
Fall 2002 6.720J/3.43J Integrated Microelectronic Devices Prof. J. A. del Alamo 

Device Characterization Project 3 - November 15, 2002 

npn BJT characterization 

Due: Novemb er 27, 2002 at lecture 

In this pro ject, you will characterize the current-voltage characteristics of an npn bip olar 
junction transistor (BJT). To do this, you will use the MIT Microelectronics WebLab. Refer 
to the User Manual for instructions on how to use the system. 

Two identical npn BJTs are available in weblab. They are lab eled ”6.720 npn BJT.” 
The terminal connection configuration is identical for b oth of them and is available on 
line. This exercise involves three separate phases: (i) measurement and graphing, (ii) 
mo del parameter extraction, and (iii) comparison of mo del with measurements. Take the 
measurements sp ecified b elow. When you are happy with the results (as judged by the 
haracteristics displayed through the web), download the data to your lo cal machine for 

more graphing and further analysis. You will find useful to study the contents of Appendix 
A which describ es the ideal mo del for the I-V characteristics of an npn BJT. 

Important note: For all mesurements, hold V (or V ) b etween 0 and 0.9 V , and V BE BC CE 

b etween 0 and ±4 V . 

Here is your assignment. 

1. (10 points ) Measure and download the common-emitter output characteristics of the 
BJT. This is a plot of I (linear scale) vs. V (linear scale) with I as parameter C CE B 

for p ositive V . Do this for 0 ≤ I ≤ 100 µA and 0 ≤ V ≤ 4 V . In your lo cal CE B CE 

machine and using your favorite software to ol, graph the output characteristics. Turn 
in a printout of this graph (graph 1). 

2. (10 points ) Measure and download the common-emitter transfer characteristics of the 
BJT in the forward active regime (also known as Gummel plot ). This is a semilog plot 
of I and I (logarithmic scale) vs. V (linear scale). Do this for V = 2.5 V . In C B BE CE 

your lo cal machine graph the Gummel plot. Turn in a printout of this graph (graph 
2). In a separate plot, graph the current gain of the bip olar transistor vs. I . This C 

is a semilog plot of β = I /I (linear scale) vs. I (logarithmic scale). The lower F C B C 
−7 end of the I scale should b e I = 10 A. Turn in a printout of this graph (graph C C 

3).
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3. (10 points ) Measure and download the reverse common-emitter output characteristics 
of the BJT. This is a plot of I (linear scale) vs. V (linear scale) with I as C CE B 

parameter for negative V . Do this for 0 ≤ I ≤ 100 µA and 0 ≤ V ≤ −4 V . CE B CE 

In your lo cal machine graph the reverse output characteristics. Turn in a printout of 
this graph (graph 4). 

4. (10 points ) Measure and download the reverse common-emitter transfer characteris­
tics of the BJT (also known as reverse Gummel plot ). This is a plot of I and I E B 

(logarithmic scale) vs. V (linear scale). Do this for V = 2.5 V . In your lo cal BC EC 

machine graph the reverse Gummel plot. Turn in a printout of this graph (graph 
5). In a separate plot, graph the reverse current gain of the bip olar transistor vs. I . E 

This is a semilog plot of β = I /I (linear scale) vs. I (logarithmic scale). Turn R E B E 

in a printout of this graph (graph 6). 

5. (15 points ) From the forward and reverse Gummel plots, extract V and V , BEon BCon 

resp ectively. Define these voltages as the values of V and V that yield I = BE BC B 

10 µA. Derive V = V − V . CEsat BEon BCon 

6. (15 points ) From the forward and reverse Gummel plots, extract the mo del parameters 
I , β and β . Refer to App endix A for the definitions and roles of these parameters. S F R 

7. (20 points ) Using the mo del parameter set just derived, play back the characteristics 
of the BJT and compare them with the measurement data. As mo del, use equations 
1-3 in App endix A. Construct the following graphs that include b oth measurements 
and mo del calculations. Use individual dots for the data p oints and continuous lines 
for mo del calculations. 

graph 7: Common-emitter output characteristics in forward regime. Print this graph. 

graph 8: Gummel plot in forward regime. Print this graph. 

graph 9: Common-emitter output characteristics in reverse regime. Print this graph. 

graph 10: Gummel plot in reverse regime. Print this graph. 

8. (5 points ) The mo del can by refined by accounting for the finite output conductance 
of the device. From the forward output characteristics, extract the Early voltage V . A 

Refer to App endix A for the definition and role of this parameter. 

9. (5 points ) Replay the common-emitter output characteristics of the device in the 
forward regime using the mo del set that incorp orates V (Equations 4-6 in App endix A 

A). Turn in this graph (graph 11). 

Additional information and assorted advice 

• This pro ject might take a substantial amount of time. You should start early. 
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Appendix A: BJT I-V characteristics 

The conventions for terminal naming, voltage and current notations, and the various regimes 
of op eration for an npn BJT are all shown b elow: 

collector


IC 

+ 

base 

VBC 

VBE 

+ 

-

+ 

-

IB 
VCE 

-

IE 

emitter


saturation 

reversecut-off 

forward� 
active 

VBE 

VBC 

The ideal I-V characteristics of an npn BJT are given by the following set of equations: 

qV qV I qV BE BC S BC 
I = I (exp − exp ) − (exp − 1) (1) C S 

kT kT β kT R 

I qV I qV S BE S BC 
I = (exp − 1) + (exp − 1) (2) B 

β kT β kT F R 

I qV qV qV S BE BE BC 
I = − (exp − 1) − I (exp − exp ) (3) E S 

β kT kT kT F 

In the forward active regime (V > 0, V < 0), these equations simplify to: BE BC 

qV BE 
I I exp C S 

kT 

I qV S BE 
I (exp − 1) B 

β kT F 

qV I qV BE S BE 
I � −I exp − (exp − 1) E S 

kT β kT F 

4




� 

� 

In the reverse regime (V < 0, V > 0), the equations simplify to: BE BC 

qV I qV BC S BC 
I � −I exp − (exp − 1) C S 

kT β kT R 

I qV S BC 
I (exp − 1) B 

β kT R 

qV BC 
I I exp E S 

kT 

The common-emitter output characteristics of an ideal npn BJT lo ok as in the figure b elow: 

IB=0 

0 
0 VCE 

VCEsat 

IC 

IB 

The common-emitter transfer characteristics (Gummel plot ) of an ideal npn BJT lo ok as in 
the figure b elow: 

log IC, IB 

IS 

IS 
βF 

IC 

IB 

60 mV/dec � 
at 300 K 

VBC<0 

0 VBE 
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A more refined mo del includes the finite output conductance of the device (Early effect) 
through a new parameter called the Early voltage, V . In the forward active regime, the A 

equation set b ecomes: 

V qV BC BE 
I I (1 − ) exp C S 

V kT A 

I qV S BE 
I (exp − 1) B 

β kT F 

V qV I qV BC BE S BE 
I � −I (1 − ) exp − (exp − 1) E S 

V kT β kT A F 

One way of estimating the Early voltage is as indicated in the figure b elow: 

IB=0 

IC 

IB 

-VA 0 VCE 

The complete set of equations of the BJT including the Early effect b ecomes: 

V qV qV I qV BC BE BC S BC 
I = I (1 − )(exp − exp ) − (exp − 1) (4) C S 

V kT kT β kT A R 

I qV I qV S BE S BC 
I = (exp − 1) + (exp − 1) (5) B 

β kT β kT F R 

I qV V qV qV S BE BC BE BC 
I = − (exp − 1) − I (1 − )(exp − exp ) (6) E S 

β kT V kT kT F A 
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