Objectives: 
You will study MOSFET behavior by measuring and analyzing NMOS transistor behavior in the saturation region. MATLAB is used to fit curves to the measured data. In addition, simple logic circuits using NMOS transistors are constructed and the transistor behavior in the ohmic region is observed. 

Introduction:
The BS170 is designed for low-voltage, low-current switching applications such as power MOSFET gate drivers. You will measure its dc transconductance curve ID vs. VGS and two common-source curves in the saturation region. The ID vs. VGS curve for large MOSFETs like the BS170 is parabolic and Eq. 1 should be a close approximation. Using MATLAB, a parabolic equation is matched to the transconductance curve and Vtn determined. MATLAB is also used to fit lines to the measured common-source curves and values of channel-length modulation factor  and drain-source resistance ro are found. Transconductance gm at a fixed VDS is calculated. 


		(1)

Two simple logic circuits are built and their voltage input-output tables are measured. The rDS(on) resistance of the transistors is also calculated.

Equipment:
Digital Multimeter (DMM)
DC power supply with +6 V and +20 V outputs
Cables as needed
Solderless breadboard
Components: 
Resistors (Qty): 1 k (2)
MOSFET (Qty): BS170 (2)

Procedure:
General Information
1.	Measurements like the ones in this lab exercise can result in too much power dissipation in the transistor if you are not careful. The continuous power rating of the BS170 is 500 mW.
ID vs. VGS Measurements
2.	Measure the BS170 ID vs. VGS transconductance characteristics for constant VDS using the circuit in Fig. 1 as follows. 
a.	Construct the circuit in Fig. 1 using the +6V supply for VGS and the +20 V supply for VDS. Make sure the supplies are set to 0 V before connecting them to the circuit.
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b.	Connect the multimeter in series with VDS to measure the drain current ID.
c.	Use the 6 V power supply’s built-in meter to calculate VGS. Since the two 1 k resistors form a voltage divider with ration 0.5, VGS is half the supply voltage. 
[image: ]                         [image: ]
	(a)	(b)

Fig. 1. NMOS transistor (a) test circuit and (b) package drawing.

d.	Set VDS to 4.0 ± 0.1 V. Then adjust VGS to produce ID current values close to the “nominal” values listed in Appendix 1, Table 1. You do not have to set the current precisely, but try to be within 15%. Record VGS and ID using 3 digits of precision. 
Note: 	Do not let ID exceed 45 mA.
Note: 	The current may drift due to temperature effects, so record your data quickly after you set the current values.
e.	Turn the power supply voltages to 0 V.
ID vs. VDS Measurements
2.	Measure BS170 common-source ID vs. VDS transfer curves for two constant VGS values using the circuit in Fig. 1 as follows.
a.	Use the same test instrument setup as for step 1. 
b.	Set VDS to 4.0±0.1 V and adjust VGS until ID = 5 ± 1 mA. Record the value of VGS in the title of Table 2 with 3 digits of precision. Record the ID and VDS values in the table to 3 digits of precision.
c.	Set VDS to the Table 2 column values and record ID and VDS. Be sure to keep VGS at the same setting as step (b) for each measurement.
d.	Set VDS to 4.0±0.1 V and adjust VGS until ID = 10 ± 1 mA. Record the value of VGS in the title of Table 3 with 3 digits of precision. Record the ID and VDS values in the table to 3 digits of precision.
e.	Set VDS to the Table 3 column values and record ID and VDS. Be sure to keep VGS at the same setting as step (d) for each measurement.
Logic Circuit and Ohmic-Region Measurements
3.	Characteristics of two MOSFET logic gates are measured as follows. It is desired that MOSFETs in logic circuits operate either in the triode (ohmic) or cutoff regions. 
a.	Construct the circuit of Fig. 2. Use the 6V supply for the 5V power supply and the two input voltages. Use the multimeter to measure Vout with 2 digits of precision.
b.	Apply the input voltage levels for V1 and V2 and record the output voltage Vout as shown in Table 4.
c.	Construct the circuit of Fig. 3 and repeat the measurements, recording data in Table 5.
4.	Results documentation summary.
a.	Be sure that you recorded data and calculated results in steps you were asked to.
e.	Check with your instructor for additional documentation requirements
[image: ]                                   [image: ]
	Fig. 2. Logic circuit 1.	Fig. 3. Logic circuit 2.


Analysis:
1.	You will plot all your measured dc transconductance curve data points from Table 1 and fit a parabola to a subset of the data using MATLAB or similar software. If done well, the threshold voltage, Vtn, occurs at the parabola’s minimum value, where ideally ID = 0, as predicted by Eq. 1.  
An example MATLAB file is included in Appendix 2 for curve fitting and plotting. Replace the zeros in the idmeas, vgsmeas, idfit, and vgsfit arrays (known as vectors in MATLAB) with your data. You may have more data points than the number of zeros in the arrays. 
[bookmark: _GoBack]Fig. 4 is an example of the resulting plot but with a different VGS increment and range. The “polyfit” function calculates the parabola’s coefficients and assigns them to the array variable p. Eq. 2 is the resulting parabola’s equation using program variables, where the p(n) are constants in the p array with array index n. See MATLAB’s online documentation for specifics.

		(2)
Here ID = id1 and VGS = vgs1.
Note:	The parabola will be a good fit if you only use one or two points for which ID is less than 1 mA. A good fitting parabola will have its minimum very close to the VGS axis where ID = 0.
If it dips too far below, check your data or program for errors. Then remove the data point with the lowest value of current idfit and associated vgsfit you are using for the parabola fit and rerun the program.
If the parabola does not intersect the VGS axis, check your data or program for errors. Then add one more low-current data point (or zero current point) to the idfit and vgsfit arrays and rerun the program. If the parabola still doesn’t reach the axis, its minimum should still be very close to the axis.
[image: ]
Fig. 4. Measured data and parabola fit to data.

Once you have the best-fit parabola for your data, extract the coefficients of p and calculate the derivative of Eq. 2 by hand, d(ID)/d(VGS). Setting the derivative equal to 0 allows you to find the voltage VGS ≈ Vtn resulting in the minimum current IDmin ≈ 0. Remember that ID is in mA.
The Fairchild Semiconductor BS170 datasheet specifies Vtn to be “typically” 2.1 V with a range of 0.8 V to 3.0 V when ID = 1 mA and VDS = VGS. Your calculated Vtn is for IDmin ≈ 0 and VDS  VGS. Nevertheless, your calculated value should be close to the typical value. 
Determine the percent error between your value and the typical specification using the specification as reference.
2.	Plot the measured data from Tables 2 and 3 on the one graph of ID vs. VDS. Use linear regression analysis on each plot separately to find best-fit lines matching the data. Determine the values of VA = 1/ where the lines intersect the VDS axis. Perform the analyses using points on the flattest parts of the curves. Most likely this is for VDS between 4 V to 9 V, inclusive, but may be different. 
The slope from each line is the saturation-region small-signal drain-source conductance go. Find the corresponding ro values.
You can use a similar program as the one used for question 1 with polyfit matching a first order polynomial (line) to the data subset. If you use that program, remember that ID is in mA.
3.	The derivative you calculated in question 1 is an expression of the transistor’s transconductance gm as a function of VGS. Calculate gm at VGS = 2.6 V and VGS = 2.8 V in mA/V (or mS).
4.	Determine the logic functions of the circuits in Figs. 2 and 3 from their input/output tables. Assume output voltages above 2.5 V are logic 1 and those below 2.5 V are logic 0.
5.	Calculate the on resistance rDS of each BS170 from data in Table 4, rows 2 and 3 using the VDS values you measured.
6.	Why is Vout in Table 4, row 4 less than Vout of either row 2 or 3?




Appendix 1: Data Tables

Table 1. ID vs. VGS, VDS=4V
Important: Do Not Let ID Exceed 45 mA
	[bookmark: _Hlk15638994]
	Nominal ID (mA)

	Parameter
	0.1
	0.2
	0.4
	0.7
	1
	2
	4
	7
	10
	20
	40

	Measured ID (mA)
	
	
	
	
	
	
	
	
	
	
	

	Measured VGS (volts)
	
	
	
	
	
	
	
	
	
	
	




	Table 2. ID vs. VDS, VGS= 		
	[bookmark: _Hlk15639013]
	Nominal VDS (V)

	Parameter
	1.0
	2.0
	3.0
	4.0
	5.0
	6.0
	7.0
	8.0
	9.0

	Measured 
VDS (V)
	
	
	
	
	
	
	
	
	

	Measured
ID (mA)
	
	
	
	
	
	
	
	
	




	Table 3. ID vs. VDS, VGS= 		
	[bookmark: _Hlk15639044]
	Nominal VDS (V)

	Parameter
	1.0
	2.0
	3.0
	4.0
	5.0
	6.0
	7.0
	8.0
	9.0

	Measured 
VDS (V)
	
	
	
	
	
	
	
	
	

	Measured
ID (mA)
	
	
	
	
	
	
	
	
	





Table 4. Logic circuit 1 Measurements.
	[bookmark: _Hlk15639078]V1 (V)
	V2 (V)
	Vout (V)

	0
	0
	

	0
	5
	

	5
	0
	

	5
	5
	




Table 5. Logic circuit 2 Measurements.
	[bookmark: _Hlk15639094]V1 (V)
	V2 (V)
	Vout (V)

	0
	0
	

	0
	5
	

	5
	0
	

	5
	5
	





Appendix 2: MATLAB Parabola Matching Code Example

% MOSFET Parabola Matching
%
% The parabola match will be best if you include only one or two points
% with current less than 1 mA.
% Current values are in mA. 
% Replace the zeros with your data. You may have a different number of
% points than the number of zeros.
%
idmeas=[0 0 0 0 0]; %All measured id values in mA
vgsmeas=[0 0 0 0 0]; %All measured vgs values
idfit=[0 0 0 0];   %Measured id values used for curve fit
vgsfit=[0 0 0 0];  %Measured vgs values used for curve fit
p=polyfit(vgsfit,idfit,2);  %Find 2nd order polynomial coefficients
vgs1=[0:0.02:3.5];  %vgs range for parabola calculation, increment=0.02V
id1=polyval(p,vgs1);
plot(vgsmeas,idmeas,'*',vgs1,id1)  %Points only for meas, line for calc
axis([1 3.5 0 120])  %Typical axis settings, you can change
xlabel('Vgs, V')
ylabel('Id, mA')
grid
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