type (positive conducting).   If you substitute an arsenic atom (with 5 valence electrons) you can conduct electrons and the material is n-type. The p-n junction, where the two material types are in contact, gives a preferred direction of charge exchange at the interface and bestows the desired characteristic of the diode: diodes are one-way current valves. The current vs. voltage (I-V) characteristic of diodes is shown as a graph in the text (be careful about the funny way the axes work) but the take-home is the above. When the voltage is the wrong direction, a very small (usually negligible) current will flow for virtually any applied voltage. We say virtually because at some point the device breaks down and current flows. For many diodes this is a one-time experiment (it destroys the diode).   When the voltage is applied in the right direction, a large current may flow. There are two considerations that you need to keep in mind when using diodes in this configuration, which is called forward-biased (the other way is called reverse-biased, where “bias” means an applied voltage drop).   The first is that a small, relatively constant voltage is dropped across the diode (~ 0.6 V for a silicon diode, ~ 0.3 V for a germanium diode). We’ll be using Si diodes almost exclusively in this course, so when we say diode, assume that we mean silicon diode, unless otherwise specified. The second consideration is that when diodes are “on” they are really like a dead short, so generally we will need a resistor in series with them to limit the current that flows. The circuit symbol for the diode is meant to imply this one-way behavior. There is a little arrow for the “right” direction and a bar across the end where current isn’t supposed to go in. This turns out to be nice, because a lot of diodes (the physical devices) have a little bar marked on the end that corresponds to the bar on your circuit diagram.
Concept Question 1 – If only 0.5 V (or less) is placed across a silicon diode, should it matter which direction it is?  
Approximately what current should flow with 0.5 V applied (in either direction)?

A useful spec for diodes in the “on” portion of the I-V curve is that the current increases one decade (a factor or ten) for every increase of 60 mV applied (60 mV/decade).  
How much would the current increase if you increase the applied voltage (in the right direction) by 120 mV?

“Circuit” Exercise 1 – This is an easy one. The diode test function on your multi-meter is a circuit that tries to put a tiny current through an external circuit and measures the voltage drop. Put your DMM in the diode test position (next to the lowest resistance measurement). Take an IN4001 (or any other silicon) diode and try putting the leads of your multi-meter on the diode in the two possible orientations. You should see the one-way response of the diode. If you don’t see the desired response, the diode is dead or your meter isn’t working (or isn’t being operated properly).
What did the meter read in the “wrong” direction (reverse bias)?

What did it read in the right direction (forward bias)?
Rectification

One of the most common uses of diodes is as rectifiers: turning AC voltage/current, which heads first in one direction, and then in the other, into DC voltage/current, which always goes the same direction. The power supply on your breadboard, and most DC power supplies that you plug into the wall, operate on this principle, turning AC line power (115 V, 60 Hz nominal) into DC power/voltage/current. Actually making a useful power supply includes additional steps, like smoothing the output ripple and providing current and voltage regulation, but it all starts with rectification.

Circuit Exercise 2 – We’ll make two different types of rectifiers to show you how they work. In real life, no one uses the half-wave rectifier, because the full-wave works so much better, and diodes are cheap. The full-wave bridge rectifier that we will make in the next circuit comes on a single, inexpensive chip and that’s really the way to go. First we’ll do the half-wave rectifier. Wire up the circuit shown below, and watch the output (across the resistor) with the scope. The transformer is accessed through a set of holes just to the right of the function generator. The 110 VAC connection is just shown for completeness and is actually inside of the trainer – you don’t have to make it. Be careful with the diodes, their leads are often too big to fit in the breadboard and you will need to use the breadboarding pin adaptors.  After you get this working, you can try switching the direction of the diode to see what happens.
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What is happening during the bumps?

What is the peak amplitude of the bumps?

What is happening during the flat portion of the waveform?

What is the overall frequency?

What is the time interval for the flat region?  Is this close to what you would expect (Hint: what is the period for 60 Hz)?

Now we’ll make the full-wave bridge rectifier. Before you wire it up, think about how it works. This important step is called circuit analysis and can really help you set up the circuit more quickly and efficiently. The easiest way to analyze this circuit is to follow the flow of current during each half of the cycle. Remember alternating current (AC) refers to the direction the current is going, as well as the fact that the magnitude is changing. You might kill a diode or two during this exercise, no biggie, they’re cheap. Put together the full-wave bridge rectifier circuit using four of the same type (usually IN914) diodes. Again put the scope across the resistor to monitor the output. Have a look at the output waveform, we’ve got things all going in the same direction, and we didn’t have to throw anything away!
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What is the frequency of the waveform this time, and what is the length of time for one of the bumps?  Is this as expected? 
(You’ll have to look closely for this one).   Is the peak amplitude the same as in the half-wave rectifier?  What is it?  What accounts for the difference?

Look closely at the area between the bumps. Why are there flat regions this time?

Now for the fun question – this isn’t much of a DC power supply, since the voltage is varying all over the place. How do we go about “smoothing” out the bumps?

Of course, the answer to the last question is we put a big capacitor across (in parallel to) the output load, resulting in a low pass (ideally DC = 0 Hz) filter. Try this, using a 15 (F electrolytic cap and look at the output. Be careful about polarity – these are the ones that have a mark on the side to indicate which direction the voltage is to be applied, and they DO care. This looks a lot better, right?

What is the remaining ripple, both as an absolute (peak to peak) voltage and as a percentage of the DC level?  
Can you think of a “slick” way to measure the absolute ripple accurately using a setting on the scope?

The last step in making a good power supply is to use a “magic” chip called a voltage regulator. We’ll see later on down the line how this chip actually does its magic. This chip takes any voltage in a specified range (which is always greater than the output) and turns it into a nice flat DC output voltage. Put the input and ground of the voltage regulator in parallel to the cap and the resistor on the bridge and look at its output on the scope. The voltage regulator’s three pins are (from right to left, with the identifier label of the chip facing you and the pins down) unregulated voltage in, ground, and regulated voltage out. This chip has a tendency to get hot, which is why it has a heat sink on the top. We’ll just look really quickly on the scope at the output and turn it off before it gets too hot. Be careful when you pull it out, it might be hot to the touch.

What is the DC voltage?  
If you can even see the residual ripple, what is it, as an absolute (peak to peak) voltage and as a percentage of the DC level?

Hopefully in the last step above, you saw a pretty nice flat output, which would make a decent power supply. From now on, we will use the built-in one that came with our breadboard. This is definitely one of those, “we don’t build these, we buy them” devices. Really nice power supplies with good regulation are pretty cheap, and it’s not worth it to mess with building them. But, now when you see one inside of an instrument, you will recognize it. They always have the elements above: a transformer, rectification (diodes or a bridge), smoothing (a big cap), and regulation.

Protection

Another common use of the diode is to protect a circuit from surges of voltage or current going the wrong way. One common cause of these surges is the discharge of an inductor. We use inductors in solenoids and relays to mechanically move something using magnetic force. A lot of current usually flows through the inductor when it is working. When the external source of current stops, the magnetic field persists for a while, a phenomenon called hysteresis. To get rid of the magnetic field, the inductor will try to keep current flowing, resulting in large voltages. Recall that capacitors resist changes in voltage. Inductors resist changes in current. Their phase shift behavior is also exactly opposite to capacitors. And like capacitors, they have impedances (inductor reactance XL) that are frequency dependent, as noted in Lab Exercise 2. The circuit fragment below is used to help “collapse” the magnetic field in the inductor by allowing current to flow after VCC is turned off. In this case the inductor is the solenoid in a relay. 
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Concept Question 2 – Which way does current flow in the circuit (top to bottom or vice versa) during the operation of the solenoid?  Why?

When the power supply (VCC) shuts off, where does the current go?

The other common protection function of the diode is against over-voltages. This type of protection is sometimes built into the inputs of expensive devices like the scope. Two diodes are placed tail to tail between the incoming signal and ground, and thus resist current flow (i.e., do nothing to the signal) unless the voltage gets very large, in which case the diode breaks down and conducts all the current away. This only works once, as pointed out above, but can act as an inexpensive “fuse” to protect the input channel of the oscilloscope. 

LED/photodiode

These two circuit elements are in this lab because they are semiconductor diodes, and they are joined together because they are “two sides of the same coin”. The LED is a diode that emits light when current flows through the semiconductor junction, and the photodiode is a diode that generates current when light enters the junction. In instrumental terms, the LED is a source and the photodiode is a detector, sensor or transducer. In order to function, both of these devices need to be transparent, or at least have transparent windows to let light in or out.
These devices can clearly serve input/output functions. The photodiode is the first type of sensor we have seen. As chemists we usually think of a sensor as being a circuit element that can respond to outside stimulus, hopefully in some well-characterized way. On the other hand, a lit LED is a great way to communicate with the user that something has occurred or is occurring, like “the coffee pot is on”. Here the LED acts as an output from the circuit.
Circuit Exercise 3 – We’ll measure the I-V (current – voltage) curve of an LED to show that it is a diode and to allow you to actually conduct the experiment that generates this important illustration of diode characteristics. We’ll also see in the process how the LED works and how we have to set it up to make it useful. (I.e., to be useful it has to put out enough light to be seen, but without current control, it will emit too much light and burn out).   Breadboard the circuit shown below using any color LED you want. The adjustable voltage sources are accessed through a set of holes near those used for the transformer, and the control knobs are on the bottom left of the trainer. Start with the V+ knob all the way counterclockwise and adjust voltage up carefully to avoid burning out the LED. For the LEDs the polarity isn’t obvious, so you may need to use your DMM to get the direction right. You’re going to measure voltage across the diode directly (VBC) and current by the voltage drop across the resistor (VAB). Can you see that you can do both measurements with the DMM by moving only one lead?  An interesting variation on this measurement that can actually make things simpler for you is to use the PMD to do both voltage measurements (VAB and VBC) simultaneously. With a little programming, you can even automate the whole measurement and write the data directly to Excel for graphing. If you want to use the PMD, give the instructor a call and I’ll show you how to set it up. Otherwise, you can do the experiment with the DMM (or you can do both if you want).  
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Can you go low enough in voltage that you can’t see the light?  If so, at what voltage (VBC) do you start seeing light?

Plot the curve of I vs. VBC. 
Try a semilog plot (log I vs. VBC).

Does this look right?  (Look in the text). 
(Don’t actually try this!)  What would happen if you didn’t use the resistor?  

Thermistor

The thermistor is included in this lab because it’s a semiconductor device that shows non-Ohm’s law behavior. It doesn’t act like a diode though - it doesn’t show the one-way current behavior because it doesn’t have a p-n junction. What it does have is a resistance that varies with temperature, which makes it a useful sensor.  

Circuit Exercise 4 – We’ll make a simple temperature measuring circuit using a thermistor. The calibration sensitivity (volts/degree C) is pretty small, so in a practical measurement, we would want to amplify it. After the next couple of labs we will have a better idea how you could do that. Wire up the circuit shown below, and measure the output voltage with the DMM across the 1KΩ resistor. You could also measure across the thermistor, but then what direction would the output voltage change for an increase in temperature? 
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What size change in voltage do you see if you hold on to the thermistor and allow your body temperature to heat it up?

If the room temperature is 25(C and your body is 37(C, what is the calibration factor in mV/(C? 

Varistors and Zener Diodes

Varistors are also semiconductor devices without the one-way behavior of a diode. They are nearly Ohmic resistive elements that show a dramatic decrease in resistance at a particular applied voltage. This drop in impedance is similar to the behavior of zener diodes, which are actually designed to be used in the breakdown mode. They are reverse biased, and thus do not flow current until a well-defined voltage is applied, then they flow plenty of current, similar to the forward-biased current characteristic. This breakdown is a bad thing for most diodes, but Zeners are designed to do it reproducibly and without damage. Varistors usually switch at fairly high voltage, which makes them useful in high voltage switching and overvoltage protection applications. Unfortunately, we aren’t set up in this lab to do high voltage work, but we can take a look at the Zener diodes that operate at much lower voltages.

Circuit Exercise 5 – We’ll show how a zener can be used to keep a circuit safe from big voltage swings. This is just one of the uses of the zener. Breadboard the circuit shown below, using the function generator as the AC voltage source and watch the output (the voltage drop across the zener) with the scope. 
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Describe the waveform that you see across the zener.

What’s going on during the flat top regions (note that there are two types)?  

Why isn’t the waveform symmetric?

Real World Example

Provide a real world example where one of the sensors investigated in this lab could be used in a scientific application.
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