EE3310 Class notes — Part 3

Version: Fall 2002
These class notes were originally based on the handwritten notes of Larry Overzet. It is expected that
they will be modified (improved?) as time goes on. This version was typed up by Matthew Goeckner.

Homework Sets

Set 8 Due Tuesday Nov. 19", 2002
Chapter 6 #: 1,2, 3,4, 5,10, 11

Set 9 Due Thursday Nov. 21*, 2002
Chapter 6 #: 12, 15, 19, 20
Notes: Do not do the following:
#12 do not do the Boron dose part
#19 do not do the substrate (bulk) bias =- 2.5 V part

Set 10 Due Tuesday Nov. 26", 2002
Chapter 7 #: 3, 6, 7, 8, 10, 11, 24

Solid State Electronic Devices - EE3310
Class notes
Transistors

Now we will take our p-n junctions and use them to make transistors. We will start with the Field Effect
Transistor, FET. We do this mostly for historical reasons. (The first FET was patented in the 1920°s
and 30’s!) The first modern FET, a Junction FET — JFET, was that produced by William Shockley, in
1952. This started the rapid growth in the field that you are now studying.

Before we start, we need to establish a few terms.
Source — This is where the charge carriers come from. By necessity this means the location at which
majority carriers leave the metal contact and enter the device. Source also refers to the side of the

device connected to that metal contact.

Drain — This is where the charge carriers leave the device. Again by necessity this is where the majority
carriers leave the device.

Gate — This is what controls the flow of charge carriers through the device. (If the gate is closed,
nothing can go though...)
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Channel — This is the region in which most of the charge carriers flow. The gate is used to open and
close the channel.

Junction — Field Effect Transistor, J-FET

gate .
source drain

(with metallj (with metallic
contact) contact)

The original devices looked not unlike the picture above. It is with this picture that we will build an
understanding of how they operate. [Understand that modern J-FETs can look very different! An
example is shown in the figure below.

source drain
te

metallic contact gate

Except for some geometric affects that we will not worry about in this class, this operates in much the
same way that the original version worked.

Qualitative analysis of J-FET's

To establish the basic principles behind the J-FET we will first look qualitatively at what happens to the
device.
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source drain
(with metallj
contact)

gate

(with metallic
contact)

What do we know.

)

2)

3)
4)

S)
6)

7)

If there is no bias applied to the gate, the depletion regions (or junctions in p -n devices) is fairly
narrow.
Most of the depletion region around the gate is in the n-side of the junction. This is because the
density of the n-side is much lower than the p'-side. Because the total charge inside the junction
must be zero, more of the junction must be on the n-side.
If there is a small bias between the source and the drain, electrons will flow from the source to
the drain.
The source side of the device is assumed to have a zero bias. (This is of course a relative value!)
The gate bias will be assumed to be equal to or negative relative to the source bias.
The drain bias will be assumed to be equal to or positive relative to the source bias.

a. An'-p-n’ version of this will have the opposite polarity with holes being the dominate

charge carrier.

The length of the device, L, is much larger than the width, 2a.

Let us now draw a new picture of what the device looks like with the depletion region shown.

source
(with metallj
contact)

depletion
gate

drain
(with metallic
contact)

Because the depletion region lacks charge carriers, all of the current flow must go between the top and
bottom depletion regions. (This in quite true. Remember that we can still have current flow through a
p-n junction, which is simply a depletion region — this however is via the minority carriers! Here
however, the area between the regions will have many more charge carriers as the majority carriers can
and do play a major role.) This region is known as the channel.

Now we can do one of two things. We can turn up the bias on the drain or we can make the gate bias
more negative. Let us change the gate first. When we do this, the depletion region grows, making our

Adjusting the gate
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Making the gate bias more negative with respect to the source will cause the depletion region to grow in
size. Once we have made the gate negative enough, the width of the channel will go to zero, as pictured
below.

depletion

gate

drain
(with metallic
contact)

source
(with metallj
contact)

When this happens the majority carriers will no longer be present, and the current will be ‘shut-off”. (It
is not a complete shut-off as we will see later.) The voltage at which pinch-off occurs for no source-
drain bias, Vi = 0, is known as the pinch bias, V. For some reason, Streetman has labeled this as a

positive number. However, it must be a negative voltage for a J-FET like shown above. (If we had the
opposite materials, it could and would be positive.)

Now let us go back to a case in which the gate bias is zero relative to the source bias. Before, we had a
very small bias between the source and the drain, say less than 0.1 V. Now, let us raise the drain bias to
+5 V relative to the source. This will cause significantly more current to flow. (We can understand this
by realizing that the mobility of the electrons will remain about the same, and thus the velocity of the
electrons must increase significantly.) Under these conditions, we have an electric field in the n-
material that is approximately

(Some geometric affects will cause the electric field to be slightly different than this, but if L>>2a, then
the difference is not large.)

This means that the n-material has a gradient of the bias across the system. Assuming our linear
approximation we get a picture that looks like:

depletion

gate

source drain
(with metallj (with metallic
contact) contact)

No however we have a reverse bias between the channel and the gate. As this bias gets larger, the larger
the depletion region becomes. This implies that we have growing depletion region width — and hence
narrowing channel width — as we move toward the drain. This will look not unlike:
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depletion

gate

source drain
(with metalli (with metallic
contact) contact)

Let us continue to increase the source-drain voltage... At some point, the depletion regions will meet
and we get pinch off.

depletion )
Pinch-off

ate
£ \ drain

(with metallic
contact)

source
(with metallj
contact)

What will happen now? Before, we expected the current to continue to grow as we increased the bias.
In fact, we expected the current to grow in an approximately linear fashion with respect to the voltage.
When pinch-off occurs, we expect the current to reach a constant value. The pinch-off can not stop the
current flow as it requires that we have a bias inside the material — which in turn requires that we have a
current flow. This means that we should have a current-voltage trace that looks like:

A
Narrowing of
Ly channel \
Pinch-off
v\Linear region
Vsd
>
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Side note on device resistance:
We know that the conductance is given by:

o= qnil, +qphy
~qnpy
U
1

1.
o qnpy,

p:

J

A Agnpy
Since the area that the current flows through shrinks as we increase the gate bias, or drain bias,
the resistance will increase. Thus, our device has a resistance that varies with our applied biases.

If we now use both the gate and the drain voltage, we find that we should have curves that look like:
A

More negative

Ly gate bias

Vsd

>
(This is because as we make the gate bias more negative, we will close (pinch) the channel at lower
drain biases.)

Now let us derive the current in a semi-analytical manner

Quantitative Analysis of the J-FET
Let us start with our picture of the system.
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(with metalli
contact)

depletion

ate
& drain

(with metallic
contact)

Vsd

v

Now we need to blow this picture up and look at things in detail

drain

Here we have added a coordinate system — with x along the channel and y in the direction between the
two parts of the gate. (Thus z is out of the page via right-hand rule.) To get at an analytic solution we
need to make a series of basic assumptions. (These are really just simplifying assumptions.) They are:

1)
2)
3)
4)
5)
6)
7)

8)
9)

The junctions are p'-n step junctions. (Keep it simple!)

The materials are uniformly doped. (Keep it simple!)

The device is symmetric about the x-axis, with the p” material a constant distance ‘a’ from the
axis. (Keep it simple!)

The top and bottom gate voltages are the same. (One does not need to have this... but it makes
analysis tough — exactly what we do not want right now.)

Current flow is via majority carriers and it is confined to the non-depleted regions of the device.
(Except when pinch occurs!)

Current flow is from the drain to source only. (- or the -x direction but not in the y or z
directions!)

The voltage drop from x = 0 to the source and from x = L to the drain is negligible. (This means
that the ends do not play a large role in the operation of the device.)

[>>a

The voltage along the device is simply a function of the position x. Thus V=V(x).

10) The depleted width, w, is set by the local voltage and thus is only a function of the position x.

= w = w(X).

11) The depleted width can grow to a maximum of a. (This means that the depleted regions cannot

overlap.)

12) Breakdown does not occur — hence we are ignoring the fact that our device can become

massively non-linear.
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For conditions in which we do not have pinch-off, the current density is given by:
J=J,

= JxX
= quanE+qgD,Vn
Within the channel, the electron density is approximately uniform and thus the diffusion term of the

current density is approximately zero. (This is not unlike flowing current though a small piece of
material with no injected charges.) Thus

Jox ®quanEy
~quaNpEy

= quaNp (—GXV(X))

Now the total current is just the current density integrated over the channel area:
a—w(x) Z
Iy = ff(a_w(xg)dﬂo 0dz ElunND (5 XV(X))]

- 6 ayfanaNo (v )]
= (6 ) v oo Conv ()]
=2jga_w(x))dy :Zoq;,LnND(—axV(x))] — by symmetry!

-2 [(a ~w(x))ZoqunNp aXV(X)]

= ID
where I is the total current through the device. (Note that the current is in the negative x direction — as
make sense, we have electrons flowing in the positive x direction!) Now we need to note that the
current through the device must be a constant — we are not building up charge in the device. We can set
Ip = a constant and try to solve our differential equation — or we can note that as Ip is a constant,
integrating along the length of the channel is equivalent to multiplying it by the channel length. Thus

IpL = [) Tpdx
= j& —2[(a -w (X))ZoqpnNDaxV(x)]ix
= [ - w0 XganaNp BV

=—2[Zoau,aNp ]|, D(l _Mj dV

a
U
b= L 0 a

Now we need to find the depletion width as a function of the voltage — but we know this from our study
of p-n junctions
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w(V)=x40 = W junction = Xn0 * Xpo

1/2
_[26(Vai —vaAXNA + ND)]
qQNANp

1/2
ZSSVbi —VA )]

qNp

172
[ 26(Vi = (V6 - V(x)))]
qNp

Further the maximum width will occur when we reach pinch-off voltage.

1/2
(26‘ Vbi _Vp J
a=

Q

qNp
y

1/2
w(v) [ (Vi = Vg + v<x))J

a (Vbi B Vp)

Here, V,, is the local voltage difference (i.e. the voltage at some x) that is required to cause a pinch at
that location. It can also be described as the voltage at which pinch occurs for Vg = 0 — or the gate
voltage at which pinch occurs for V4 = 0. These are all equivalent definitions. Plugging the above
equation into the integral we find that

Gy
f—/%

2[ZgqupaNp
L

32 312
VD + Vhi— VGJ B (Vbi - VG]

Vi =V,

ID =
Vi =V,

2
{VD = (Vbi -V,
for Vpgae >Vp >0 and V, <V5 <0

Above saturation — e.g. pinch-off — we need to replace all of the Vp’s with Vpg,’s.

At this point, we need to figure out what the saturation voltage is. Saturation is the point at which pinch-
off first occurs. We know that this will happen at the end nearest the drain. Further we know that this
will happen when the depletion width is equal to a. Thus will need to set the depletion width to ‘a’ and
determine the voltage from that.
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~Vp 172

/_/%
2 Vbi_VG +V(X= L)

W)= qNp

=a
172
ZS!Vbi — Vp ’
- qNp

U
ErXDsat
(Vbi - Vp)z Vbi - VG + V(L)

U
VDsat = VG — Vp

Now we can plug this in for the drain voltage, getting the saturation current,

3/2 3/2
2|ZOqM aND I 2 VG _Vp +Vbi _VG Vb' _VG
. VG_Vp_g&bi_Vp ST

Ipeat = —
Dsat L Vpi—V,, Vpi—V,,
Gy
2[Zyqn aN]J 2 V- Va |
~ —2|Z£098naNp v 26, | Mbi— VG
_ - {VG v, 3(Vb1 v, )1 [Vbi_vp]

for Vp > Vpgae >0 and V, <V5 <0

Comparison between this and experimental data shows that our analytical model does a reasonable job
of predicting the experimental data. (Improvements can be made to the model by improving some our
assumptions. For example assumption 7 is clearly not accurate. Removing the assumption improves the
agreement between the model results and the experimental data.)

One problem with the above equation is that it is tough to remember. Further, we generally do not have
the design characteristics of the device when we ‘pull it out of the box’. However, there is a useful
approximation that is relatively easy to remember that gives a reasonable value for Ipg,. That equation
is:
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2
Vg
IDsat = IDO(I_ VPJ

3/2
2|ZOqu aNp | 2 Vo
Do = Insatly, === )~V =3 (o= Vo) 1= 25 v,

Yes, mathematically it does not look the same, but it does give a reasonable approximation and it is
easier to remember.

Small ac signals on J-FETs

At this point it is time to look at small ac signals on our J-FET. (This is following our typical pattern —
qualitative assessment of dc I-V traces, a quantitative assessment of dc I-V traces, and then a
quantitative assessment of small ac I-V traces.) To do this, we need to look at how we use the device.

gateT gate drain
source drain o —®
- )
source source
gate l

In general, we put our signal in on the gate line and pull our signal out on the drain line — leaving the
source as our effective ground (not unlike we have done in our analysis above).

For low frequencies, the current that flows between the gate and the source is very low. This is because
we have a reversed biased diode. Thus the gate to source acts like an open circuit.

The current between the drain and the source is set by the conductance, g, between the source and the
drain. Additionally the gate voltage will control change the conductance. Let g4 be the conductance at
zero gate voltage. Then we get an additional conductance, gy, that is set by the gate voltage.

ate drain i d
28 g e
| — ~—
|::> Ve Vy
g v
source source EaVa
— —® S S
[ L

Now let us go high frequency. Here, the gate connects to both the drain and the source as if there were
capacitors between the terminals. Thus we get

gate drain g Cd iy d
) vk 2

source source Cos ¢

-~ —e s e
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We can now use standard circuit analysis to arrive at our current and voltage relationships. The total
drain current is given by the sum of the dc and ac currents. Thus,

dc drain ac drain dc gate ac gate

bias bias bias bias
~

— —
ID VD + Vp ,VG

U

ac current
——

+ ;E} = ID (VD,VG)+ iD

iD = ID (VD + VD,VG + VG)— ID(VD,VG)
At this point, we need to understand that the total current is simply a small signal variation from the dc
current. Thus, we can use a Taylor expansion of the total current to arrive at the approximate total

current.
olp olp
In(Vp +vp,Va + v )= In(Vp,Va )+ vp—— +va—= +...
D( b D-*G G) D( b G) DGVD‘VDzo GavG vp =const
VG =const VG =
U
. Olp olp
AVH—= + Vo —=
'D VD@VD vp=0 VG OV |vp=const
VG =const vg=0
=VDE8d+ VGEm
U
al
8d= —=
GVD VDZO
VG =const
gm = d
m 0V |vp=const
vg =0
We can now differentiate our drain current to get
Below pinch-off Above pinch-off
1/2 g4=0
g Gl (VD +Vbi_VG}
d=Y0)'—
Vi = Vp
v v v 1/2 v v 1/2 v v 1/2
gm=Go[ V_blv GJ - ﬁ} gm=G01—[ﬁ]
bi ™ Vp bi ™ Vp bi~ Vp
MESFETs

MESFETs are MEtal Semiconductor FETs. These are extremely fast J-FETs. The Major changes are:
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1) The gate is a Schottky diode. (Usually a metal contact directly on the channel semiconductor.)
2) Drain and Sources are Ohmic contacts
3) No diffusion required => can be very small and very fast

(In commercial applications, most MESFETs are made from GaAs.)

Insulated Gate Field Effect Transistors IGFETs.

Insulated gate FETs look somewhat similar to J-FETs — except there is a replacement of the heavily
doped gate semiconductor with a thin layer of dielectric material between the metal pad and the channel.

L

source drain

We will find that the width of the channel is set by the gate voltage — the larger the voltage, the wider
the channel. This is exactly the opposite to what we saw with J-FETs.

IGFETSs come in a few different flavors:

MOSFET — Metal Oxide Semiconductor FET
The gate is metal (or heavily doped poly-Si) the dielectric is SiO,, and the rest of the device
is Si.

MISFET — Metal Insulator Semiconductor FET
The gate is metal (or heavily doped poly-Si) the dielectric is something besides Si0,, and/or
the rest of the device is something besides Si.
NOTE THAT MOSFET IS A SPECIAL VERSION OF MISFET

CMOS — Complimentary MOS FETs
This device consists of two MOSFETSs — one p-channel and one n-channel

The operation of each of these revolves around what happens in the gate region. There are two things
that we can quickly note:
1) There is no dc current flow from the gate. (Because of the insulator... In reality, there is always
some ‘leakage’ current, just not much.)
2) The region between the gate and the substrate/bulk acts like a capacitor.
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Given this simple description, we can begin to develop a picture of how these devices work. We have
three energy diagrams, one each for the metal, dielectric and semiconductor. Before we draw them, we
are going to make a few simplifying assumptions.
1) We will assume, for simplicity, that the work function for the metal, dielectric and the
semiconductor are the same.
2) That there are no charges in the oxide or at the interfaces between the materials.

Thus, we find
Energy

?

E - - -
Vac

Position
We now will put them together to get:
f Energy
EVac
EFM

>

Position

Note that we have now defined a new ‘work function’ and a new y based on the level of the conduction
band of the insulator.

Now what happens when the device is biased?
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1)
2)

3)

4)

=

Can we decide what the energy levels will look like?

v

Let us assume that the bias applied to the metal is negative, thus V, <0. Thus we would assume
that the Fermi energy of the metal will be above that for the semiconductor.

There will be no potential variation in the metal — e.g. no electric field inside the metal — and
hence the Fermi level of the metal will be constant.

As there 1s no charge inside the dielectric, the electric field inside the dielectric will be a
constant. This means that the potential inside the dielectric must change in a linear fashion.
Mathematically

veE=2 =0
&
U
E =const=-V¢
U
#(x) = dox

Finally, the gap between the conduction band of the insulator and the conduction band of the
semiconductor must remain constant.

So we expect a picture that looks like
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E=-qdV/dx

Ener <
y gy ; E,
qe’
Erm _——— qx'
qv I
[ A
: -
metal dielectric p-type
o, . >
Position, x

(We are now eliminating all none useful energy levels) What does this look like in terms of charge
carriers?

We know that when we have a structure like this on the semiconductor side, we are accumulating or
removing (depleting) the majority charge carriers. In this particular case, we will have additional holes
right near the semi-dielectric boundary. (This is because our majority carriers are holes and because the
holes will be at a lower energy at the boundary.) Thus, we are ACCUMULATING holes at the edge.
Because the electric field cannot penetrate into the metal, we must have an equal but opposite amount of
change build up at the metal- dielectric boundary. Thus, we get a charge distribution that looks like:

P-type ACCUMULATION, V4 <0. (For n-type accumulation is for V5 > 0.)

=-qdV/dx
4  Energy
ECi
qd'
Erm _——— qx'
qVa I ___________
H r —_— —_— _— _— EFS
metal dielectric p-type
o, . >
Position, x

QW) |
‘ I holes
H E >

‘ electrons I

P-type small depletion, V4 > 0. (For n-type small depletion is for Vo <0.)
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E=-qdV/dx
4 Energy — - 1 ;
Ci :

P
qq)' h - s s . EFS
: qVa I f
Epy = = = = p-type
metal dielectric
o, . >
Position, x
Q) : :
holes i acceptors

o :

u >

P-type inversion onset, V5, ~ V1. (For n-type accumulation is for V4 ~ Vr.)
Vi — L
Ei _-_—————=s=
| Eneray c/ ,/ g — e - E
qd' | :
- qVA -
Epy == == = = p-type
metal dielectric
.o, . >
Position, x
Q) _
‘ holes i acceptors

[ — >

electrons i

P-type Inversion, V5 > V1. (For n-type inversion is for V4 < Vr.)
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E=-qdV/dx Q'

Ei = e e e e -
( Energy CE/ — :/ Ers
q@'
- qVA -
Epy == == = = p-type
metal dielectric
., . >
Position, x
Q) :
holes i acceptors
i >
electrons

We have drawn picture of what is going on but can we show the same thing using mathematics? The
difference in the pictures has to do with the location of the intrinsic energy relative to the location of the
Fermi energy. As we push the bias higher, the intrinsic energy sinks lower, until it drops below the
Fermi energy at the oxide-Si interface (or dielectric-semiconductor interface). When this happen, the
semiconductor begins to act like it is n-type. Hence we have converted a p-type material into an n-type
— at least right next to the insulator.
Let us define three more energy levels. The first will be the energy between the intrinsic energy and the
Fermi energy, q¢r. The second will be the amount of band bending that occurs in the semiconductor as
a function of position, q¢(x). The final energy is the total amount of bending at the interface or surface,
qds. Mathematically this is:

q¢r =E(bulk)—Ep

q@, =E;(bulk)—E; (surface)

q@(x) =E j(bulk)-E;(x)
A picture looks like:
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p-type

Note that ¢, is different than the semiconductor work function ®@.

We know that inversion will start when the intrinsic energy drops below the Fermi energy. Thus we
reach the threshold of inversion when

¢s 2 ¢F

Before ¢ is greater than ¢r, we are in depletion mode. Once ¢ is at least equal to ¢r, we are beginning
to build up a supply of free electrons at the oxide-Si interface. If we continue to increase our external
bias, eventually we will reach a point at which our interface material (or channel) is as ‘n-type’ as we
had originally doped it to be p-type. This is known as Strong inversion. Mathematically, this is when
the shift in the intrinsic energy is twice the difference between the Fermi energy and the intrinsic energy
in the Bulk — or:

¢s 2 2¢F

Putting this together with our charge carrier densities, we find:

n(x) = nieGE FEi)/KT

EF—Ei(x))KT

_ n o (-adr +ag())KT
= 1yelagC)VKT

(agp —ag(x))/kT
(~q#(x))/KT

=n;c

butng = nie(_q¢F)/kT - nie(E FE;)/kT

p(x) =nje

=po¢c
Note that

n()p(x)=n;

Now we have n and p versus ¢(x). What is ¢(x)?
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To understand this, let us go back to our picture.

E=-qdV/dx

qV; A ,I
4 Energy /

qQ’
qQVa v
Eru _——— p-type
metal dielectric
o, . >
Position, x
Q) :
‘ holes i acceptors

H : >
‘ electrons

First, the charge that is built up on the metal side is in a very thin region. It is so thin that we will
assume that it is effectively a delta function distribution for its width. Likewise the free charge carriers
(majority or minority) that we build up on the semiconductor side are also in a thin region, typically less
than 100 A wide. These we can also assume are a delta function distribution. Finally, any bound
charges that are built up on the semiconductor side must be over a fairly wide region. The width of that
region is given by an equation that is similar to our junction width from our study of p-n junctions.
However, once inversion begins to happen, the width of the depletion region does not grow
significantly. This can be understood in the following manner. The electric field will extend only as far
as required to balance the charge that builds up on the opposite side of the insulator. As we have free
charge carriers now on the semiconductor side, they will move in the direction required by an electric
field. Thus, they will serve to shorten the distance that the electric field would normally penetrate into
the semiconductor material in a p-n junction.

The fundamental equation is:

Poisson’s Equation:
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p(x)

V-E=£2
&0

V2 h(x)= 8§¢(x) < we are assuming only a single dimension

During accumulation or depletion, the charge build up is primarily on the surface of the metal and that

of the semiconductor. Thus the electric field is in the oxide is approximately a constant and is given by

surface
charge

on metal
—

E(x)= leo
U

Vins (X)) =— (f Zl X + const «— we will pick the constant later to be ¢,
r<0

PmX
Vins (X) == + s
&ré

This can be obtained by integrating Poisson’s equation from just inside to metal to just inside the
dielectric. In the metal, the electric field is zero. In addition, the only charge in the region is the surface
charge — a delta function. Thus, we get the above terms.

During depletion, the unknown electric field is that in the semiconductor. That can be found again from

Poisson’s equation
charge

in semi
—

N .
0,E(x) = A JATA 0 assumes p - type material

&réo &réo
U
N
E(x) ~ 2 (W - x)
&ré)
U
aNa 2
~ =8 (W -
kv (W-x)

where W is the width — and the point at which the electric field goes to zero in the semiconductor.
We can get the width by noting that the intrinsic energy has shifted ¢; at the interface, x = 0. (Note that
this just assumed ‘ground’ to be the bulk semiconductor.) Thus,
N
~ LA 2
280

U
W= 258005
v dN A
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The widest this will become is the width at which a significant number of free electrons begin to
accumulate at the semi-insulator interface. This occurs approximately when we reach the inversion-
depletion transition or threshold point, ¢s = 2¢r. Replacing ¢s in the above equation, we get the
approximate maximum width — known as the threshold width.

qNp

Gate Voltage relationship:
Now we know that we are applying a total voltage across the system that is simply the sum of the
voltage shift across the oxide plus the voltage shift across the semiconductor, which is simply the gate

voltage. Thus,

VG = AVins + AVgemi

__fnXo,
&ré0

Now we do not know what the width of the oxide, xo, is so that we cannot determine which part belong

to the semiconductor and which part belongs to the oxide. (However, once we have built a device, X is

a constant.) There is however, one more equation that we can use. That equation relates the electric
field strength across a boundary to the charge density on the boundary

(g‘rSgOEslnoﬁnal - grlgOEllnorrnal): QSI
where Qg is the charge at the semiconductor — insulator interface. Assuming that this is zero, we get

S

s ESlnormal = griEi normal

From above, the electric field in the semiconductor at the interface is:
qN A

Eg = (W)
&s€0

SO

& N A
E =g, ~ T4 w)
' Eri ° &1i€0

U
AVins = % XoEs
Ti
U
VG = AVins + AVsemi
&,
= ﬁ XoEs + ¢

I1
If we now assume that the free carriers on the semiconductor side are delta function, then
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charge

in semi
——

N .
0,E(x) = £ JATA  assumes p - type material

&r€( &ré0
y
E(x) ~ A(W— x)
Eréo
Y
qNA (W— )
Zé‘ré‘o
N 2
E(X) ~ q A (W _ X); W — gI‘SSO¢S
S1560 qNa
Y
£~ A ( 2556088 _OJ
> S1560 qNa
Y

2gN
E, ~ ’ aNads
€rs€0

This equation provides a reasonable approximation for (0<¢<2¢y) and can be plugged into our equation
above, to get,
VG = AVins + AVgemi

&,
= ﬁ XoEs + s
€

Sy [2aNAds
Eri €1s60

+ &

If we remember that we reach threshold (effective device turn-on) at

¢ = 20

then the threshold voltage is simply the voltage at which turn-on occurs or
Erg 4gN A ¢

Vp ~=Bxo J——25E 2
Eri €1s€0
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Current in IGFETS
Now we really need to know what the current will be like in our device. Let us look at a picture of the
System

] g d
grd +V +V,

When there is no gate bias, there is no current channel and hence no current. Therefore the gate controls
the output current just like in a JFET — except the higher the voltage the WIDER the channel and hence
the higher the current. Also, like a JFET, if Vp becomes too large, the current can be pinched off. This
can be seen in the following figure.

S g d
grd V=4V +V,=5V

We see in this case, the gate is biased at 4 V but the drain voltage has pulled the p-type material up to 5
V. Under such a situation, the voltage difference is not large enough and thus we will not have any free
electrons — but rather we will have free holes near the drain (in the p-material). (This is because the
drain pulls it positive.) Hence we will not reach inversion. From this, we would expect that the current
voltage traces look like:
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~ pinch off

-
Vo

In general, the device must have some minimum gate voltage to conduct. Typically, it is a slightly
negative gate voltage that will allow conductor but sometimes it takes a gate voltage above zero to get
conduction. Also note that the pinch off voltage increases with increasing gate voltage — just the
opposite of what happens in a JFET.

Capacitance in IGFETS

In addition to the current flow we will also briefly consider the capacitance of an ideal MOS device.
(This is a simplified version of reality. We will return to the concept later, after we have developed a
more realistic version of the MOS capacitor.)

In general, we can consider the MOS capacitor as the combination of two capacitors, the capacitor made
up of the oxide layer and the capacitor made up of the depletion layer. We know that the voltage across
the system is simply the voltage across the oxide plus the voltage across the semiconductor. Thus,
VG = AVins + AVgemi
Now if we were to just consider the section across the oxide, we know that
AVips = _%Sil
where Qs; and the C; are the free charge at the semiconductor-insulator interface and insulator
capacitance per unit area. We know from a number of other subjects that
C. ~ G
X0
We know from our discussion of p-n junctions, that the depletion region can also have a capacitance
associated with it. That is given by
¢, -9
dv;
_do,
dgg
~ Gsé0
~"W |
Where again our values, C and Q, are ‘per unit area’.
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Graphically the system that we are describing looks like:

gate
G
—1
C

S

p

v

Thus we have a series of capacitors. Combining these together, we get the capacitance of the whole
structure.

mosC+ G
S15€0 £1i60
\%Y XO
A e3al) +‘9ri‘90
W XO
£rs £1i€0

__ W xq
X +E4W

Wxq
_ _ r1s41i%0
ErsXp T griW
When the depletion region is very narrow, i.e. very little applied voltage, then the total capacitance is
primarily due to the capacitance in the depletion region. When the depletion region is wide, i.e. either

strong accumulation or strong inversion, the total capacitance is primarily due to the capacitance on the
insulator. Thus we would expect that the capacitance as a function of gate voltage looks like:
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mos

>
0 Ve
(Note that the C-V curve is not necessarily symmetric — and is typically not — around zero gate bias.

If we now plug in our oxide capacitance into out total voltage term, we find
VG = AVins + AVgemi

- iy AVsemi

C;

Threshold — and hence large-scale conduction will occur when the voltage drop across the
semiconductor is twice ¢p. So

Q—S,i+2¢F

VT:_C
1

‘Real’ devices

Real devices very in a number of ways from the assumptions we made when we first described an
IGFET. Notably, we assumed that the work functions of the metal, semiconductor and insulators were
identical. (When no external bias is applied, this situation is known as ‘FLAT BAND’.) The reality of
the situation is that typically the work function of the semiconductor is often larger than that for the
metal. (Siis an example of this.) Additionally, the work function for the semiconductor often is a
function of the dopant concentration. (Actually, I do know of any case in which the dopant type and
dopant concentration does not influence the work function of the semiconductor. Contaminate materials
will also influence the work function.) Thus, we would expect that the energy diagrams for a true MOS
capacitor should look like:

UTD EE3301 notes part 3 Page 1530f (57+126)  Last update 7:56 PM 11/27/02



fEnergy — o = = -

>

Position

We know that the Fermi energy must align if we do not apply an external bias, further the energy
difference between the metal Fermi and Oxide conduction band must be the same as before we put them
together. This also applies to the difference between the conduction bands of the oxide and the
semiconductor. Thus, we would expect a picture that looks something like:

- I I . - -
-
-
-

E I S - - -
vae B E=-qdV/dx
y nergy H '
— Eg qx
qd] |
Epu ,____P_'tZPE___
: i
- s s :— - s s . :— - s s . EFS
metal dielectric f
: >
Position, x
Q) : :
holes i acceptors
| :
m >

We note that because the work function of both the metal and semiconductor are spatially constants, the
dielectric must have a shift in the potential across it. This in turn gives rise to charge buildup on the
metal surface (holes) and a corresponding charge build up in the semiconductor - as a small depletion
region — these will be either acceptors for p-type or excess electrons for n-type materials. (If the
difference between the metal work function and the semiconductor work function is large enough, we
can even reach inversion — but this is not that common.)
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The important distinction between what we were doing before and now, is the shift in the work
functions. We give this shift a special symbol:

Dpps = Py — Dy

Note that it is typically negative for many systems of interest — but not all systems.

Interface traps and oxide defects

In addition to the ‘minor’ fact that the work functions of various materials are not equal, insulators also
can have charges trapped inside them (defects). Often, these come from some metal ion (hence a
positive charge) that is incorporated into the dielectric during the growth stage. (Oxide/nitride layers are
typically grown in a low-pressure chemical vapor deposition tool (thicker layers) — or a plasma
enhanced chemical vapor deposition tool (thinner layers). While these tools are very clean compared to
previous generations of processing tools, one can still get contamination from the walls of the processing
tool. - Understanding the mechanisms involved in this contamination process is an area of significant
research.) Additionally, because of the growth mechanisms, interface traps can be produced at the
boundary between the Oxide and the semiconductor. These are typically dangling bonds that where
broken during growth of the oxide. (A Si atom is stripped from the surface to make SiO, — leaving a
‘hole’ in the bond structure.) Additionally — and not talked about in the book — interface traps increase
as the amount of total (time integrated) current — hence charge — increases. There is a reasonably well-
quantified total charge, known as the ‘charge-to-breakdown’ at which the oxide fails. This is also an
issue in processing of devices and is the subject of a yearly conference.

The important thing about these defects is that they add charge to the system, further shifting the
energy levels away from our ideal ‘flat band’ condition. The voltage shift is given by:

_ Qtrap
Vtrap - C.
1

which, based on the location of the charge, is a positive value.
Thus our total voltage shift between the metal and the bulk semiconductor is given by:

Now comes the question of how we deal with these extra terms.

If one looks at the energy diagram above, one notes that we can recover most of our ‘flat band’ diagram
(except the constant Fermi energy) by applying a voltage to the gate that simply shifts the energies in the
semiconductor until we reach our flat band condition. This shift is obviously just the negative of ®yy.
If we do that, then we have effectively the same system that we started this subject with and hence we

have all of our equations. We define the flat band voltage as:
Vi = Pps — Vtrap

—Qp. — Qtrap
S C1
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Now our threshold voltage for inversion is shifted by the same amount and thus:

Qs Qtrap

=@ 2

Current-voltage characteristics at the drain

Now we are going to try to look at the drain current in a little detail. (Note that what we are doing is still
an approximation. There are better approximations — but they are more difficult to arrive at than what
we will do here.)

The basic idea of a MOS FET is fairly simple:
1) Vpisreversed biased
2) Vg is biased to attract minority carriers to the oxide interface.

s g d
grd +V +Vp

Now, if the channel does not exist, we get a device that looks like:
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grd +V,=grd +V,

1) We see that no matter how we bias the drain relative to the source, we always have a junction
that is reversed biased — and hence only a small amount of current can penetrate.
2) Ifa channel does exist, the channel simply acts like a variable resistor.

We know that the current voltage trace looks something like:

AID ,

3
@ O Vg>VT

/ I pinch off

& <
VDsat VD

We have four important situations to look at in the above figure. They are labeled 1, 2, 3 and 4. Starting
with ‘1°. This is under the condition that Ips = 0 because Vps = 0. Our picture looks like:
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grd V>V +V,=0

channel

depletion

1) Wide open channel but no drain current because no drain voltage. [Strictly speaking V>Vt in
all of these figures but M$ will not let me use that without crashing on print (for MacOS 9).
It reads fine for Mac OSX but it does not even read the ‘>’ in Windows 2000.]

s g d
grd V>V 0<Vp<Vpu

channel

depletion

2) Drain current because drain voltage not zero. Channel still open to current flow. Note that the
channel width is being constricted at the end because the drain source voltage reduces the gate
bulk voltage.
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grd +Vg>VT VD:VDsat

channel
depletion

3) Pinch off occurs at this voltage. From now on the electric field in the channel remains ~ constant
because the drain voltage is dropped across the depletion region. (This is the long channel
approximation. Ifthe channel is short, then the electric field across the channel changes as the
drain voltage increases — the inversion length gets notably shorter but the voltage drop is the
same. This is known as the ‘short channel effect’.)

grd +Vg>VT VD>VDsat

channel
depletion

4) Here all additional drain voltage get dropped across the depletion region and does not have much
impact on the source-drain current.

At this point, we need to look at which equations do we have.
We know that for an ideal MOSFET inversion occurs when the gate voltage reaches threshold voltage
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4gN
V1 ~ 265 + /—q AfE
Eri rs€0 <= n-channel devices (as drawn above)

£
Vr 2 2¢p -2 X9
Eri €rs€0 <= p-channel devices (exact opposite to what is drawn above).

Clearly when this occurs, the charge carriers, electrons for the n-channel, holes for the p-channel, move
in the channel near the semiconductor-insulator interface. Additionally, the electric field in that area is
such that it tries to pull the charge carriers closer to the interface. Remember that we have the field due
to the drain and the field due to the gate! This means that we will have a path that looks like:

s g d
grd V>V 0<Vp<Vpe

If the electron path were entirely in the Si, then we would already have model of its movement, via its
mobility. Remember:

_ Vdrift

"~ E
The mobility is determined by the numbers and types of collisions in the bulk lattice. Now we also have
collisions with the interface region, which we know has more damage sites than the regular lattice.
(This is due to how the device is made and due to the fact that the semi and insulators rarely (never)
match exactly causing stresses and strains. Therefore we expect that the mobility of the electrons will be
lower than in the bulk material. In fact, we expect that the mobility is a function of position in the
channel. Thus,

u=>pnxy)
Why (%)
a) The mobility near the surface is less because of collisions with the interface.

Why M(aY)?
b) The channel width narrows as we move from source to drain — meaning in general that
the electrons spend more time near the surface as we move from source to drain.
c) The channel doping can charge across the channel — and often is setup to do so.
d) The electric field varies across the channel (This is more important in short channels)

UTD EE3301 notes part 3 Page 1600f (57+126)  Last update 7:56 PM 11/27/02



Because of this, we need to define a new mobility, known as the ‘channel’ mobility or ‘effective’
mobility. It is simply the average mobility/area of all electrons (or holes) in the channel

I S T ) TCRY
Hn _<Hn> =

jS‘C(Y)n(x,y)dx
where X.(y) is the width of the channel at y.

Now the denominator of the above equation is essentially the number of change carriers/area in the
channel.

Qn(y)=-af2Wn(x yXix

so we can rewrite this as

Qn(Y)l_J*n == ())(C(Y)Mn(an)n(XﬂY)dX

Now we have the mobility as a function of position along the length of the channel. If we think about
things for a minute, we will realize that the channel is never very wide, and in general is approximately a
constant. (This is at least true for long channels.) Thus we can make an approximation that the mobility
is a constant along the channel. However, we do know that the mobility is a function of the applied gate
voltage — relative to the threshold voltage. An empirical fit, based on experimental measurements gives

0 Vgs < VT
ﬁl’l ~ HnO V > VT
140V -Vr)  ©

where Hn0is the mobility at Ves =V1 , and O is a voltage fitting parameter.

Now the current density in the channel is
J=J,=Tyy

= qnppEy +gD,Vn
~dg(y)

y

The total source-drain current is the integral over the area of the channel
Ipg=—[ | JdA

d
= +jg°(Y)j§qnun %yy)dxdz
_ xc(y) dg(y
= +ZJO qnp, dy dx

If we now assume that the electric field does not change in the channel, then we can pull it out of the
integral. (Again, we note that this really only works for long channels.)
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Ipg = +ZqﬂzyZ) f(;( C(y)nundx

ZMX)Qn(Y)En

dy

We can get rid of our y-dependence by noting that the total current must be a constant along the
junction. Then if we integrate from the source to the drain, we should have IpsL. (We have used this
trick before!)

L
Jo Ipsdy =IpsL

d
= j&_Z%I)Qn(Y)HndY

= OVDS_ZQn(¢)End¢

Now all that we need it the local charge as a function of local voltage. We know

Qn(¥)= —al3@n(xy)ix

If we think about where the charges are located at, the charge on the gate must equal the charge on the
semiconductor-insulator interface (e.g. the channel) plus the depletion charge.

Qmi = —Qchannel — Q depletion

If our gate voltage is above the threshold then any change in the gate voltage will give rise to changes
only at the metal-insulator and semi-insulator interfaces.

AQmi = —4Q channel

We know what this charge is from the capacitance across the insulator

_AQchannel =C iVG

y
_AQchannel = Ci(VG - VT )
y
&, '6‘0
AQchannel == ;:0 (VG - VT)

But this is for a MOS capacitor. We know that the voltage will vary as we move across the device. The
amount that it reduces is ¢(y). Thus, we arrive at:

AQchannel =~ g)r(i‘ZO ((VG - ¢(Y))— VT)

we can now plug this into our equation for the current to arrive at:
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foL Ipgdy =IpgL
= [VPS-2Q, (#)nds
_ Vos _z{— E;LZO (V6 - #(v))- vz )}an
U

— 2
Z14,C; Vbs
IDS ~ 3 1 |:(VG _ VT)VDS —T:| fOI‘ VG > VT, 0< VDS < VDsat

So where does pinch off occur? When Q(L) =0... From above

Q channel(L) == 5:‘;‘0 ((VG - ¢(L))_ Vr )
~ —% (Vo = Vbs)-Vr)
0
=0
U

VDsat = (VG - VT)
Plugging this into the above equation, we find the saturation current
Z1,C;
Ips = [(Vg ~Vp)f for V= Vp, 0<Vpg < Vi
Note that the saturation current does not depend on the drain voltage but does depend on the gate voltage
less the threshold in a square-law term.

Like most things we have done in this class, we have used approximations to arrive at simple models of
our devices. This means that the results are subject to errors and hence can be improved on. For
example, if we had included the fact that the depletion region varies with location across the device, we
would have arrived at a better model of the current-voltage relationship. This model is known as the
‘bulk-charge theory’. This distinction gives

EE
AQchannel =~ )r(lOO (VG - Vr - ¢(Y))+ qNA[W (Y)_ Wt ]
- 2 3/2
_ZuC B _ Vps 4 agNpwrT ( VDS) _( 3VDsj

12
2
NAW [VG_VT +(1+qNAWTJ ] _[l_i_qNAWT}

q
Vieat = (Vg = Vi )- LAV
psat = (Y ~Vr) C; 20 4Cipp 4C g

These are considerable harder to deal with but more accurate.
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Small ac signals on MOSFETSs

At this point it is time to look at small ac signals on our MOSFET. (This is following our typical pattern
— qualitative assessment of dc I-V traces, a quantitative assessment of dc I-V traces, and then a
quantitative assessment of small ac I-V traces.) To do this, we need to look at how we use the device.

gateT gate drain
source drain *— —®
= )
*— —e
base/source ase/source
base l

In general, we put our signal in on the gate line and pull our signal out on the drain line — leaving the
source/base as our effective ground (not unlike we have done in our analysis above).

For low frequencies, the current that flows between the gate and the source is very low. This is because
we have a reversed biased diode. Thus the gate to source acts like an open circuit.

The current between the drain and the source is set by the conductance, g, between the source and the
drain. Additionally the gate voltage will control change the conductance. Let g4 be the conductance at
zero gate voltage. Then we get an additional conductance, gy, that is set by the gate voltage.

gate drain g iy d
o— —e —
\A A2
5 g4 V4
source source
*— —® S S
[ @
ol
g4= 6V_DS = channel conductance
DS VG =const
ol
gm = 6_DS = transconductance
VG Vpg =const

Now let us go high frequency. Here, the gate connects to both the drain and the source as if there were
capacitors between the terminals. Thus we get

ate drain c 1 d
g g gd P
o— —@ @ | | @
Vo _ g,V Vq
4 d Yd
source source Cys
— —® S S
@ L
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We can now use standard circuit analysis to arrive at our current and voltage relationships. However,
this is exactly like what we found for our JFET so we will not repeat it. We can however try to
determine what the maximum operational frequency of the device might be. We will define the
maximum frequency as the frequency at which the current in is equal to the current out. This means that
we have an ac ‘short’ between source and drain. Our circuit is now

g . )ng é.out d
® lin | |
| |
Ve — g Va
Cgs 4 d d
.S S
Thus

lout = gmVg
U

Lout —1

Lin
__ 8mVg
- a)(CiAg)/g
gy
- a)(CiAg)
U

O ~ (cé:zg): 1 {Z“Eci(vg—vT )}:from JFETSs
C; %g

U

_ By
fmaX_27E|:L2 g_VT)}

This means the faster we want to operate, the shorter we need the channel to be...

BJT — Bipolar Junction Transistors
This is the last topic of this class.
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The Bipolar Junction transistor is a relatively simple device. In essence, one takes a p'-n junction and
adds a p-type material on the other side of the n material. (One can also do this with a n"-p junction.)
They look like:

C
o— p n p Y o— n p n P
o B ¢ B
® l ° ® Kl} °

Here ‘E’ stands for emitter, ‘C’ stands for collector and ‘B’ stands for base. This terminology will
become clear shortly.

To understand this device we need to consider (or rather remember) what happens with just a p-n
junction. Reaching back into the notes and looking at our diodes, we find that:

[= IO (quA/kT _ 1)

D D
IozqnizA( 0+ p] where L=+vDr

LoNA LyNp
We see that in the forward biased conditions, we get an exponentially increasing current. However, we
see from our picture of a BJT that at least one of the junctions is always reversed biased. Thus we really
need to examine what happens in the reversed bias conditions. Under such a condition, the current is
Dn + DP
L,Nao  LyNp

[=-Iy= —qnizA

This means that the current is independent of the applied bias but it is dependent on the diffusion length
of the carriers — and hence the drift of electrons/holes across the junction. Since these are the minority
carriers, very few of them are around. So Iy depends mostly on the production rate of the minority
carriers near the junction. This last part is due the fact that the minority carriers really need to be
generated within a diffusion length of the junction for them to ‘fall” down the potential hill. (Some
minority carriers will come from further away, while some minority carriers created near the junction
will recombine before they fall down the hill. On average, many of the minority carriers within L will
make it while those outside that length do not make it.) Our picture of the situation was:
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Position

If some how we could place a source of minority carriers near the junction, we could then increase the
current across the junction. By near, we mean that the minority carriers MUST BE WITHIN A
DIFFUSION LENGTH for those additional carriers to make a difference.

electron
source

q(VatVy)

hole
source

Position

One way to create this source of minority carriers is to put a second junction, near our first junction,
through which we supply our required minority carriers. This is the nature of a BJT device.

Let’s now examine a ‘typical’ — or — ‘standard’ BJT. In the typical configuration it is wired as follows:
(We will look at only p'-n-p devices right now.)
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holes holes
emitted collected

|
| | [
THIS IS WIRED CORRECTLY! - see the notes below

(NOTE that we can wire a BJT in a number of different ways. If you can dream it, it has probably been
done.)

We see in this case that the emitter-base (E-B) junction is forward biased while the collector-base (C-B)
junction is reversed biased. This means that holes are injected from the emitter into the base. These
holes are a minority carrier in the n-type material. They now available for transfer across the reverse
biased C-B junction to the collector. We want these holes to make it across the device so:

a) Make the E-B junction a p -n junction so that we have a lot of holes injected.

b) Have the E-B junction forward biased under normal operation.

c) Make the base region very narrow, such that the width, W, is less than Lp. (Here W is the width
of the non-depleted region of the base material.)

d) Strongly reverse bias the C-B junction.

Qualitatively what occurs is:
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THIS IS WIRED CORRECTLY!
Notes:
1) The holes drift (follow the applied E field) across the E-B junction and diffuse across the C-B
junction.
2)

a. p -region ‘emits’ holes into the n-region (emitter)
b. p—region ‘collects’ holes out of the n-region (collector)
c. n-—region called base because it used to be the physical base of the device — e.g.
historical reasons
d. Base region acts a common for this particular configuration => Called ‘Common Base’
configuration. [Also can have ‘common-emitter’ and ‘common-collector’ <— last one is
very rare. ]
3) Since we want most of the hole to go from the emitter to the collector, we want
a. W<<Lp =>small number of recombinations
b. 7p is large in the base — hence the holes live a long time relative the time that it takes to
get across the base region.
4) For efficiency choose p'-n-p type device
a. Hole injection dominates electron injections
5) Currents
a. Ig determined by external circuit. If strongly forward biased [g~Vg/Rg.
b. Ic determined usually by Ig. I¢c ~ Ig.
c. Ipis determined by
i. Electron recombination
ii. Electron injected into emitter
iii. Much small part due Iy lower I by a very small amount.

BIJT are used as amplification devices. Where does the amplification occur?
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Ic ~ Ig so this is not amplification
Ic >> I so this might be amplification.
So how does the BJT amplify?

From the figures above, we know that:

Ig =Ig, +1gy

Ig =Ipp +1py

and

Ic = ICp +Icn

Note:

Ig =Ic >>1p

(E= emitter, B = base, C=collector, p=holes, n=electrons)

We can also see that the hole current in the collector is proportional to the hole current in the emitter.
Icp = aTIEp 0< ar <1
where T is the base transport factor. (Basically how many holes make it across the base.)
We can also define the emitter injection efficiency: (Basically how large is the hole current compared to
the background electron current.)
I
) O0<y<l
Ig
so that
Icp = atAg

=a4clg
where %dc is the current transfer ratio or common base dc current gain

Now where do the currents go?

IB = IE - IC
~Ig - aqlg

~ LIC -Ic
Adc
rearranging

%4c
Ic = I
c 1- O4c B
= faclB
where Bdc is the gain between the base and the collector currents. This is our amplification.

Note that Adc can range over
0< ﬂdc <o
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This leads to two questions.
1) How much larger is I than Ig?
2) How is I, controlled by I5?

To begin with, the base region (here we only consider the non-depletion zone) has to remain charge
neutral or else the E-B junction voltage will change. Thus for every hole passing through, there must be

an extra electron.

However, holes and electrons do not have to spend the same amount of time in the base region!

To understand this, let us go back to our picture of the device. Using our energy diagram we see
W W Wr

Excess
charge
carriers

+V¢ +V¢

We see that the holes are not confined to the base region, and pass through quickly. (They are
accelerated in to the region by the electric field on the E-B side and diffuse across the C-B junction.)
The electrons on the other hand are trapped inside the base region. (Note that we are only showing the
excess charge carriers on the base region!)

How long is each of the charge carriers there? The excess electrons will stay inside the base region until
they are removed via recombination. Thus the electrons have a lifetime of tp. The excess holes, on the
other hand, are only there long enough to pass through. We will call this time, tr. (This is kind of like
measuring the difference in time people spend in a small town along a highway. Those that live there,
stay for 70 years. Those that pass through stay for a few seconds at most.) From this, we would expect
that for each excess electron that put into the base, tr/tp holes pass through the base. As the excess
electrons can be gathered by the base contact, the lifetime is a little shorter than tp. However, this
indicates that this is the source of the base current. Thus we find that
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T
ﬂdc ~ p

This explains why
Ic >>1p.

Now, why does the base control the collector?
1) Pretend that we lower I, what happens to I¢?
a. The number of excess electrons trapped in the base is reduced
b. => There is a build up of holes in the base
c. => The current from the Emitter into the base must be reduced to balance the charge in
the base. (e.g Reduce the E-B junction forward bias voltage)
d. => A reduction in the current from the emitter to the collector.
2) Now pretend that we raise Ig, what happens to I¢?
a. The number of excess electrons trapped in the base gets increased
b. => There is a build up of extra electrons
c. => There needs to be more holes injected to balance the charge
d. => The E-B forward bias must increase to increase the number of holes moving into the
base region.

Let us now go through this in a little more detail.
To do this we need to examine the Minority carrier distributions, which will give us our terminal
currents.

Let us start by making a few simple assumptions.

1) Ignore drift current in the base region. Why? Because the base is approximately neutral and
thus the electric field will be very small.

2) Assume that the emitter current is dominated by the hole current. Why? Because we have a p'-n
junction and thus the hole will dominate the current across the junction.

3) Ignore the saturation current in the collector.

4) Assume steady state

5) Assume that the E-B area is the same as the C-B area. (Further assume that the areas are
constant across the device.)

Pictorially this looks like:
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A Minority
charge
densities

>

Mathematically our excess charge carrier densities are given by:

2
Anp _ 0y (quA/kT _ 1)+(X+Xp0)/Ln
N
A

=Ny (quA/kT _ 1)"‘(’“’ Xp0)/Ln

2
Apn _ n_l(quA /KT N 1)_(X_Xn0 )/Lp

_ND

= Do quA/kT _ 1}_(X_Xn0)/Lp

Lp/n = VDp/nTp/n

Typically the E-B junction is forward biased. Thus the number of excess charge carriers on the emitter
side of the base is large.

APpEmit = 4PE :pnO(e
VA /KT
zpnoeq A

Typically the C-B junction is reversed biased. Thus the number of excess charge carriers on the
collector side of the base is small and negative.

Va /KT
Appcollect = APC = pnO(eq AT~ 1)

®—Pno
This looks like:
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e

I
I
Minority i
I
I

A charge i
densities - Correct !
solution !
pn() !
| Solution |
: for p-n :
: junction :
1 :—/———
1 1 >
=0 X~W

In between, the holes move via diffusion. Thus to understand the current, we need to solve the diffusion
equation.

2
0" Ap(x) _ Ap(x)
ox> L%

We know, from our constantly solving this equation, that the solution is:

Ap(X): Ae+X/LP +Be—X/LP

Taking into account the hole densities at the two ends of the base material (e.g. at the material interface
and not the edge of the ‘base region’) we get:

~W/L WI/L
A (X) _ APC — APEC P e-‘rX/LP n APEe P APC e—X/LP
P =" WiLp _ ~W/Lp W/Lp _ —WIiLp
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e

1
1
1
Minority ! C .
A | orrec
chayg.e : solution
densities .
1
1
1
:
1
pnO !

X=0 X~W

Our correct solution is very close to a straight-line solution. (The bow in the above drawing is greatly
exaggerated.) We can now find the current from the slope of the minority carrier density

1
EJP = p“pE - DpVApn
= —DpVApn
U
[=AJp
=-AqD,V4p,

04p,

P ox
Applying this to both ends, we find:

=—-AqD
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IE ~ IEp

04p
=AaD

x=0

DP
=—Aq— 4p(x =0)
LP

D, 2 Ape — Apg (eW/Lp 4o WLp )

=-A
q L, WLp _ ~W/Lp
D Y N
= Aq—p{ApE coth[—} — Apc csc h[—J}
LP LP LP
IC = ICp
A
~-AqD, %20
ox x=W

D
=-Aqr = Ap(x = W)
p

D
= Aq—p Apgcsch Wi Apc coth W
Lp Lp Lp

Now, the base current is simply the difference between the two currents:
Ig=Ig-Ic

Note that these equations are functions of the bias voltages — notably the excess charge as the edge of
the base material. As a consequence, we can rewrite the equations to give:

D w \\%
[o = Ag—2 qQVEB/KT _ 1} oth| — | — qVeB/KT _ 1 }gohl —
E= AT {Pno(e )30t L Pno(e )350 L,

p p

D W W
_ Aq—D qVgR /KT _ A qVeg /KT _ >
Ic Aqu {pno(e l)scn[LpJ pno(e I)Oth(L J}

p

With the exception of the exponential voltage term, we have a lot of constants. Thus
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~agrlRg (quEB T _ 1)» Iro (quCB/kT - 1) (ignoring electron current)

where

D W
Igg = Aq—ppno coth| —
LP LP

D W
p
orlRo = AqL—ppno csch(L—pJ
These are known as the Ebers-Moll Equations.

The equivalent circuit for this device is then:

where
ViR /KT
IF:IFO(eq EB _1)

IR — IR()(quCB /kT _ 1]
What do these look like?
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Saturation Active region

T —

Cutoff (off state)

We have
a) Cutoff: What is happening?
a. Ig=0 (or very small)
Ic~0

b.
c. Ip supplies electrons for recombination => no electrons are required <=> no excess holes
d. => We have reversed biased both junctions
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Minority i i
A charge ! :
densities ! !
Poo b — —
L —

: -

— - ! >
XL0 X~W

b) Active Region: What is happening?
a. Vg is very large
b. Ig=normal => excess holes are present
C. IC = Bdc IB
We have our normal operation and the minority charge carriers in the central region are as
shown in the figure below
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A
= { B ] C
Minority i .
A charge ! Solut19n~
densities ! a St?alght
. / line
Pno |

c) Saturation Region: What is happening?
a. Vcg ~ 0 but not quite zero
b. Ig>0
C. IC 7é Bdc IB
The very low Vg means that we do not have enough voltage to reverse bias the C-B
junction. In fact, we are someplace near the transition region to forward bias. The base is
now more negative than either the emitter or collector.
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pnO

UTD EE3301 notes part 3 Page 1810f (57+126)  Last update 7:56 PM 11/27/02



Useful equations

deBroglie momentum p=h/A=hk.
Heisenberg uncertainty principle Aphxzh
Y AEAt > h
Photon energy Ephoton = hv,
Kii2n?
I, =
" me?
Bohr Model = 0.529An>
me?
Egonr =73 K270 2
=—13.56eV /n?
. : /- h
Schrédinger’s equation ——V 4V [¥(r,t)=——0,¥(r,1)
2m j!

ool of 2]

Maxwellian distribution

F,=—eE=m a (electron)

Equation of motion .
F,=+eE=m,a (hole)

1

fE)=
1+ exp{@J

Fermi-Dirac function. kT
Gl 3/2
N¢E)E =— m_2 ,/E —-E.dE  Conduction band
-\ h

\9)

2\ 3/2
NE)dE = £2 22 JE,—EdE  Valance band
STATE DENSITY T
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state distribution function.

3/2

1 2(m’

n(E )dE =f(E N (E )dE = E %{%} VE —E.dE Electrons in the Conduction band
I+ exp € -Eg) |n*\n
kT
1 \/5 £\ 3/2

p(E)dE = (1-f(E )N (E)dE =|1- — (m—zj E,—EdE Holes in the Valance band

1+ ex{%) } LN

—(Ec-Ep)| Er -Ei)
noy ~ N, ex T = n; exp

kT
E.,—-E —(Er —E;
po ~Ny exp{ e }mm{%}
total number of electrons and holes
-
*kT 3/2
N =222
27h
* 3/2
mka
N, =2 7
27h

Intrinsic Energy

u _—@ =
n - x
E m,
) dd
Mobility p
J= nq(v>
= 4 oHn +P0Mp)3
Conduction =E/p
kT
Dy=pp—
Diffusion Un
kT
D,=u,—
p=Hp ap
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