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Homework Assignment #13 Solutions

Problem 1:  BJT Current Components and Output Characteristics
Given an npn BJT biased as follows:
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a) First we calculate the built-in potential for each junction:      
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Then we can obtain the widths of the depletion regions on the n-side and p-side of each junction:
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And then we can obtain the widths of the quasi-neutral emitter, base and collector regions:
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We need to determine the minority-carrier diffusivity and diffusion length for each of the quasi-neutral regions of the BJT, in order to calculate the various current components:

From Lecture 4 Slide 15:
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Note that the minority carrier diffusion length LB is significantly longer than the quasi-neutral base width W (by a factor >100×).
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Note that the minority carrier diffusion length LC is significantly longer than the quasi-neutral collector width W’c (by a factor >100×).

The excess minority-carrier concentrations at the edges of the depletion regions are
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The BJT terminal currents are:
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The performance parameters are:
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b) The output characteristic (IC vs. VCE) for 0 < VCE < 3 V is sketched below.  
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At VCE = 3.0 V, VCB = 2.4 V since VBE is fixed at 0.6 V.  In this operating condition, 


[image: image32.wmf]m

cm

x

x

V

V

N

N

N

N

q

x

BC

p

BC

p

BC

BC

bi

C

B

B

C

Si

BC

p

m

e

0197

.

0

10

97

.

1

)]

4

.

2

72

.

0

)(

10

10

1

(

10

10

10

6

.

1

10

2

[

)]

)(

1

(

2

[

6

,

2

/

1

17

15

17

15

19

12

,

2

/

1

,

,

=

´

=

Þ

+

+

´

=

Þ

-

+

=

-

-

-



[image: image33.wmf]m
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The quasi-neutral base width W changes by only ~2% when VCE is swept from 0.6 to 3V.  Thus base width modulation is not significant for this BJT.
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Since VBE would only need to change slightly to double IB, there would be negligible change in xp,BE.   Therefore the values of the performance parameters calculated in part (a) would not change significantly.  As shown in the plot above, doubling the value of IB in part doubles the value of IC. 

Problem 2: Ebers-Moll Model
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Note that the “diode” current I is the BJT emitter current IE.  From the Ebers-Moll equation for IE,
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(Equation 1)

However, we need to express I as a function of VA, rather than VEB and VCB, i.e. I should be expressed as a function of 
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First, let’s find a relationship between
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so that we can “simplify” Equation 1.  We can do this by noting that IB = 0 so that IE = IC.  Equating the Ebers-Moll expressions for IE and IC:
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Therefore  
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(Equation 2)

where 
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Next, let’s find a relationship between VCB and VA:
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so
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Eliminating VEB in the above equation by applying Equation 2, and then combining terms, we obtain


[image: image45.wmf])

(

)

1

(

)

1

(

)

(

)

1

(

)

1

(

)

1

(

)

1

)(

(

/

/

/

/

/

/

/

/

/

x

x

x

x

+

-

=

-

Þ

+

-

-

=

-

Þ

-

-

=

-

+

kT

qV

kT

qV

kT

qV

kT

qV

kT

qV

kT

qV

kT

qV

kT

qV

kT

qV

A

A

EB

A

A

CB

A

CB

A

e

e

e

e

e

e

e

e

e






(Equation 3)

Applying Equations 3 and 4 to Equation 1, and rearranging terms, we obtain
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Note that in this configuration, the BJT does not exhibit ordinary diode-like characteristics:

Under “forward bias” with VA greater than several kT/q, the second term in the denominator is small relative to the first term in the denominator, so that
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Thus, the forward “diode” current is essentially the reverse-bias current of the collector pn-junction.  

For large “reverse bias” with |VA| larger than several kT/q,
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Thus, the reverse “diode” current is essentially the reverse-bias current of the emitter pn-junction.

Therefore, very little current flows in either direction for a BJT connected in this configuration.

Problem 3: BJT – Deviations from the Ideal
a) The Early voltage (VA) is given by the following equation:
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where CJC has units of Farads per cm2:
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Thus,
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b) For an npn BJT, we arrive at the following equation for VBC at punchthrough:
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Therefore,
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c) The breakdown voltage (VCE0) is determined as follows:  

First, calculate the reverse breakdown voltage of the base-collector junction (VCB0), considering that it breaks down when the peak electric field max=5(105 V/cm:
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Therefore,
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c) Comparing the answers obtained in parts (b) and (c), we see that the punchthrough voltage (VPT) is larger (in magnitude) than the (common-emitter) breakdown voltage (VCE0).  Therefore, punchthrough will not occur before breakdown in the common-emitter output characteristics of this BJT.

Problem 4: Gummel Plot
If we assume an npn BJT:

a) If NB is increased, IEn (the injected electron current from the emitter to the base) decreases,
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. This will result in a decrease in Ic by the same factor.
b) As NE is increased, IEp (the injected hole current from the base to the emitter) decreases,
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c) If the base width decreases by a factor of 2, the excess carrier concentration goes to zero (at the edge of the collector junction depletion region) within half the distance, i.e. the carrier concentration gradient becomes twice as steep so Ic doubles.

d) As temperature increases, ni also increases (recall that ni is exponentially dependent on temperature).  Therefore the currents IB and IC also increase (
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). Moreover, the slope of the diffusion current is proportional to 1/(kT/q), hence we should also expect a decrease in the slope of the log(I) vs. VBE curve.  The Gummel plots corresponding to (a), (b), (c) and (d) are drawn below.  (The black curves correspond to a reference BJT design, while the colored curves show the impact of the changes.)
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(Equation 4)
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