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[bookmark: _Toc505343710]Figure 0-1: Semiconductors are the foundation of modern computing.

A semiconductor generally means any material which is neither strictly conductive nor insulating. However this only scratches the surface of what semiconductors are capable of. Modern computing is built almost entirely upon transistors and other semiconductor components, often integrated into a silicon substrate. All digital computation is, at its most basic, a process of generating, storing, and comparing analog values. These tasks, as well as a host of purely analog processes are accomplished by the application of transistors and diodes. 

Whether a passive component such as a diode, or an active component like a transistor, understanding how semiconductors function both in static and dynamic states is essential to being an effective electrical designer.
[bookmark: _Toc503859265][bookmark: _Toc505343623]

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. [bookmark: _Toc503859266]Capture and analyze the relationship between voltage and current in a semiconductor device.
2. Select semiconductor devices based on circuit requirements
3. Identify the device parameters in semiconductor applications which drive design decisions
4. Describe the relationship between the terminal characteristics of a transistor and the internal operation of that device.

[bookmark: _r1ylgc7r20cy][bookmark: _w6d414oloqts][bookmark: _Toc505343624][bookmark: _Toc503859271]Required Tools and Technology
	[bookmark: _Toc503859267]Platform: NI ELVIS III
	· [bookmark: _2lhe0v8ltu2o]View User Manual 
http://www.ni.com/en-us/support/model.ni-elvis-iii.html

	[bookmark: _Toc503859268]Hardware: TI Analog Electronics Board
	· View User Manual
http://www.ni.com/en-us/support/model.TI-analog-elctronics-board-for-ni-elvis-iii.html

	[bookmark: _Toc503859269]Software: LabVIEW
Version 18.0 or Later
Toolkits and Modules:
· LabVIEW Real-Time Module
· LabVIEW FPGA Module
· NI ELVIS III Toolkit
	· [bookmark: _9gwdittee375]Before downloading and installing software, refer to your professor or lab manager for information on your lab’s software licenses and infrastructure
· Download & Install for NI ELVIS III
http://www.ni.com/academic/download
· View Tutorials
http://www.ni.com/academic/students/learn-labview/




[bookmark: _Toc505343625]Expected Deliverables

In this lab, you will collect the following deliverables:

· I-V curves for all onboard diodes as well as simulated diodes
· Descriptions of the functional differences between diodes and why those differences are important
· I-V curves for NMOS and PMOS FETs at various gate potentials
· Observations on the effects of gate potential on the transfer characteristic of the FET
· I-V curves for NPN and PNP BJTs at various base currents
· Observations of the effects of base voltage on the transfer characteristic of the BJT

[bookmark: _bcs3wl446khl][bookmark: _ey8ycagfi1oe][bookmark: _Toc503859272]Your instructor may expect you complete a lab report.  Refer to your instructor for specific requirements or templates.
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Section 1: Diodes

1.1 [bookmark: _Toc503859273][bookmark: _Toc505343627]Theory and Background

The ideal diode

You can think of an ideal diode as a one-way valve for current. If the voltage at the anode exceeds the voltage at the cathode, then the diode is “forward biased” and ideally will conduct current with no resistance. Conversely, if the cathode voltage is higher, then the diode is “reverse biased” and should ideally have infinite resistance, allowing zero current flow. The terminal characteristic of the ideal diode is shown in figure 1-1

[image: ]
Figure 1‑1: Ideal diode transfer characteristic

Obviously, since one state requires infinite current throughput, and the other infinite resistance, it is not going to be possible to implement an ideal diode in hardware. The characteristics of an ideal diode and the implemented BAS16HT3G general (pn junction) diode are listed in Table 1-1. 

[bookmark: _Toc504395609]Table 1-1 Ideal and actual diode parameters
	Parameter
	Ideal Value
	BAS16HT3G

	Forward Current
	Infinite
	200 mA

	Reverse Breakdown Voltage
	Infinite
	100 Vdc

	Reverse Leakage Current
	0 µA
	1 µA

	Forward Voltage
	0 Vdc
	0.7 Vdc

	Reverse Recovery Time
	0 ns
	6 ns



The characteristics in table 1-1 are the principal values which define the functionality of a diode. The physical design of diode will alter the operation and characteristics of the diodes. Some diodes are designed specifically to be close to an “ideal” pn junction diode for a specific characteristic, alternately others are intentionally designed to operate and behave differently. This second option is key to some of the special types of diodes we will discuss in this section.

Real-world response of a diode

The typical shape of the I-V curve of any diode will look something like that shown in figure 1-2

[image: ]
Figure 1‑2: Typical diode terminal characteristic

There are three areas of interest, which have been color-coded in the figure. The green area is the forward biased region, in which the current rapidly approaches infinity (damage to the diode due to overcurrent notwithstanding). Notice that the forward current does not begin to increase until the voltage is well above zero. The voltage at which this occurs is the forward voltage of the diode. The yellow region is the reverse biased region in which the diode completely (or very nearly completely) blocks reverse current flow. This region is between zero and –VZK which is the voltage of the “knee” of the I-V curve, or the voltage at which the curve transitions from being generally constant-current to constant-voltage. Finally, when the voltage is below –VZK, the diode enters the breakdown region, in which the current rapidly approaches negative infinity.

[image: ]
Figure 1‑3: Terminal characteristic with expanded y-scale

Plotting the same curve with a greatly expanded scale for the current gives a better view of the actual behavior in the reverse region. There is a small negative current flow referred to as the reverse leakage current.

Modelling a diode

As you can see in Figure 1-3, the behavior of a diode is non-linear and cannot be easily fit using a single curve, so we will treat the forward and reverse regions separately. In the forward region, the I-V curve is approximated by equation 1-1.

Equation 1-1


Where Is is the saturation current of the diode, which is extremely small, but also very susceptible to changes in temperature. VT is the thermal voltage of the diode which is given by equation 1-2 :

Equation 1‑2


where T is the temperature in degrees Kelvin. For the purposes of this lab, we will assume room temperature of 25 degrees Celsius, or 298 degrees Kelvin, giving a rough value of 25 mV for VT. The effect of temperature on the forward operation of a diode is examined in more detail in the Temperature Sensing application lab.

The behavior of the diode in the reverse and breakdown regions is actually quite complicated, but is modelled as two linear regions. For voltages between zero and -VZK the current is roughly constant and is given by the reverse leakage specification for the diode. For voltages below the breakdown voltage, the relationship between voltage and current is roughly linear with an extreme slope. For most applications, we can assume the slope of the I-V curve below VZK to be essentially infinite, however in special cases such as the Zener diode this slope may be given in the device specifications. 
[bookmark: _Toc503859282][bookmark: _Toc505343632]
Types of diodes

Besides the general (pn junction) diode, there are three variants of the diode which we will examine in this lab: Schottky, Zener, and light-emitting diodes. Each of these diode variants function in the same manner as the general diode, however they have key differences which are specific to their physical properties.

The Schottky barrier diode differs from a general pn junction diode in that, it uses a metal-semiconductor junction, rather than a silicon-silicon junction to rectify the current flow. The difference being that this type of junction has a lower forward voltage and faster switching time than a general diode.

The Zener diode is usually structurally identical to a general pn-junction diode, however it is designed to operate in the breakdown region. These are usually used to provide a predictable current flow at a desired breakdown or “Zener” voltage.

Light-emitting diodes as the name implies, emit light when sufficient forward current is present. These diodes are generally designed to maximize light output efficiency, rather than functionality as a diode, however they are still diodes, and can be used as such in addition to their light emissive properties.

1.2 Simulate

Before experimenting on actual diodes on your TI Analog Electronics board, we will use NI Multisim to run a SPICE simulation of a diode and look at the effects of changing various parameters on its characteristics and performance.

1. Open a new Multisim circuit. Add a generic diode to the schematic, and connect the anode to the positive output of an AC source. Ground the remaining terminals as shown in figure 1-4
[image: ]
Figure 1-4: Diode simulation circuit
2. Add a voltage/current measurement on the connecting trace as shown.
3. Adjust the voltage source to a ±10 V triangle wave with a period of 10 ms, and a fall time of 10 µS.
4. Run the simulation and adjust the graphing window so you can see a single rising slope of the voltage signal. Record the resulting current waveform. Make note of the relationship between this waveform and the diode terminal characteristic.
5. Experiment with the four primary model parameters (IS, RS, N, and BV). Record the effect they have on the current waveform. Note that you will have to stop the simulation to change the RS parameter.
6. Open the datasheet for the BAS16 diode on the TI Analog Electronics board. Update the model parameters for the general diode to align with the datasheet.
7. Capture the terminal characteristic waveform for your BAS16 model.
8. Replace the generic diode with a zener diode.
9. Repeat steps 5-7 with the principal zener characteristics and the datasheet parameters for the MM3Z2V4 diode on the board.
1.3 Implement

In the lab, we will plot the I-V curves of the diodes on the TI Analog Electronics board and compare them to the device specifications.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.
2. In the lab software folder, run Lab1_Semiconductors.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Select the General diode in the Active Diode list. If you want to observe the output signal directly, you can optionally connect the ELVIS oscilloscope to TP1.
[image: ]
Figure 1-5: Diode I-V section with pertinent test points
4. Adjust the Supply Voltage to exercise the full test range and outline the full terminal characteristic of the diode.
5. Capture the I-V graph for the general diode
6. Adjust the Supply Voltage until the Diode Current is just above zero. Record the supply voltage and Diode Voltage at this point. Repeat the process with 5, 10, and 15 mA diode currents.
7. Record the Device Voltage and Device Current at 0, -5, and -10 V Supply Voltage
8. Repeat steps 4-7 with the Schottky selected in the Active Diode list.
9. Repeat steps 4-7 with the Zener selected in the Active Diode list. In step 6, also measure the required supply voltage required to drive -5 and -10 mA Diode Current.
10. With the zener diode still selected, adjust the Supply Voltage to find the negative Diode Voltage at the knee of the I-V curve.
11. Repeat steps 4-7 with the LED selected in the Active Device list.
12. With the LED selected from the list, experiment with the Supply Voltage and observe the brightness of the LED at a variety of voltages. Make note of the relationship between the LED brightness and any of the measured values.
13. Press Stop to stop the VI.

[bookmark: _Toc503859283][bookmark: _Toc505343633]1.4 Analyze

1-1 Present your I-V curves for all four diode types. What subjective differences do you notice between the diodes? Do the shapes of the curves align with the theory?

1-2 Collect your I-V measurements from step 6 for all four diodes into a single table. How does the forward voltage of the diodes compare? 

1-3 For all four diodes, measure the slope of the IV curve in the range of 0-5, 5-10, and 10-15 mA. How consistent is the slope for each diode? How do the slopes compare? Why might this slope be important in selecting a diode?

1-4 Consider your measurements from step 7. How does the leakage current of the various diodes compare? 

1-5 What do you notice about the relationship between Supply and Diode voltage when the supply is negative? Under what circumstances does this relationship no longer apply? 

1-6 Calculate the slope of the breakdown region of the zener diode. How does it compare to the forward current in the active (forward biased) region? Why would the zener be better as a voltage regulator in the breakdown region than in the active region?

1-7 What is the breakdown voltage for the zener? Does this agree with the specification?

1-8 If you wanted to control the brightness of the LED, what value would you try to control in terms of power supply?


Section 2: MOSFETs

2.1 Theory and Background

MOSFET design

Metal Oxide Semiconductor Field-Effect Transistors or MOSFETs are one of the two most common types of transistor. It is cheap and easy to manufacture and miniaturize which makes it a highly attractive option for circuit integration. This process is made even easier since, unlike the bipolar junction transistor, multiple FETs can be manufactured on a single semiconductor substrate.

[image: ]
Figure 2‑1: MOSFET schematic symbols with labelled terminals

Figure 2-1 shows the NMOS and PMOS transistors used on the TI Analog Electronics board. The symbol represents the physical structure of the transistor with the gate (G) separated from the drain (D) and source (S) semiconductor regions by an electrically insulated gap. The third center part of the FET symbol represents the semiconductor body of the transistor which is held at a controlled potential by a diode junction to the source. Both of these transistors also feature a bypass diode which prevents reverse-biasing of the transistor, though this is not part of all such devices.

Simplified versions of the schematic symbol are used on the board silkscreen as schematics often omit the body pin and bypass diode when they are not part of normal operation of the device.

MOSFET Operation

As the name implies, field effect transistors work by leveraging the electric field created when the gate voltage causes a charge differential across the insulator. This field attracts or repels free electrons or holes in the body of the transistor. The result is that the semiconductor under the gate can be inverted due to electrostatic field effects. When the base semiconductor inverts, it eliminates the reverse-biased diode junction which normally impedes current flow between the drain and source. In the case of an NMOS, the base is p-doped, and current flow is achieved by applying a positive charge to the gate, which induces the region of the base below the gate to become negatively charged, or n-type semiconductor. The strength of the field caused by the gate charge will determine the depth to which the base is inverted, and thus the width of the resulting channel between the drain and source. The effective resistance of the transistor to current flow is proportional to the cross-section of the channel, allowing for operation between the extremes of open and short-circuit.

Once current is allowed to flow, the movement of electrons though the base substrate results in a perpendicular field which causes the channel to widen at one end and narrow at the other. This is referred to as “pinching” and effectively creates a closed-loop current control device. At any given drain voltage, current flow will increase until the pinching effect increases the resistance sufficiently to stop it.

Cut-off, Triode and Saturation Regions

There are three distinct regions of operation which are possible with a MOSFET. In the cut-off region, the gate voltage is insufficient to form a current-channel and the transistor is “off”. If the drain voltage is sufficiently high, the resulting current flow is self-limiting due to pinching in the channel, so current flow is constant irrespective to changes in the drain voltage. The voltage at which this occurs is referred to as the Overdrive Voltage for that gate voltage.

The most interesting operating region for most applications is the “triode” region in which the current flow is related (non-linearly) to the drain potential. The parameters of this region, as well as the resulting I-V curves will be the explored over the course of this lab, but the relationship between the shapes of these I-V curves as a function of the gate voltage is key to the application of FETs in amplifier circuits presented in later labs.

2.2 Simulate

Before experimenting on the actual devices, we will simulate the FET and experiment with key parameters.

1. Open a new NI MULTISIM circuit and add a BSS138P NMOS FET
2. Ground the drain of the FET and add a current sense point to measure the drain current.
3. Add two DC sources, with V1 driving the source-drain voltage, and V2 driving the gate-drain voltage as shown in figure 2-2.
[image: ]
Figure 2‑2: MOSFET simulation test circuit
4. Change the simulation to a DC sweep and select Use Source 2.
5. Set Source 1 to V1 and configure it to sweep 0-5 V in 0.01 V increments
6. Set Source 2 to V2 and configure it to sweep 0-4 V in 0.5 V increments
7. Run the simulation and capture the results
8. Repeat the process with a BSS84P PMOS FET. Note that you will have to change the polarity of the voltage sources.
2.3 Implement

In the lab, we will capture the I-V characteristics of the actual FETs on the Analog Electronics board.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.
2. In the lab software folder, run Lab1_Semiconductors.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Select the NMOS FET in the Active Device list. If you want to observe the output signal directly, you can optionally connect the ELVIS oscilloscope to TP6.
[image: ]
Figure 2-3: MOSFET I-V section with pertinent test points
4. Capture the transfer characteristic when the gate voltage is set to 0.
5. Increase V_GS until the I-V curve begins to change shape. Make note of the gate voltage. Continue until the drain current begins to increase, record the threshold voltage.
6. Increase V_GS until the threshold voltage is greater than 10 V (if possible). Make note of what happens when V_GS is increased further.
7. Experiment with a range of gate voltages between the threshold voltage and the limit found in step 6. For each voltage, record the resulting threshold voltage, as well as the drain current which results from a 10 V drain potential.
8. Repeat steps 4-7 with the PMOS. Note that in this case, the gate voltages will be negative.
9. Press Stop to stop the VI.

2.4 Analyze

2-1 Looking at the simulation output, what was the relationship between the gate voltage and the shape of the curve? What stayed constant, and what changed when the gate voltage was adjusted?

2-2 How did the shape of the PMOS I-V curves compare to the NMOS in simulation?

2-3 Describe the shape of the transfer characteristic for the NMOS and PMOS with zero gate voltage. Does this shape intuitively make sense? Why might it not be a flat line?

2-4 At what voltage did the I-V curves of the NMOS and PMOS begin to change? Was the effect similar for both FETs?

2-5 What was the threshold voltage for the FETs? Did that voltage remain consistent for all gate voltages? How does this compare to what you observed in simulation?

2-6 At what gate voltage did the overdrive voltage exceed 10V? Why might this limit be different for the PMOS and NMOS on the board? What happened if you continued to increase the gate voltage?

2-7 Subjectively, how did the shape of the NMOS and PMOS I-V curves compare at similar gate voltages?

2-8 Plot the threshold voltages against the resulting drain currents that you recorded in step 7, what do you observe about the resulting curves?

2-9 Plot the points for the 10 V drain potential form step 7. What parameter of the MOSFET do these curves represent?

2-10 Having experimented with each version of the FET, how would you decide which one to use in a design?

2-11 Based on your knowledge of the function of the FET, why would a FET be a better choice than a BJT for driving an LED display from a microcontroller?

· 


Section 3: BJTs

3.1 Theory and Background

BJT design

As the name suggests, a bipolar junction transistor functions by leveraging the flow of both negatively charged electrons and the positively charged holes in a doped semiconductor. A BJT is formed by placing two PN junctions together with opposite polarities, either PNP or NPN. Normally, this would simply act as an open circuit, since one or the other of the PN junctions would be strongly reverse biased. However when positive or negative current is injected into the middle layer of this semiconductor sandwich, the bias voltage across both junctions can be adjusted so as to control current flow from the emitter to the collector.

[image: ]
Figure 3‑1: BJT schematic symbols with labelled terminals

Whereas with a field effect transistor we were interested in the gate voltage, with a junction transistor we are concerned with the current flow from the base to the emitter. This flow of current changes the charge distribution in the depletion region of the PN junctions of the transistor allowing for control of the total resistance across emitter to collector.

BJT operation

The operating mode of a BJT is determined by the bias state of the emitter-base and collector-base PN junctions. The modes are listed in table 3-1

	Mode
	E-B junction bias
	C-B junction bias

	Cutoff
	Reverse
	Reverse

	Active
	Forward
	Reverse

	Saturation
	Forward
	Forward


Figure 3‑1: BJT schematic symbols with labelled terminals
In the cutoff mode, both junctions are reverse biased and no current flows (excepting the very small reverse current of the PN junctions). Conversely when both junctions are forward biased in saturation mode, current can flow freely. These states correspond to the “off” and “on” states when a transistor is being used as a switch. Between these two extremes is the active mode, where only the emitter-base junction is forward biased, and the current flow from emitter to collector can be significantly changed using minor variations in the base current.

3.2 Simulate

Before experimenting on the actual devices on the TI Analog electronics board, we will run SPICE simulations of the BJT using NI’s MULTISIM and experiment with key parameters.

1. Open a new multisim circuit and add a BC847 NPN BJT
2. Ground the emitter of the BJT.
3. Add a DC source, V1 driving the collector-emitter voltage, and add a current sense point to measure the incoming collector current.
4. Add a DC current source, I1 driving the base current.
[image: ]
Figure 3‑2: BJT simulation test circuit

5. Change the simulation to a DC sweep and select Use Source 2.
6. Set Source 1 to V1 and configure it to sweep 0-1 V in 1 mV increments
7. Set Source 2 to I1 and configure it to sweep 0-1 mA in 0.1 mA increments
8. Run the simulation and capture the results.
9. Repeat the process with a BC857 PNP BJT. Note that you will have to change the polarity of the sources. 
3.3 Implement

In the lab, we will capture the I-V characteristics of the actual BJTs on the TI Analog Electronics board.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.
2. In the lab software folder, run Lab1_Semiconductors.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Select the NPN BJT in the Active Device list. If you want to observe the output signal directly, you can optionally connect the ELVIS oscilloscope to TP10.
[image: ]
Figure 3-3: BJT I-V section with pertinent test points
4. Capture the transfer characteristic when the base voltage is set to 0.
5. Increase V_B until the I-V curve begins to change shape. Make note of the base voltage. Continue until the emitter current becomes positive, record the threshold voltage.
6. Increase V_B until the voltage required to forward bias the collector-base junction is greater than 10 V. Make note of what happens when V_B is increased further.
7. Experiment with a range of base voltages between the threshold voltage and the limit found in step 6. For each voltage, record the emitter current which results from a 10 V emitter potential.
8. Set the Supply Voltage to 0 V and V_B to 0.8 V, slowly adjust the emitter (supply) voltage from up to 10 V and then back down. Record any observations you have about the resulting I-V curve.
9. Repeat steps 4-8 with the PNP. Note that in this case, the base voltages will be negative.
10. Press Stop to stop the VI.

3.4 Analyze

3-1 Looking at the simulation output, what was the relationship between the base voltage and the shape of the curve? What stayed constant, and what changed when the base voltage was adjusted?

3-2 How did the shape of the NPN I-V curves compare to the PNP in simulation?

3-3 Describe the shape of the transfer characteristic for the NPN and PNP with zero base voltage. Does this shape intuitively make sense? Why might it not be a flat line?

3-4 At what voltage did the I-V curves of the NPN and PNP begin to distort? Was the effect similar for both transistors?

3-5 What was the threshold voltage for the BJTs? Did that voltage remain consistent for all base voltages? How does this compare to what you observed in simulation?

3-6 At what base voltage did the voltage required to forward bias the collector-base junction exceed 10V? Was the result similar for the NPN and PNP transistors? What happened if you continued to increase the base voltage?
	
3-7 Plot the emitter current for the 10 V emitter potential from step 7. Is this curve similar for the NPN and PNP transistors? Why might this be important?

3-8 What did you observe in step 8? What might cause this behavior?

3-9 Having experimented with each version of the BJT, how would you decide which one to use in a design?
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