
Objectives: 
Students analyze, build, and test simple circuits using typical p-n junction diodes to better understand diode behavior. MATLAB is used to match an exponential function to measured diode current vs. voltage data, allowing comparison to calculated values.

Introduction:
Diodes are the fundamental semiconductor device. Understanding their behavior provides a foundation for investigating more complex devices and non-linear circuits. There are various types of diodes, such as p-n junction diode, Schottky diode, Zener diode, etc. In this lab exercise, you will investigate the behavior of p-n junction diodes and perform circuit analysis using the diode equation and the simplified constant voltage drop (CVD) model.

MATLAB curve-fitting capability is used to obtain a best-fit exponential function to the measured diode current vs. voltage data. The resulting exponential function’s parameters are used to determine the diode’s reverse saturation current Is and emission coefficient n. 
Equipment:
Agilent (Keysight) 34410A digital multimeter (DMM)
Agilent (Keysight) DSO 5014A oscilloscope or second DMM
DC power supply with 20 V and +6 V outputs
Cables and oscilloscope probes as needed
Solderless breadboard
Components: 
Resistors (Qty): 330  (1), 1.0 k (1)
Diodes (Qty): 1N4007 (3)
Prelab:
1.	For the circuit in Fig. 2:
Use Shockley’s equation (Eq. 1) to solve for the diode current as a function of the diode voltage and fill in the “Diode Equation” column in Table 1. 

		(1)
Where	vD = voltage across the diode.
	Is = reverse saturation current. Let Is = 15  10-9 A.
	n = emission coefficient. Let n = 2.
	VT = thermal voltage. Let VT = 26 mV.
Note:	These parameters are realistic for a typical 1N4007 diode over the vD measurement range in this experiment.
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2.	Using the constant voltage drop model:
Complete the Prelab Calculations columns of Table 2 assuming the diode is characterized by the CVD model transfer curve given in Fig. 1.
3.	For the circuit in Fig. 5:
Complete the Prelab Calculations columns of Table 3 for the dc input voltages indicated assuming the diodes behave as in Fig. 1. In the columns labeled D1, D2, and D3 list the bias condition of the specified diode (“F” for forward biased and “R” for reverse biased). 
You may find it useful to redraw the circuit and add dc voltage sources or grounds for v1, v2, and v3.
Procedure:
General Information
1.	When measuring the current-voltage characteristics of a diode in the next section, a DMM is used for dc current measurement and an oscilloscope for dc voltage measurements. If available, a second DMM would be a better choice to measure dc voltage. 
Instructions refer to settings for an Agilent 34410A DMM.
Instructions refer to settings for an Agilent DSO 5014A oscilloscope. This oscilloscope can measure average voltage automatically. 
Alternatively, the dc current can be obtained from the voltage across the 330  series resistor, so a single DMM can be used to measure diode current and voltage. Measure the 330  resistor value so the calculated current value is more accurate.
2.	When using the oscilloscope for dc voltage measurements, use Hi Res or Average acquisition mode and use the smallest V/div scale factor that keeps the trace on the screen.
Current-Voltage Characteristics of a Typical Diode
[image: ]
Fig. 1. Diode constant-voltage drop (CVD) model transfer curve.

[image: ]

Fig. 2. Circuit for measuring the forward diode characteristic.

3.	You will construct the circuit in Fig. 3 on your protoboard to measure the forward diode characteristic, but not just yet. Read the information below and set up the test instruments for the measurement first. 
a.	The lab dc power supply has three adjustable outputs: 0 to +6 V, 0 to +20 V and 0 to 20 V. VS in Fig. 3 uses the +6 V output. The black COM terminal serves as the reference for all three and the circuit’s 0V ground. 
Set up the power supply as follows.
· Make sure nothing is connected to its terminals.
· Push the +6 V button in the Meter section so that the meter will monitor that supply voltage and current. 
Note: 	The three buttons in the meter section select the supply the meter monitors; they do not turn that supply on or off. The power switch turns all supplies on or off.
[image: ]

Fig. 3. Circuit for measuring the diode forward characteristic.

· Set the +6 V and ±20 V to 0 V by turning their control knobs fully counterclockwise. Turn the Tracking Ratio knob fully clockwise.
· Turn off the power supply.
b.	Configure the oscilloscope to measure vD on Ch. 1. Use the following settings.
· Ch. 1 menu: choose DC coupling and BW Limit.
· Vertical scale: select 100 mV/div.
· Horizontal scale: select some convenient value like 1 ms/div.
· In the Trigger > Mode/Coupling menu: select Auto. 
Note: 	You cannot use Normal triggering because the oscilloscope will not trigger on the dc waveform (except for noise artifacts); and it will not display a trace if it cannot trigger. 
· In the Waveform>Acquire menu: choose Hi Res or Average, whichever results in the least noise on the trace.
· In the Quick Meas menu select Source > Ch. 1 and Measure > Average.
Note:	The average value is the dc value.
c.	Configure the as an ammeter to measure iD. This requires connecting to the meter red I and black LO terminals as in Fig. 4.
Note:	The ammeter must be connected in series with the current path. Never connect an ammeter in parallel with a component. 
· Choose dc current mode by pressing and releasing Shift, then pressing DC I, which appears above the DC V button.
[image: IMG_1517-Qual4-crop]

Fig. 4. Multimeter configured as an ammeter to measure DC current.

Have your instructor verify the ammeter location and operating mode are correct.
d.	Build the Fig. 3 circuit using a 1N4007 diode. Include the multimeter/ammeter. Minimize the number of wires to avoid mistakes. Connect oscilloscope channel 1 across the diode with the ground lead connected to common.
4.	Measure the diode forward transfer characteristics as follows.
a.	Turn on the power supply.
b.	Adjust VS to set vD as measured on the oscilloscope to the values in Table 1 as accurately as possible. Start with vD = 0.7 V first so you can check that your measurements are OK. Record iD from the meter and vD from the oscilloscope. 
Note:	Do not set your power supply voltage to the column 1 vD values. Your power supply voltage settings will be higher than vD due to the voltage drop through the resistor. The exception is row 1.
The Constant Voltage Drop Model
5.	The circuit of Fig. 3 is also used in this part. VS uses the +6 V output of the DC power supply.
a.	Turn off the power supply.
b.	Turn the +6 V control knob fully counterclockwise, setting it to 0 V.
c.	For the first four rows, adjust the supply to the values in the first column. Each time, record vD, iD. and vR in Table 2. Where vR = VS  vD. 
d.	For the last two rows, you must reverse the polarity of the +6 V supply to create negative voltages. Just switch the two cables on the +6 V and COM connectors. Measure the diode voltage with the oscilloscope and then remove the oscilloscope connection and measure the current. Do not measure current; assume it 0.
Note:	The oscilloscope input impedance is much less than that of the reverse-biased diode. It appears in parallel with the diode, so leaving the oscilloscope connection in place when making the current measurement is a mistake. In fact, the typical ammeter is not capable of measuring the actual reverse biased diode current, so these values are 0 as far as this experiment is concerned.
Large-Signal Diode Characteristics
6.	Construct the circuit in Fig. 5 and measure its performance as follows. The power supply COM terminal is the measurement ground reference.
a.	Turn off the power supply.
b.	Assemble the circuit on the breadboard.
c.	Connect the +6 V, +20 V, 20 V and COM terminals to the breadboard binding posts. Then connect wires from the binding posts to the circuit so that you can connect the appropriate voltages to the diodes. 
d.	Monitor the output voltage with the multimeter connected as a DC voltmeter. Select the DCV mode by pressing that button.
e.	Measure the output voltage vO for the input voltages v1, v2, and v3 of Table 3. 
Note: 	You need to change the tracking ratio to get a negative voltage from the 20V supply with magnitude less than that of the +20V supply. Set the positive voltage to the desired value, then while monitoring the negative voltage, change the tracking ratio until you reach the desired value. The magnitude of the negative voltage is always less than or equal to the magnitude of the positive voltage.
[image: ]

Fig. 5. Large-signal diode circuit

7.	Results documentation summary.
a.	Be sure that you recorded data and calculated results in steps you were asked to.
b.	Check with your instructor for additional documentation requirements.
Analysis:
1.	For this question, you will plot three diode characteristics. One is the calculated data from Eq. 1, the second is the measured data, and the third is an exponential curve that is fit to the measured data. 
[bookmark: _GoBack]Refer to the partial MATLAB file in the appendix. The file has zero-filled arrays vdmeas and idmeas for measured vD, and iD data. Replace the data in those arrays with your measured data from Table 1. 
The program uses the “exp1” exponential fitting function to create an exponential function to match your data as closely as possible. The resulting fitted function is given by Eq. 2, where the a and b terms are found by the algorithm.

		(2)
Once the fitting function is calculated, the program creates an array vd1 of finely-spaced voltage points from 0 V to 0.7 V. Then the program uses Eq. 2 to find the fitted current array id1. 
The program plots the measured data (idmeas vs. vdmeas) as ‘o’ points and the fitted current array id1.
Add statements to the program to calculate Eq. 1 using the voltage array vd1 as input. Call your array of currents idcalc. Modify the plot statement so all three curves are plotted. Fig. B-1 is an example plot.
Generate the plot and indicate which curve is from Eq. 1.
Compare the curves and account for differences.
2.	In the MATLAB command window, after running the curve matching and plotting code, type “f” at the prompt followed by Enter. The a and b values of Eq. 2 are displayed. Use these values to find estimates of the reverse saturation current IS and the emission coefficient n. Let VT = 26 mV.
3.	Compare the calculated CVD model values and the measured values for the diode current iD of Table 2 by calculating the % error with the theoretical values as reference (Eq. 3). Put the percent errors with 2 digits of precision in the last column of Table 2. Explain the errors.

		(3)
4.	Consider the Table 3 data. Explain why the three diodes are biased the way they are for the case where the input voltages are 12V, 0V, and 6V and the case where the inputs are all 12V. 

Appendix 1: Data Tables 

[bookmark: _Hlk12277952][bookmark: _Hlk12277674]Table 1. 1N4007 forward-bias characteristics.
	Nominal vD (V)
	Diode Equation
iD (mA)
	Measured 
vD (V)
	Measured
iD (mA)

	0
	
	
	

	0.2
	
	
	

	0.4
	
	
	

	0.45
	
	
	

	0.5
	
	
	

	0.55
	
	
	

	0.6
	
	
	

	0.65
	
	
	

	0.7
	
	
	




[bookmark: _Hlk12278148]

Table 2. Series diode circuit measurements and the CVD model data.
	
	Prelab Calculations
	Experimental
	

	VS (V)
	CVD Model 
vD (V)
	CVD Model 
vR (V)
	CVD Model 
iD (mA)
	Measured vD (V)
	Calculated vR (V)
	Measured iD (mA)
	iD Percent Error 
(Eq. 3)

	0.5
	
	
	
	
	
	
	

	1
	
	
	
	
	
	
	

	5
	
	
	
	
	
	
	

	-1.0
	
	
	
	
	Omit
	0
	Omit

	-5.0
	
	
	
	
	Omit
	0
	Omit



[bookmark: _Hlk12278354]Table 3. Large signal diode circuit data.
	Input Voltages
	Prelab Calculations
	Experimental

	v1 (V)
	v2 (V)
	v3 (V)
	D1 Bias
(expected)
	D2 Bias
(expected)
	D3 Bias
(expected)
	vo
Calculated
	vo
Measured

	0
	0
	0
	
	
	
	
	

	-12
	6
	12
	
	
	
	
	

	12
	0
	6
	
	
	
	
	

	12
	12
	12
	
	
	
	
	

	-8
	12
	0
	
	
	
	
	






Appendix 2: MATLAB Code for Curve Fitting and Plotting 

% Diodecurv.m
% Diode exponential curve matching and plotting
%
% Plots measured data and exponential curve fit to measured data
% 
% 
clear
idmeas=[0 0 0 0 0 0 0 0 0];  %Measured id values in amps for testing fit
vdmeas=[0 0 0 0 0 0 0 0 0];  %Measured vd values for testing fit
 
% Create the exponential fit to measured data
f=fit(vdmeas',idmeas','exp1','TolFun',1e-10);  %Tighter tolerance than default
 
vd1=[0:0.005:0.7];  %Create voltage point array for matched function values
id1=f(vd1);  %Calculate matched function values
 
% The current values are plotted in mA by scaling x1000
plot(vdmeas,idmeas*1000,'o',vd1,id1*1000)
title('Diode Forward Characteristic')
xlabel('V_{D}, V')
ylabel('I_{D}, mA')
grid

[image: ]
Fig. B-1. Example plot.
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