
PN junction is a fundamental building block for numerous 
semiconductor devices, such as various types of diodes, light-
emitter diodes, laser diodes in particular, bipolar transistors, 
various types of field-effect transistors, solar cells, photo 
detectors. 

Equilibrium PN junction
Sunday, April 22, 2012
2:08 PM
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40 Gb/s fiber-optics is commercial

and is deployed

PN junction - equilibrium

Biased PN junction 

Re-inventing the bipolar junction transistor

Spice simulation of diodes and bipolar transistors
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Charge neutral 

In n-type, lot of electrons  and +qNd+


In p-type, lot of holes and -qNa-


Standalone P-type and N-type 
Semiconductors

Holes diffuse from p-side to n-side, 

Connecting P with N (PN 
Junction)

Junction formation, balance of drift and diffusion, xp and xn
Sunday, April 22, 2012
2:10 PM
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Holes diffuse from p-side to n-side, 
leaving behind negatively charged 
ionized acceptors (concentration=Na)



Electrons diffuse from n-side to p-side, 
leaving behind positively charged 
ionized donors (concentration = ND)



E-field is set up by the Nd+ and NA-
charges, pointing from positive charge 
(Nd+) to negative charge (Na-)



The e-field will set up drift current, 
cancelling diffusion current.



Majority carrier concentration equals 

p and n distribution across 
the junction
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Majority carrier concentration equals 
doping in neutral regions



n decreases from Nd to ni^2/Na from 
n-side to p-side



P decreases from Na to ni^2/Nd from 
p-side to n-side
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Majority carrier concentration equals 
doping in neutral regions



Minority carrier concentration = ni^2 / 
Majority thus:



p and n values at the 
transition region/neutral 
region boundaries (-xp and 
xn)

n(xn)= Nd,  p(xn)=ni^2/Nd 

p(-xp) = Na, n(-xp) = ni^2/Na 
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E-field points from Nd+ to Na-, 
so N-side potential is higher than 
p-side by an amount called built-
in potential written as phi_bi or 
phi_j



We can prove phi_bi= phi_t 
ln(NdNa/ni^2) using the 
equations from Chap 2 - shown 
on the summary slide



Built-in potential

Built-in potential
Thursday, May 31, 2012
3:54 PM
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Derivation of PN Junction Built-in Potential Equation 
from Einstein's Relation and Drift-Diffusion Current:
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Charge Density 
Distribution and Depletion 
of Carriers in Transition 
Region

Charge is neutral far away from junction 
interface

In transition region, charge density is mainly 
due to ionized dopants, and carriers are 
"depleted"

Charge density distribution
Thursday, May 31, 2012
3:56 PM
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The key to understanding the "depletion" 
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The key to understanding the "depletion" 
nature of the transition region is to realize 
the mass action law, that is, the pn 
product must be at ni^2.

In the transition region, p decreases from 
Na on the p-side towards ni^2/Na on the n-
side,
n decreases from Nd on the n-side to ni^
2/Nd on the p-side

In the p-side of the transition region, for 
most part, p << Na, n=ni^2/p << Na as well, 
so the dominant contribution to charge is 
NOT from holes or electrons, rather it is 
from ionized dopants (density is Na, charge 
density is -qNa)

Similarly, in the n-side of the transition 
region, for most part, the charge density is 
+qNd.

Now we would like to find out 

1) the electric field distribution, 
particularly the peak or max electric field 
value, and 
2) the thicknesses of the depletion layers
(on the p-side xp, on the n-side, xn).
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Poisson's equation describes how electric field relates to 
charge density, 

It states that:

We need boundary condition. 
In the neutral region, there is no electric field, that is:

Field distribution
Thursday, May 31, 2012
3:58 PM
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Can you sketch the electric field profile in the PN 
Junction?
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Potential drops and depletion thicknesses
Thursday, May 31, 2012
4:01 PM
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Example 1: find built-in potential, total depletion 

layer thickness, as well as depletion thickness on the p-side 
and n-side, and peak electric field for a Si PN diode with
Nd=1e20/cm^3, Na=1e17/cm^3. Assume zero bias or 
equilibrium. n_i =1e10/cm^3. kT/q = 25mV. Relative dielectric 
constant is 11.8.

Built-in potential equation, see built-in potential page
Depletion thickness equation, see Potential drops and 
depletion thicknesses

Numerical example
Sunday, April 22, 2012
2:22 PM
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Example 2: Consider a PN junction with Nd=1e16/cm^3, 
Na=1e15/cm^3, find the majority and minority carrier 
concentrations on both sides of the junction in the 
neutral regions.

Sketch the p and n distributions across the junction.
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Majority carrier concentration on p-side: 1e15
Minority carrier concentration on p-side: 1e5
Majority on n-side: 1e16
Minority on n-side: 1e4

Answers: see the Graphical example page. 
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This is generated from an Interactive python program 
I wrote for teaching PN junction in 2210. I will give a 
demo in class. If you are interested running it 
yourself, just let me know I'll provide you source 
codes.

Nd=1e15, Na=1e15

Can you tell from the plot below the values of Nd 
and Na?

1.
In-class Challenge Question:

Graphical example
Thursday, May 31, 2012
3:37 PM
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Nd=?a.
Na=? b.

and Na?

If I hide out the legend of "n" and "p", you should 
still be able to tell that the red curve is for 
electron concentration, the blue for hole 
concentration. Can you think of why?

2.

Answer:
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Another example:
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Most of the potential drop occurs on the lightly 
doped side

1.

For P+N junction (Na >> Nd), most of potential drop is 
on the n-side

2.

For N+P junction (Nd>>Na), most of potential drop is 
on the p-side

3.

Doping impact on potential drop distribution
Thursday, May 31, 2012
3:29 PM
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total depletion thickness is dominated 
by lightly doped side 



recall that effective doping is 
dominated by smaller doping when two 
doping levels are very different



xp and xn relation to Na and 
Nd

Depletion thickness
Thursday, May 31, 2012
3:32 PM
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Biased pn junction
Sunday, April 22, 2012
2:23 PM
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Holes diffuse from which side  
to which side ?

Holes drift  from which side  to 
which side?

Electrons drift from     side to       
side?

Electron drift current flows 
from    side to     side?

Electrons diffuse from       side 
to      side?

Electron diffusion current flows 
from     side to    side?

diffusion current flows from P to N, 1.
drift current flows from N to P. 2.
There is no conflict between 
electron and hole currents.

3.

For both electrons and holes, 

Drift and diffusion directions at equilibrium
Thursday, May 31, 2012
3:00 PM
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The built-in potential is higher on the n-side.

However, applied forward voltage Vf is defined as 
positive if it is higher on the p-side.

If the resulting current flows from P to N, we typically say 
the current is positive.

Typically, I > 0 if Vf > 0, and I < 0 when Vf < 0, as we will 
see below.

However, current can be very large for forward bias, but 
is very small for reverse bias (negative forward bias Vf <0 
that is).

Forward voltage and current definition
Monday, June 04, 2012
8:23 AM
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Forward Operation Summary:

Applied field weakens built-in field

Diffusion dominates over drift

Holes diffuse from  ??? side to ??? side, 
This can also be described as:

Holes, which are minority carriers on the n-side, are 
injected from p-side, this is called minority carrier 
injection  - the very physics behind transistor invention.

Electrons diffuse from ??? side to ??? side, 

Intuitive picture
Sunday, April 22, 2012
2:25 PM
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injection  - the very physics behind transistor invention.

Electrons diffuse from ??? side to ??? side, 

or electrons are injected from n-side. 
Electrons, minority carrier on the p-side, are injected 
from the p-side.

There are lots of holes on p-side, lots of electron on the 
n-side, so this current can be very large with sufficient 
forward bias.
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Summary of Applied Voltage Impact on PN Junction

High voltage on p-side is defined positive –
opposite to built-in potential 

Total potential is phi_bi – Vf

Vf >0 creates a lot of positive current

Vf<0 creates a little negative current
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tip for calculation:

Constants can be calculated once and stored 

for future calculation.

If you need to repeat calculation for multiple 

Vf's, the others terms do not need to be re-

calculated
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Shockley Junction Law - Impact of Vf on pn Product at 
Neutral/Depletion Boundary

Minority carrier concentration at the neutral/depletion 
boundary (also called injection point) changes by a factor 
of exp(Vf/phi_t)

A forward bias causes net hole diffusion (also called injection) from p-
side to n-side, thus raising hole concentration on the n-side. The 
position xn is called minority hole injection point. Shockley first 
showed the increase factor at xn is exp(Vf/phi_t). Phi_t = kT/q is the 
thermal voltage - in our text, it was called V_T, at 300K, it is 25mV 
approximately.

Similarly, on the p-side, minority carrier (electron) concentration n is 
increased. At x=-xp, the increase factor is exp(Vf/phi_t) 

At the contacts to the p- and n-ends, minority carrier concentration 
does not deviate from equilibrium, as shown schematically below:

Shockley theory
Sunday, April 22, 2012
2:28 PM
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of exp(Vf/phi_t)
p_n0: minority hole conc. on n-side at zero bias
n_p0: minority electron conc. on p-side at zero bias

at the ohmic contacts, minority carrier concentration 
remains at its equilibrium value.

A gradient of minority carrier is established, on both 
sides.

diffusion current density can be easily calculated from 
gradient of minority carriers as above.
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Jp,diff is proportional to p_n0*exp(Vf/phi_t), inversely 
proportional to Wn-side,  

Jn,diff is proportional to n_p0 (ni^2/Na) * exp(Vf/phi_t), 
inverse of Wp-side

Assuming negligible net recombination of electrons and 
holes, the current flow is continuous, the total current is 
simply Jp,diff + Jn,diff
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multiplying current density by area A gives current of the 
diode I
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For forward biases (>75mV), diode current increases 
exponentially with Vf/phi_t.

For reverse biases (>75mV), reverse current is 

saturated at IS (very small)
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The previous theory is a stripped down version of 
Shockley's original theory - which includes carrier 
recombination, see our 6700 notes for comprehensive 
derivations there, I'll  also summarize those later on in 
class.

The actual pn junction is theory is much more involved 
than most people realize, even semiconductor 
professors.

The derivation in previous page is for "short" diodes, 
where minority carrier diffusion length is much longer 
than the width of the p and n regions.

That means, we have negligible recombination. That is 
why we have a linear distribution of minority carriers.

Let us look at a few other key assumptions made, 
starting with the most important one

Junction law  Efn-Efp=qVf at injection points

A key assumption leading to the exponential I-V is that 
Efn - Efp = qVf at the junction boundaries, that is 
dEfn/dx=0 all the way from n-contact to p-region 
injection point, and dEfp/dx=0 all  the way from p-
contact to n-region injection point.

Important Assumptions Made 
Thursday, August 23, 2012
9:17 AM
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This obviously becomes less valid at higher injection 
when current density is high as Jn = n mun dEfn/dx, Jp = 
p mup dEfp/dx.

This is easily visible for the 0.8V and 1.0V biases:
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Alternatively, let us inspect the eQuasiFermiPotential 
evolution with bias:

At higher biases, e.g. 0.8V and 1.0V, the variation of Efn 
from n-contact to p-region injection point cannot be 
neglected! 

On the band diagram, you will see more and more Ec/Ev 
variations in the neutral regions!

Low-Injection

We assumed that majority carrier concentration is 
affected very little by injected minority carriers.
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That is, on n-side,    and     

Let us look at the real p and n evolution with bias:

"p" profile pushes towards n-side with increasing bias-

At 0.8V, you see a clear linear distribution of minority 
carrier concentration on the n-side 

-

However, at the injection point, at 0.8V, p = 2e16 
which is comparable to the doping concentration (Nd 
= 5e16)!

-

Note that at 1.0V (even at 0.8V), the minority carrier 
change is no longer very linear! That is due to 
considerable minority carrier drift current

-

Observe
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Bias Dependent Boundaries - this underlies Reverse 
Early Effect and Early Effect in Transistors
We have also assumed that the neutral region width 
across which diffusion gradient is established is 
independent of bias, that is, the "widths" of neutral 
regions or alternatively the "widths" of transition region 
are independent of bias, certainly this will become quite 
invalid when the zero bias "depletion" width is 
comparable to the neutral width.

Look at the charge density:

Look at the field profile - the e-field triangle indicative of 
the "transition region" or "space charge region" 
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the "transition region" or "space charge region" 
disappears at higher biases!

This is indeed the case in modern transistors where the 
critical dimensions are indeed comparable to the zero 
bias neutral region width.

At high forward bias (e.g. 0.8 to 1.0V) necessary for high 
speed operation (?), there is no more "depletion region"

Very important to realize :

"Transition region" or "depletion region" disappears at 
sufficient forward bias! 

This underlies some of the key assumptions in analyzing 
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This underlies some of the key assumptions in analyzing 
quasi-saturation effect important in modern transistors.  
Mextram model epi layer models relies on this 
assumption too. It assumes that the "depletion" layer of 
the CB junction is zero at the on-set of "quasi-saturation" 
in its derivation.

Depletion region does NOT exist at practical forward 
biases as you have seen from the p / n evolution with 
bias, nowhere is "n" or "p" depleted, not even in the 
"space charge" sense!
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TCAD IV
Monday, August 20, 2012
8:19 PM
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Note the deviations from Shockley theory assumptions.

Some are subtle to see on a log scale, such as reverse 
Early effect.

However, such effect is very significant, especially in 
graded HBTs.

Note what happens near 0.8V and above.

What do you think is responsible for this deviation if you 
look at the band diagrams and p/n distributions shown 
above and in previous pages as well as pages below?

Pay particular attention to potential distribution:
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As well as the band diagram and injection point Efn-Efp 
in particular. How do they deviate from Shockley's ideal 
junction law? Why?
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Charge density does not change abruptly near 
transition region ends

-

So "depletion" approximation is just an 
approximation

-

"transition" region is a better name-

"depletion approximation" becomes very poor at 
high forward biases - even at 0.4V, the real space 
charge density does not look like that of "depletion 
approximation" predictions used in standard 
textbooks

-

Observe that the thickness of space charge region is 
modulated by forward bias quite a bit!

-

The thickness of the "zero" space charge region, 
often also called "neutral" region is modulated by 

-

Observe that

TCAD space charge distribution
Monday, August 20, 2012
7:53 PM
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often also called "neutral" region is modulated by 
bias too!
So the distance across which minority carrier 
diffusion occurs is modulated by bias!

-

This physics underlies the so-called "reverse Early 
effect" in bipolar transistors, where an increase of 
VBE causes neutral base width to increase! The 
consequence is less increase of diffusion current (IC) 
with junction bias (VBE) than Shockley theory

-
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Watch carefully how p profile changes with forward bias, 
what can you observe? We are going to show the "p" in 
both log and linear scales.
This is very often necessary to obtain useful insights.

TCAD Bias Evolution
Monday, August 20, 2012
8:05 PM

   pn Page 57    



My observations:

Now try to make observations on how "n" profile 
changes with increasing forward bias:
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An increase of forward voltage causes depletion layers to shrink, 
or xp and xn to decrease.

The shrinking of depletion layer is physically realized by supplying 
holes to the region near x=-xp, and supplying electrons to the 
region near x=xn, 

this is exactly like what happens in a parallel plate capacitor with a 
distance of xp + xn

you can then prove that the capacitance of this process is indeed 
epsilon / d = epsilon / (xn + xp)

Charge modulation in "depletion" region and depletion capacitance
Monday, August 27, 2012
11:37 AM

   pn Page 69    



If we assume "depletion approximation" - which we know by now 
is not valid at all for biases like 0.8V, we can simply calculate the 
total charge in the depletion region, 
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You can then easily prove or obtain by intuition that the 
capacitance (per area) is just like that of a parallel plate capacitor:
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After all, if we consider complete ionization, the 
charges associated with dopants do NOT change 
with bias.

What changes is "p" and "n", the change mainly 
occurs at the "depletion /neutral region boundary".

Alternative views of "depletion" charge modulation
Tuesday, August 28, 2012
8:00 AM
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Charge modulation in neutral regions
Monday, August 27, 2012
11:51 AM
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The "technique" of decomposing the total charge into a 
junction voltage controlled component and another 
current controlled component underlies all of the 
computer models for transistors used in IC design.
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computer models for transistors used in IC design.

They differ in the details of handling higher order effects.
This is even more so for the Hicum model.

Here we see a first order transit time that actually also is 
a function of the junction voltage!!!

In a transistor, there are two junctions, so we will have 
two bias dependent boundary conditions.
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What is (small signal) frequency domain analysis?

Excitation: Dc bias + very small magnitude ac

Actually the simulator considers a "1V" ac magnitude, it 
really is not realistic, but does not matter because of the 
internal linearization.

The result is the "magnitude" and phase of all physical 
quantities, e.g. potential, p, n, and derived quantities 
such as electric field, jn, jp.

Field, jn, jp are vectors, so the "magnitude" is a vector.

For most device analysis, one can obtain lots of insight by 
running ac simulation at a low frequency, e.g. 1MHz. The 
real part of "pac" and "nac" can be viewed as the "quasi-
static" derivatives of the DC "p" and "n" values with 
respect to the applied voltage.

That is, if the applied voltage changes by 0.1mV, 
d(pdc)/d(Vdc) is the "derivative". This can be hard to 
calculate in practice. Instead, we can just run ac 
simulation, the real part of pac at low freq is 
d(pdc)/d(Vdc).

For example, at DC bias of 0.6V, we run 1MHz simulation, 
and plot out the real part of pac, the y-axis has a unit of 
/cm^3/V:

TCAD frequency  domain analysis
Monday, August 20, 2012
9:48 PM
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An increase of forward bias primarily causes a spike in 
"p" and "n" at the depletion/neutral region boundary.

In standard text books, we consider abrupt change of "p" 
and "n" at depletion boundaries, these spikes are delta 
functions in first order theories.

So the primary capacitance at this bias point is depletion 
capacitance.

Now switch to log scale for y-axis:
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It is extremely important to notice that p_ac and n_ac 
are largely the same outside the transition region.

That is delta p = delta n. This means that as voltage 
changes, when minority carrier is injected, there is an 
equal amount of majority carrier responding to the 
injection, and neutralizing the extra charge.

This is a capacitive effect - it is different from depletion 
capacitance, which is more like traditional parallel plate 
capacitance. 

Here the physical origin is minority carrier injection and 
diffusion, so it is called diffusion capacitance.

We treat the details of the charge neutralization process 
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We treat the details of the charge neutralization process 
and its frequency dependence in another course, it is a 
pretty fast process known as "dielectric relaxation". 
Interest students can obtain notes from me on that topic.

We can of course run this at other frequencies and 
examine frequency response.
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Consider a forward bias of 0.8V, I encourage you to plot 
out the DC "p" and "n" as well as band diagrams at 0.8V 
to refresh your memory on the dc situation.

The ac "p" and "n" are shown below:

What do you observe?

Most of the charge storage is due to diffusion 
capacitance!

-

For the delta n and delta p in the transition region, we 
will have to separate out the delta n and delta p 

-

TCAD - Diffusion capacitance dominates at high biases
Monday, August 20, 2012
10:08 PM
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will have to separate out the delta n and delta p 
difference in order to obtain "depletion" charges.

   pn Page 91    



TCAD - see previous examples
Monday, August 20, 2012
5:17 PM
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Reinvention of the Bipolar Junction Transistor

key: a reverse biased PN Junction can pass through a lot 
of current, as much as a forward biased junction can!!

Reinvention of bipolar transistor
Sunday, April 22, 2012
2:32 PM
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Reverse biased PN junction can actually pass as much 
current as a forward biased PN junction can! This is 
precisely how we make transistors out of PN junctions, 
as illustrated below.

1.

The key is that a reverse biased junction does not pass 
current because of lack of supplies. 

2.

If we use a forward biased PN junction to supply 
electrons to the p-side of a reverse biased PN junction, 
all of these electrons will pass through the reversed 
PN junction. 

3.

This configuration is known as a “NPN” transistor.4.

Reverse Biased PN Junction can Pass Current!

Pasted from <http://www.eng.auburn.edu/~niuguof/2210class/html/pnbipolar.html> 

For example, at equilibrium, if

on the n-side,

n=, but

, as governed by the mass action law

, with

. It is easy to see why reverse current of PN junction is small.
We have distinguished electron and hole currents in a PN 
junction. From a circuit standpoint, once these currents 
come out of the device, they both become electron current 
in the metal wire. So what is the point of evening 
distinguishing them if we cannot separate them?
Now think about inventing a device that can separate 

NPN Bipolar Junction Transistor (BJT) Normal Operation
Saturday, June 02, 2012
6:00 AM
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Now think about inventing a device that can separate 
electron and hole currents. A transistor does exactly that.

Pasted from <http://www.eng.auburn.edu/~niuguof/2210class/html/pnbipolar.html > 

Consider a forward biased junction (N on left side, P on 
right - still a PN junction), and reverse biased junction, 
large current flows in the forward PN, and little current 
flows in the reverse biased PN. Then bring them close, so 
the p-regions become a single p-region, we can now 
make the reverse biased junction flow a lot of current!

The reverse biased junction has a very strong e-field.
This e-field sweeps (attracts) electrons to the n-side of 

NPN Transistor Operation Principle (Normal Forward Mode)
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This e-field sweeps (attracts) electrons to the n-side of 
the 2nd N-region, but is not attractive to holes at all.

This keeps electron density very low at the 

end of the p-region. For all practical 

purposes, this e-field is a sink for electrons 

like a contact is.

We now have separated electron current from 

hole current in the forward biased PN 

junction.

The first N-region is called emitter (of 

electrons) as it emits electrons, the 2nd N-

region is called collector (of electrons) as 

it collects electrons.

The p-region is called base for historical 

reasons.

An NPN bipolar transistor is reborn!

We can engineer the doping levels / width of 

base, emitter to make collector current much 

larger than collector current to realize 

current amplification
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Forward Mode (Normal Mode) Transistor Operation
VBE >0, VBC<=0.

   pn Page 97    



Under general biases, we will need to consider the 
minority carrier concentration profiles modulated by the 
two junction biases, VBE and VBC, respectively. 

From Shockley theory, minority carrier concentration is 
modulated by an exponential factor at the injection 
points, i.e. the boundary between depletion and neutral 
regions, as shown below: 

We will have two hole currents, due to injection of holes from the p-
type base, to the n-type emitter and collector.
To which direction electrons flow will depend on if VBE or VBC is 
higher. If VBE > VBC, electrons diffuse from E to C, and electron 
current flows from C to E.
The electron diffusion current that flows from C to E can then be 
calculated as follows:

General bias - Shockley Equations
Sunday, April 22, 2012
2:36 PM
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Hole current from base to emitter Ipe is the same as in 
forward active mode. It is due to hole gradient in the 
emitter (E)!

Now we have a complete transistor circuit model that 
works for any terminal bias combination:

Equivalent Circuit
Wednesday, May 30, 2012
12:40 AM
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For circuit purpose, we need 3 basic parameters to describe 
transistor behavior: IS, BF, and BR.
Their relationship to physical structure / doping is contained in 
the previous derivation, which is used to make transistors (e.g. 
with useful current gain).

The above circuit drawing mimics the physical structure 
of the transistor. 

The drawing can be rotated so that the C, B, E terminals 
are laid out in the same way as in our circuit symbol for 
NPN transistor. There is no real change however - just 
like rotating your resistor symbol in circuit drawing by 90 
degrees does not change anything electrically.
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Numerical Example:

Consider a NPN transistor with neutral base width Wb = 1um. Base doping is 
1e17cm-3. Electron mobility is 500 cm^2/(V-s). ni=1e10cm-3. Find the density 
of electron current flowing from C to E at 
-  VBE = 0.7V, VBC = 0V.
-  VBE = 0.7V, VBC = 0.7V.
-  VBE = 0.7V, VCE = 0.7V.
-  VBE = 0V, VBC = 0.7V.

Example
Sunday, April 22, 2012
2:39 PM
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Forward Operation Region (VBE >0, VBC <0)

Reverse Operation Region (VBE <0, VBC >0)

Cutoff Operation Region (VBE <0, VBC <0)

Depending on VBE, VBC values the base current IB and 
collector current IC (typically our input and output 
current in a circuit) can be dramatically different!

There are 4 operation regions depending on the 
polarities of VBE and VBC.

Operation Regions
Wednesday, May 30, 2012
12:37 AM
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Cutoff Operation Region (VBE <0, VBC <0)

Saturation Operation Region (VBE>0, VBC>0)
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Simulation of Bipolar Transistor and Circuit 

Given this is your "first" multisim electronics 

simulation,  

I have managed to create a written web tutorial.  

http://www.eng.auburn.edu/~niuguof/multisimdev/

It is updated every semester based on feedback from 

students.

For most part I'll rely on class room live 

tutorial, which I find most effective, particularly 

if you follow it with your own laptop. 

Circuit Simulation
Sunday, April 22, 2012
2:42 PM
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Even though internal workings are determined by VBE 
and VBC, in circuits, we often need to set VBE and VCE.

One particular characteristics of interest is how collector 
current changes with VCE when VBE is held constant, as 
shown below.

Npn forced-VBE output
Sunday, April 22, 2012
2:43 PM
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Observe that IC becomes flat with increasing VCE once 
VCE is high enough such that VBC (shown in 2nd plot) is 
less than VBE (in this plot, 0.8V) by 4 phi_t or so.

VBE = 0.8V, so when VBC = 0.7V, IC = IS * 
(exp(VBE/phi_t) - exp(VBC/phi_t)) is mainly determined 
by the VBE term.

This corresponds to VCE = VBE - VBC = 0.1V.
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Operation Modes in Practice

Another example is that a VBE of 0.8V and a VCE of 0.3V 
will fall into saturation mode if you follow the standard 
textbook definition, but in reality, the forward VBC (0.5V) is 
insignificant compared to VBE (0.8V) in determining the 
electron transport current between C and E. This is really 
in forward active mode. We indeed use such bias in 
amplifiers, particularly with a low power supply voltage as 
low as 1V.

Pasted from <http://www.eng.auburn.edu/~niuguof/2210class/html/pnbipolar.html> 
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Single curve:

Q1

I1

1uA 

V1

12 V 

c

b

Npn forced-IB output Curve family
Sunday, April 22, 2012
2:44 PM
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Question:

Can you identify the forward operation region and 
the saturation region on this output curve?

Note that IC becomes flat well before Vbc becomes 
0 or negative. 

Reason is simply, we just need VBC  < VBE by 
several phi_t for IC to be dominated by VBE.

Family of curves:

Now increase IB from 1u to 5u in 1uA step, we 
obtain a family of output curves (IC vs VCE for 
various IB)
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Why the low VCE Region is called "Saturation" 
region?

A transistor is often used with a "load" resistor at 
the collector, and driven with a current or voltage 
input.

Consider a current input at base. Sweep the input 
current, and measure the collector current. Initially, 
the collector current IC is BF*IB, but with increasing 
IC, VCE comes down and causing forward biasing of 
the BC junction. Collector current will then 
saturate. VCC/RC sets the limit of IC, in this case, 3V 
/ 1kohm = 3 mA.

Why low VCE region is called saturation region?
Thursday, May 31, 2012
4:39 PM
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