CHAPTER

Integrated-Circuit
Devices and Modelling

In this chapter, the operation and modelling of semiconductor devices are described.
Although it is possible to do simple integrated-circuit design with a basic knowledge
of semiconductor device modelling, for high-speed state-of-the-art design, an in-
depth understanding of the second-order effects of device operation and their model-
ling is considered critical.

It is assumed that most readers have been introduced to transistors and their basic
modelling in a previous course. Thus, fundamental semiconductor concepts are only
briefly reviewed. Section 1.1 describes pn junctions (or diodes). This section is
important in understanding the parasitic capacitances in many device models, such as
junction capacitances. Section 1.2 covers MOS transistors and modelling. It should be
noted that this section relies to some degree on the material previously presented in
Section 1.1, in which depletion capacitance is covered. Section 1.4 covers bipolar-
junction transistors and modelling. A summary of device models and important equa-
tions is presented in Section 1.5. This summary is particularly useful for a reader who
already has a good background in transistor modelling, in which case the summary
can be used to follow the notation used throughout the remainder of this book. In
addition, a brief description is given of the most important process-related parameters
used in SPICE modelling. Finally, this chapter concludes with an Appendix contain-
ing derivations of the more physically based device equations.

1.1 SEMICONDUCTORS AND pn JUNCTIONS

A semiconductor is a crystal lattice structure that can have free electrons (which are
negative carriers) and/or free holes (which are an absence of electrons and are equiva-
lent to positive carriers). The type of semiconductor typically used is silicon (com-
monly called sand). This material has a valence of four, implying that each atom has
four free electrons to share with neighboring atoms when forming the covalent bonds of
the crystal lattice. Intrinsic silicon (i.e., undoped silicon) is a very pure crystal structure
having equal numbers of free electrons and holes. These free carriers are those electrons
or holes that have gained enough energy due to thermal agitation to escape their bonds.
At room temperature, there are approximately 1.5 x 10'° carriers of each type per cm®,
or equivalently 1.5 x 10" carriers/m®. The number of carriers approximately doubles
for every 11 °C increase in temperature.
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If one dopes silicon with a pentavalent impurity (i.e., atoms of an element having
a valence of five, or equivalently five electrons in the outer shell, available when
bonding with neighboring atoms), there will be almost one extra free electron for
every impurity atom.! These free electrons can be used to conduct current. A pentava-
lent impurity is said to donate free electrons to the silicon crystal, and thus the impu-
rity is known as a donor. Examples of donor elements are phosphorus, P, and arsenic,
As. These impurities are also called n-type dopants since the free carriers resulting
from their use have negative charge. When an n-type impurity is used, the total num-
ber of negative carriers or electrons is almost the same as the doping concentration,
and is much greater than the number of free electrons in intrinsic silicon. In other
words,

n, = Np (L1

where N, denotes the free-electron concentration in N-type material and Np is the
doping concentration (with the subscript D denoting donor). On the other hand, the
number of free holes in N-doped material will be much less than the number of holes
in intrinsic silicon and can be shown [Sze, 1981] to be given by

2
b 12

Dn=N—D

Here, n; is the carrier concentration in intrinsic silicon.

Similarly, if one dopes silicon with atoms having a valence of three, for example,
boron (B), the concentration of positive carriers or holes will be approximately equal
to the acceptor concentration, N,

Po = Na 13

and the number of negative carriers in the p-type silicon, n,, is given by

2

n;

i
iy it (1.4)
T N,
EXAMPLE 1.1

Intrinsic silicon is doped with boron at a concentration of 10% atoms/m®. At
room temperature, what are the concentrations of holes and electrons in the

resulting doped silicon? Assume that n; = 1.5x 10 carriers/m" .

Solution i

The hole concentration, py, , will approximately equal the doping concentration Pp=
Ny = 10% holes/m® ). The electron concentration is found from (1.4) to be

1.In fact, there will be slightly fewer mobile carriers than the number of impurity atoms since some of L'pe
free electrons from the dopants have recombined with holes. However, since the number of holes of intrin-
sic silicon is much less than typical doping concentrations, this inaccuracy is small.
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_ (15x10'%)°

n
P 10%

= 2.3x10° slectrons/m’ (1.5)

Such doped silicon is referred to as P type since it has many more free holes
than free electrons.

Diodes

4

To realize a diode, or, equivalently, a pn junction, one part of a semiconductor is
doped n type, and a closely adjacent part is doped p type, as shown in Fig. 1.1. Here
the diode, or junction, is formed between the p* region and the n region. It should be
noted that the superscripts indicate the relative doping levels. For example, the p-
bulk region might have an impurity concentration of 5 x 10° carriers/m’, whereas the
P* and n* regions would be doped more heavily to a value around 10% to 1027 carri-
ers/m°. Also, note that the metal contacts to the diode (in this case, aluminum) are
connected to a heavily doped region as opposed to a lightly doped region; otherwise a
Schottky diode would occur. (Schottky diodes are discussed on page 15.) Thus, in
order not to make a Schottky diode, the connection to the n region is actually made
via the n* region.

In the p* side, a large number of free positive carriers are available, whereas in
the n side, many free negative carriers are available. The holes in the p* side will tend
to disperse or diffuse into the n side, whereas the free electrons in the n side will tend
to diffuse to the p* side. This process is very similar to two gases randomly diffusing
together. This diffusion lowers the concentration of free carriers in the region between
the two sides. As the two types of carriers diffuse together, they recombine. Every
electron that diffuses from the n side to the P side leaves behind a bound positive
charge close to the transition region. Similarly, every hole that diffuses from the P
side leaves behind a bound electron near the transition region. The end result is shown
in Fig. 1.2. This diffusion of free carriers creates a depletion region at the junction of
the two sides where no free carriers exist, and which has a net negative charge on the
p* side and a net positive charge on the n side. The total amount of exposed or bound

Anode Cathode
Sio, ! .
Anode
Cathode
Pn junction P~ Bulk
Fig. 1.1 A cross section of a pn diode.
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charge on the two sides of the junction must be equal 'for charge nequality. This
requirement causes the depletion region to extend farther into the more lightly doped
n side than into the p* side. .

As these bound charges are exposed, an electric field de\l'elops going from Fhe n
side to the p side. This electric field is often called the _built—m potential of the junc-
tion. It opposes the diffusion of free carriers until 1here- is no net movement of clllarg'e
under open-circuit and steady-state conditions. The built-in voltage of an open-circuit
pn junction is given by Sze [1981] as

NN
@, = Vqln| 2= D] (L.6)
n
where
e %))
q

with T being the temperature in degreesﬁKe]vin (= 300 °K at room temperature), k
being Boltzmann’s constant (1.38 x 102 7K™, and q be_mg the charge of an elec-
tron (1.602 x 107 C). At room temperature, V- is approximately 26 mV.

EXAMPLE 1.2
A pn junction has N, = 10” holes/m’ and Np = 10% electrox.ls/m3 ; What is
the built-in junctionspotential? Assume that n; = 1.5 x 10~ carriers/m” .
Solution

Using (1.6), we obtain

10% x 10*

@, = 0.026 x ln[ = 2) =088V (1.8)
(1.5x107)
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This is a typical value for the built-in potential of a junction with one side
heavily doped. As an approximation, we will normally use @, = 0.9 V for the
built-in potential of a junction having one side heavily doped.

Reverse-Biased Diodes :

A silicon diode having an anode-to-cathode (i.e., p side to n side) voltage of 0.4 V
or less will not be conducting appreciable current. In this case, it is said to be
reverse biased. If a diode is reverse biased, current flow is primarily due to ther-
mally generated carriers in the depletion region, and it is extremely small. Although
this reverse-biased current is only weakly dependent on the applied voltage, the
reverse-biased current is directly proportional to the area of the diode junction.
However, an effect that should not be ignored, particularly at high frequencies, is
the junction capacitance of a diode. In reverse-biased diodes, this junction capaci-
tance is due to varying charge storage in the depletion regions and is modelled as a
depletion capacitance.

To determine the depletion capacitance, we first state the relationship between the
depletion widths and the applied reverse voltage, Vg [Sze, 1981].

gl 2K g0(Dy + Vi) N, 1 il
q Np(Na +Np)
2K g0(Dy + V, N V2
it | )l (1.10)
q Na(Na+Np)

Here, &, is the permittivity of free space (equal to 8.854x 1072 F/m), Vg is the
reverse-bias voltage of the diode, and K is the relative permittivity of silicon (equal
to 11.8). It should be noted that these equations assume that the doping changes
abruptly from the n to the p side.

From the above equations, we see that if one side of the junction is more heavily
doped than the other, the depletion region will extend mostly on the lightly doped
side. For example, if N, >> Ny (i.e., if the p region is more heavily doped), we can
approximate (1.9) and (1.10) as

o = [PKE(@o+ V)] « = [2KsEo(@o+ VaING]' FLAES
" aNp Wy aN; '
Indeed, for this case
X N
L (1.12)
X Np

This special case is called a single-sided diode.
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EXAMPLE 1.3
2 22 3
For a pn junction having N, = 10* holes/m” and Np = 10 ? electrons/m”
what are the depletion-layer depths for a 5-V reverse-bias voltage?
Solution

Since N, >> Np and we already have found in Example 1.2 that &, = 0.9V,
we can use (1.11) to find

172
2x118x8854x 107X 5917 _ o0 e A8
i 1L6x 107 x 107 s
L. T (1.14)
® " (Na/Np)

Note that the depletion width in the lightly doped n region is 1,000 times greater
than that in the more heavily doped p region.

The charge stored in the depletion region, per unit cross—se'ctiona] area, is f0u¥ld
by multiplying the depletion-region width by the concent-rauon f’f the 1m0blle
charge (which is approximately equal to q times the impum'y doping c.lensny). For
example, on the n side, we find the charge in the depletion region to be given by mul-
tiplying (1.9) by qNp, resulting in

NaNp 172
P \% (1.15)
Q {ZqKsso(q’o‘* R)NA""ND
This amount of charge must also equal Q™ on the p side since there is charge equality.
In the case of a single-sided diode when Ny >> Np, we have

Q = Q" = [2qK.ey(Py+ VRINpI'? (1.16)

Note that this result is independent of the impurity concentration on the heavily doged
side. Thus, we see from the above relation that the charge stored in the depletion
region is dependent on the applied reverse-bias voltage. It is this charge-voltage rela-
tionship that is modelled by a nonlinear depletion capacitance. )

For small changes in the reverse-biased junction voltage, aboutla l'nas voltage, we
can find an equivalent sinall-signal capacitance, C;, by differentiating (1.15) with
respect to V. Such a differentiation results in

_da’ _ [ K€, NaNp }”2 __ G -

C“M 2(®+ Va)NA+ N, Vs
N @
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where Cyy is the depletion capacitance per unit area at Vg = Oand is given by
qKse, NuN
Cjo = s€0 A'™ND (1.18)
2@, Np+ Np
In the case of a one-sided diode with Np >> Np, we have

= [ aKs&Np :]1/2 _{ Cio

J1= i (1.19)

T 2(®, + Vi) Vi

1+—

@,

where now
qK,&Np

Cp = [==—— 1.20
io 20, (1.20)

It should be noted that many of the junctions encountered in integrated circuits
are one-sided junctions with the lightly doped side being the substrate or sometimes
what is called the well. The more heavily doped side is often used to form a contact to
interconnecting metal. From (1.20), we see that, for these one-sided junctions, the
depletion capacitance is approximately independent of the doping concentration on
the heavily doped side, and is proportional to the square root of the doping concentra-
tion of the more lightly doped side. Thus, smaller depletion capacitances are obtained
for more lightly doped substrates—a strong incentive to strive for lightly doped sub-
strates.

Finally, note that by combining (1.15) and (1.18), we can express the equation for
the immobile charge on either side of a reverse-biased junction as

Vg
Q = 2C,®, 1+dT (1.21)
()

As seen in Example 1.6, this equation is useful when one is approximating the large-
signal charging (or discharging) time for a reverse-biased diode.

EXAMPLE 1.4
For a pn junction having N, = 10% holes/m’ and Np = 107 electrons/m’
what is the total zero-bias depletion capacitance for a diode of area 10 um X
10 pm ? What is its depletion capacitance for a 3-V reverse-bias voltage?
Solution
Making use of (1.20), we have
=) ) 2
G = 1.6 X 107" x 11.8x 8.854 x 107 x 10 = 3047 uFfm’ 1.22)
! 2x09
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Since the diode areais 100 x 107> m?, the total zero-bias depletion capacitance is

Cryo = 100x107°%304.7x 10 = 30.5 F 1.23)
At a 3-V reverse-bias voltage, we have from (1.19)
CH . BPTL F (1.24)

As expected, we see a decrease in junction capacitance as the width of the deple-
tion region is increased.

Graded Junctions

All of the above equations assumed an abrupt junction where the doping concentra-
tion changes quickly from p to n over a small distance. Although this is a good
approximation for many integrated circuits, it is not always true. For exa'mple‘ the
collector-to-base junction of a bipolar transistor is most commonly realized as a
graded junction. In the case of graded junctions, the exponent 1/2 in Eq. (1.15) is
inaccurate, and a better value to use is an exponent closer to unity, perhaps 0.6 to 0.7.
Thus, for graded junctions, (1.15) is typically written as

N,Np T
A'ND
= (1.25)
Q= [ZqKsso(d)o+VR)NA+NJ

where M is a constant typically around 1/3. )
Differentiating (1.25) to find the depletion capacitance, we have

NaNp " 1
C; = (1-m)|2agKe e (1.26)
=4 )[q ”NA+NJ (@ +Ve)"
This depletion capacitance can also be written as
Ci= C_._i“ (1.27)
j Vam
&
@,
where 3
NaNp = 1
e = (1.28)
Cip=(1 m)[2qKssoNA+ND} o

From (1.27), we see that a graded junction results in a depletion capz?cilance that
is less dependent on Vg than the equivalent capacitance in an abrupt Junctloln. Inlothgr
words, since m is less than 0.5, the depletion capacitance for a graded junction is
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more linear than that for an abrupt junction. Correspondingly, increasing the reverse-
bias voltage for a graded junction is not as effective in reducin,
tance as it is for an abrupt junction.

Finally, as in the case of an abrupt junction, the depletion charge on either side of
the junction can also be written as

g the depletion capaci-

C 4 1-m
- 10 b
G= 1—m¢°[ %J (129)

EXAMPLE 1.5

Repeat Example 1.4 for a graded junction with m = 0.4 .
Solution
Noting once again that Ny >> Np, we approximate (1.28) as
Cp=(1- m)[quseoND]“’“im (1.30)
@,
resulting in
Cjo = 81.5 pF/m’ (1.31)
which, when multiplied by the diode’s area of 10 pum X 10 pm, results in
Crj = 8.1 F (1.32)
For a 3-V reverse-bias voltage, we have
8.1fF

b Ralremaerre -t (1.33)
(1+3/0.9)*

T

Large-Signal Junction Capacitance

The equations for the junction capacitance given above are only valid for small
changes in the reverse-bias voltage. This limitation is due to the fact that C; depends on
the size of the reverse-bias voltage instead of being a constant. As a result, it is
extremely difficult and time consuming to accurately take this nonlinear capacitance
into account when calculating the time to charge or discharge a junction over a large
voltage change. A commonly used approximation when analyzing the transient
response for large voltage changes is to use an average size for the junction capacitance
by calculating the junction capacitance at the two extremes of the reverse-bias voltage.
Unfortunately, a problem with this approach is that when the diode is forward biased

with Vg = -®, Eq. (1.17) “blows up” (i.e., is equal to infinity). To circumvent this

10 Chapter 1  Integrated-Circuit Devices and Modelling

problem, one can instead calculate the charge stored in the junction for the two extreme
values of applied voltage (through the use of (1.21)), and then through the use of
Q = CV, calculate the average capacitance according to
Oy = 0] = B (1.34)
i V,-V,
where V, and V, are the two voltage extremes [Hodges, 1988].
From (1.21), for an abrupt junction with reverse-bias voltage V;, we have

Vi
Q(V)) = 2C;y@, 1+$ (1.35)
0
Vs v,
e
[ 1+ 3, + ‘DJ

.36
Ci-av = 2Cj0®0——ml— (1.36)

Therefore,

One special case often encountered is charging a junction from 0V to 5 V. For this

special case, and using ®, = 0.9 V, we find that

Ciav = 0.56C 1.37)

Thus, as a rough approximation to quickly estimate the charging time of a junction

capacitance from 0 V to 5 V (or vice versa), one can use

Ciav = —Clo (1.38)
j-av )
It will be seen in the following example that (1.37) compares well with a SPICE sim-
ulation.
EXAMPLE 1.6

For the circuit shown in Fig. 1.3, where a reverse-biased diode is i?eing charged
from 0 V to 5 V, through a 10-KS2 resistor, calculate the time reqlznred to charge
the diode from 0 V to 3.5 V. Assume that Cjo = 0.2 fF/(um)" and that‘ the
diode has an area of 20 pm x5 pm. Compare your answer to that.obtamed
using SPICE. Repeat the question for the case of the diode being discharged

from5 Vto 1.5 \{
Solution

The total small-signal capacitance of the junction at 0-V bias voltage is obtained

by multiplying 0.2 fF/ (p,m)2 by the junction area to obtain

Cjp = 02x107°x20x5 = 0.02 pF (1.39)

Using (1.37), we have

Ciav = 0.56%0.02 = 0.011 pF (1.40)
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R =10 kQ
Vi
\% n Vout
20 pm X 5 um
v t=0 )
= Cjp = 02 fF/(um)’
(a) $
¥ R = 10 kQ
i °—-’V\'T—<7 Vou
I Coq = 0.012 pF
(b)
Fig. 1.3 ircui i i
e:quivulem.(a) The circuit used in Example 1.6; (b) its RC approximate

resulting in a time constant of
T = RCj, = 0.1l ns (1.41)

It is not difficult to_ show that the time it takes for a first-order circuit to rise (or
fall) 70 percent of its final value is equal to 1.27. Thus, in this case

tws = 1.27 = 0.13 ns (1.42)

As a check, the circuit of Fig. 1.3(a) was anal i i
data file was as follows: RS e g
R1210k
D 02 DMOD
*

:’]N 10dc 2.5 PULSE (0 5 0 10p 10p 0.49n 1.0n)
-MODEL DMOD D(CJO=0.02E-12)
*

.OPTIONS NUMDGT=5 ITL1=500
.WIDTH OUT=80

.TRAN 0.01n 1.0n

.PRINT TRAN V(2)

.END

The SPICE simulation gave a 0-V to 3.5-V rise time of 0.14 ns and a 5-V to
1:5—V fall time of 0.12 ns. These times compare favorably with the 0.13 ns pre-
dlcFed. Tjhe reason for the different values of the rise and fall times is t‘he nonI;in—
earity of the junction capacitance. For smaller bias voltages it is larger than that

12 Chapter 1 ¢ Integrated-Circuit Devices and Modelling

predicted by (1.37), whereas for larger bias voltages it is smaller. If we use the
more accurate approximation of (1.36) for the rise time with V, = 3.5 and
V, =0V, wefind

0.9 35
o 2x0.ozx§[ 1+@_1J = 0012 pF (1.43)

Also, for the fall time, we find that

09 L5 5
Crav = 2X0.02 142 J1e 2| = 0010 pF 144
o = 2% 1.5»5[ 09 +0.9] b i

These more accurate approximations result in
ty0% = 0.144 ns (1.45)

and
t_00 = 0.114 ns (1.46)
in closer agreement with SPICE. Normally, the extra accuracy that results from

using (1.36) instead of (1.37) is not worth the extra complication because one
seldom knows the area of Cj, to better than 20 percent accuracy.

Forward-Biased Junctions

A positive voltage applied from the p side to the n side of a diode reduces the electric
field opposing the diffusion of the free carriers across the depletion region. It also
reduces the width of the depletion region. If this forward-bias voltage is large enough,
the carriers will start to diffuse across the junction, resulting in a current flow from the
anode to the cathode. For silicon, appreciable diode current starts to occur for a forward-
bias voltage around 0.5 V. For germanium and gallium arsenide semiconductor mate-
rials, current conduction starts to occur around 0.3 V and 0.9 V, respectively.

When the junction potential is sufficiently lowered for conduction to occur, the
carriers diffuse across the junction due to the large gradient in the mobile carrier con-
centrations. Note that there are more carriers diffusing from the heavily doped side to
the lightly doped side than from the lightly doped side to the heavily doped side.

After the carriers cross the depletion region, they greatly increase the minority
charge at the edge of the depletion region. These minority carriers will diffuse away
from the junction toward the bulk. As they diffuse, they recombine with the majority
carriers, thereby decreasing their concentration. This concentration gradient of the
minority charge (which decreases the farther one gets from the junction) is responsi-
ble for the current flow near the junction.

The majority carriers that recombine with the diffusing minority carriers come
from the metal contacts at the junctions because of the forward-bias voltage. These
majority carriers flow across the bulk, from the contacts to the junction, due to an
electric field applied across the bulk. This current flow is called drifr. It results in
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small potential drops across the bulk, especially in the lightly doped side. Typical val-
ues of this voltage drop might be 50 mV to 0.1 V, depending primarily on the doping
concentration of the lightly doped side, the distance from the contacts to the Jjunction,
and the cross-sectional area of the junction.

In the forward-bias region, the current-voltage relationship is exponential and can
be shown (see Appendix) to be

VoV,

I = Ise (1.47)
where Vp is the voltage applied across the diode and
1 1
Igec Ap| — + — 1.48
5% D[NA NDJ (1.48)

I is known as the scale current and is seen to be proportional to the area of the diode
Jjunction, Ap, and inversely proportional to the doping concentrations.

Junction Capacitance of Forward-Biased Diode

When a junction changes from reverse biased (with little current through it) to for-
ward biased (with significant current flow across it), the charge being stored near and
across the junction changes. Part of the change in charge is due to the change in the
width of the depletion region and therefore the amount of immobile charge stored in
it. This change in charge is modelled by the depletion capacitance, C,, similar to when
the junction is reverse biased. An additional change in charge storage is necessary to
account for the change of the minority carrier concentration close to the junction
required for the diffusion current to exist. For example, if a forward-biased diode cur-
rent is to double, then the slopes of the minority charge storage at the diode junction
edges must double, and this, in turn, implies that the minority charge storage must
double. This component is modelled by another capacitance, called the diffusion
capacitance, and denoted Cg.

The diffusion capacitance can be shown (see Appendix) to be

Cy = TTI—D (1.49)
T

where Ty is the transit time of the diode. Normally 1 is specified for a given technol-
0gy, so that one can calculate the diffusion capacitance. Note that the diffusion capac-
itance of a forward-biased junction is proportional to the diode current.

The total capacitance of the forward-biased junction is the sum of the diffusion
capacitance, Cd, and the depletion capacitance, Cj. Thus, the total junction capaci-
tance is given by

Cr =Cy+GC (1.50)

For a forward-biased junction, the depletion capacitance, Cj, can be roughly approxi-
mated by 2C). The accuracy of this approximation is not critical since the diffusion
capacitance is typically much larger than the depletion capacitance.
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Finally, it should be mentioned that as a diode is turned off for a sho‘n period of
time a current will flow in the negative direction until the minority charge is remove‘d.
This behavior does not occur in Schottky diodes since they do not have minority
charge storage.

Small-Signal Model of-a Forward-Biased Diode

A small-signal equivalent model for a forward-biased diode is shown in Fig. 1.4. A
resistor, rg, models the change in the diode voltage, Vp, that occurs when Ip changes.
Using (1.47), we have
V.
1 il e T

(L.51)

—=— =14 = =
rg  dVp Vr Vi
This resistance is called the incremental resistance of the diode. For very accurate
modelling, it is sometimes necessary to add the series resistance due to the bulk agd
also the resistance associated with the contacts. Typical values for the contact resis-
tance (caused by the work-function’ difference between metal and silicon) might be

20 Qto 40 Q. : ] )
By combining (1.49) and (1.51), we see that an alternative equation for the diffu-

sion capacitance, Cg, is

Gzt (1.52)

fq

Since for moderate forward-bias currents, Cy>> C;, the total small-signal capaci-
tance is Cr = Cgy. and

rCr = 11 (1.53)
Thus, for charging or discharging a forward-biased junction with a c.un§nt source
having an impedance much larger than ry, the time constant of the charging is approx-

2 . .. .

imately equal to the transit time of the diode and is independent of .t_he leC:lC current.
For smaller diode currents, where Ci becomes important, the charging or discharging
time constant of the circuit becomes larger than T+ .

Cq

Fig. 1.4 The smallsignal model
for a forward-biased junction.

2. The work-function of a material is defined as the minimum energy required to remove an electron at the
Fermi level to the outside vacuum region.
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predicted by (1.37), whereas for larger bias voltages it is smaller. If we use the
more accurate approximation of (1.36) for the rise time with V,=35and .
V, =0V, we find

0.9 3.5
Ci = 2%002x—| [1+=-1|= 0.012 pF 143
e 3.5[« 09 ] e e
Also, for the fall time, we find that
0.9 1.5 5
Ciav = 2%0.02%x 1+—=- [1+—|= 0.010 pF. 1.44
L 1.5—5[ 0.9 0.9] P S
These more accurate approximations result in
t,706 = 0.144 ns (1.45)
and
t.0% = 0.114 ns (1.46)

in closer agreement with SPICE. Normally, the extra accuracy that results from
using (1.36) instead of (1.37) is not worth the extra complication because one
seldom knows the area of Gy to better than 20 percent accuracy.

Forward-Biased Junctions

A positive voltage applied from the p side to the n side of a diode reduces the electric
field opposing the diffusion of the free carriers across the depletion region. It also
reduces the width of the depletion region. If this forward-bias voltage is large enough,
the carriers will start to diffuse across the junction, resulting in a current flow from the
anode to the cathode. For silicon, appreciable diode current starts to occur for a forward-
bias voltage around 0.5 V. For germanium and gallium arsenide semiconductor mate-
rials, current conduction starts to occur around 0.3 V and 0.9 V, respectively.

When the junction potential is sufficiently lowered for conduction to occur, the
carriers diffuse across the junction due to the large gradient in the mobile carrier con-
centrations. Note that there are more carriers diffusing from the heavily doped side to
the lightly doped side than from the lightly doped side to the heavily doped side.

After the carriers cross the depletion region, they greatly increase the minority
charge at the edge of the depletion region. These minority carriers will diffuse away
from the junction toward the bulk. As they diffuse, they recombine with the majority
carriers, thereby decreasing their concentration. This concentration gradient of the
minority charge (which decreases the farther one gets from the junction) is responsi-
ble for the current flow near the junction.

The majority carriers that recombine with the diffusing minority carriers come
from the metal contacts at the junctions because of the forward-bias voltage. These
majority carriers flow across the bulk, from the contacts to the junction, due to an
electric field applied across the bulk. This current flow is called drift. It results in
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EXAMPLE 1.7
A given dif)de has a t'ransit time of 100 ps and is biased at 1 mA . What are the
values of its small-signal resistance and diffusion capacitance? Assume room
temperature, so that V; = kT/q = 26 mV.
Solution ‘
We have
Vi _ 26mV
= — = =26
"I 1maA <
and
T 100 ps
G.=. L= P3 _ 3
T 26Q g

Note that t_his diffusion capacitance is over 100 times larger than the total deple-
tion capacitance found in Examples 1.4 and 1.5.

Schottky Diodes

A different type of diode, one often used in microcircuit design, is realized by contact-
ing metal t.o a lightly doped semiconductor region (rather than a heavily doped region)
as shovyn in Fig. 1.5. Notice that the aluminum anode is in direct contact with agrela—
tively lightly doped n™ region. Because the n~ region is relatively lightly doped, the
work-function difference between the aluminum contact and the n_;ihcon 12 la’rver
than wo‘uld be the case for aluminum contacting to an n+ region, as occurs at the cal:h~
ode. This causes a depletion region and, correspondingly, a diode to occur at the inter-
face betv.{eeln the aluminum anode and the n” silicon region. This diode has different
characteristics than a normal pn junction diode. First, its voltage drop when forward

Al

Anode

Cathode
0

Anode

Cathode

Schottky diode p~
depletion region

Bulk

Fig. 1.5 A cross section of a Schottky diode.



16  Chapter 1 e Integrated-Circuit Devices and Modelling

biased is smaller. This voltage drop is dependent on the metal used; for aluminum it
might be around 0.5 V. More importantly, when the diode is forward biased, there is
no minority-charge storage in the lightly doped n™ region. Thus, the small-signal
model of a forward-biased Schottky diode has C4 = 0 (with reference to Fig. 1.4).
The absence of this diffusion capacitance makes the diode much faster. It is particu-
larly faster when turning off, because it is not necessary to remove the minority charge
first. Rather, it is only necessary to discharge the depletion capacitance through about
0.2V. -

Schottky diodes have been used extensively in bipolar logic circuits. They are
also used in a number of high-speed analog circuits, particularly those realized in gal-
lium arsenide (GaAs) technologies, rather than silicon technologies.

1.2 MOS TRANSISTORS

Presently, the most popular technology for realizing microcircuits makes use of MOS
transistors. Unlike most bipolar junction transistor (BJT) technologies, which make
dominant use of only one type of transistor (npn transistors in the case of BJT pro-
cesses?), MOS circuits normally use two complementary types of transistors—n-
channel and p-channel. While n-channel devices conduct with a positive gate voltage,
p-channel devices conduct with a negative gate voltage. Moreover, electrons are used
to conduct current in N-channel transistors, while holes are used in p-channel transis-
tors. Microcircuits containing both n-channel and p-channel transistors are called
CMOS circuits, for complementary MOS. The acronym MOS stands for metal-oxide
semiconductor, which historically denoted the gate, insulator, and channel region
materials, respectively. However, most present CMOS technologies utilize polysili-
con gates rather than metal gates.

Before CMOS technology became widely available, most MOS processes made
use of only n-channel transistors (NMOS). However, often two different types of n-
channel transistors could be realized. One type, enhancement N-channel transistors, is
similar to the n-channel transistors realized in CMOS technologies. Enhancement
transistors require a positive gate-to-source voltage to conduct current. The other
type, depletion transistors, conduct current with a gate-source voltage of 0 V. Deple-
tion transistors were used to create high-impedance loads in NMOS logic gates.

A typical cross section of an n-channel enhancement-type MOS transistor is
shown in Fig. 1.6. With no voltage applied to the gate, the n"* source and drain regions
are separated by the p~ substrate. The separation between the drain and the source is
called the chamnel length, L. In present MOS technologies, the minimum channel
length is typically between 0.3 wm and 1.0 pm. It should be noted that there is no
physical difference between the drain and the source.* The source terminal of an

3. Most BJT technologies can also realize low-speed lateral pnp transistors. Normally these would only be
used to realize current sources as they have low gains and poor frequency responses. Recently, bipolar
technologies utilizing high-speed vertical pnp transistors, as well as high-speed npn transistors, have

become available and are growing in ity. These ies are called 'y bipolar
technologies.
4. Large MOS i used for power applications might not be realized with symmetric drain and

source junctions.
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Polysilicon

Metal (Al) - Ge sio,

o

Bulk or substrate

Fig. 1.6 A cross section of a typical n-channel transistor.

N-channel transistor is defined as whichever of the two terminals has a lower voltage
For a p-channel transistor, the source would be the terminal with the higher voltage.
When a transistor is turned on, current flows from the drain to the source in an
n-channel transistor and from the source to the drain in a P-channel transistor. In both
Cz‘iSeS, the true carriers travel from the source to drain, but the current directions are
different because n-channel carriers (electrons) are negative, whereas p-channel carri-
ers (holes) are positive.

_The gate is normally realized using polysilicon, which is heavily doped noncrys-
talline (or amorphous) silicon. Polysilicon gates are used nowadays (instead of metal)
because polysilicon allows the dimensions of the transistor to be realized much more
ac_curately during the patterning of the transistor, which involves what is called a self-
aligned process. This higher geometric accuracy results in smaller, faster transistors.

The gate is physically separated from the surface of the silicon by a thin insulator
made of silicon dioxide (SiO,). Thus, the gate is electrically isolated from the channel
and affects the channel (and hence, the transistor current) only through electrostatic
coupling, similar to capacitive coupling. A typical thickness for the SiO, insulator
between the gate and the channel is presently from 0.01'um to 0.03 pum. Since the
gate is electrically isolated from the channel, it never conducts dc current. Indeed, the
excellent isolation results in leakage currents being almost undetectable. Howéver
because of the inherent capacitances in MOS transistors, transient gate currents dc;
exist when gate voltages are quickly changing.

) No.rma_lly the p~ substrate (or bulk) is connected to the most negative voltage in a
njilcrc?c1rlcq1t4 In analog circuits, this might be the negative power supply, but in digital
cireuits it is normally ground or 0 V. This connection results in all transistors placed
in the substrate being surrounded by reverse-biased Jjunctions, which electrically iso-
lgte the transistors and thereby prevent conduction through the substrate between tran-
sistors (unless, of course, they are connected together through some other means).

Symbols for MOS Transistors

Many symbols have been used to represent MOS transistors. Figure 1.7 shows some
of the sy'mbols that_ have been used to represent n-channel MOS transistors. The sym-
bol in Fig. 1.7(a) is often used; note that there is nothing in the symbol to specify
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(@ (b) (0 (d) (e)

Fig. 1.7 Commonly used symbols for n-channel transisfors.

whether the transistor is N-channel or p-channel. A common rule is to assume, when
in doubt, that the transistor is an n-channel enhancement transistor. Figure 1.7(b) is
the most commonly used symbol for an n-channel enhancement transistor and is used
throughout this text. The arrow pointing outward on the source indicates that the tran-
sistor is N-channel, similar to the convention used for npn transistors, and indicates
the direction of hole current.

MOS transistors are actually four-terminal devices, with the substrate being the
fourth terminal. In n-channel devices, the p~ substrate is normally connected to the
most negative voltage in the microcircuit, whereas for p-channel devices, the N~ sub-
strate is normally connected to the most positive voltage. In these cases the substrate
connection is normally not shown in the symbol. However, for CMOS technologies, at
least one of the two types of transistors will be formed in a well substrate that need not
be connected to one of the power supply nodes. For example, an n-well process would
form n-channel transistors in a p~ substrate encompassing the entire microcircuit,
while the p-channel transistors would be formed in many n-well substrates. In this
case, most of the n-well substrates would be connected to the most positive power sup-
ply, while some might be connected to other nodes in the circuit (often the well is con-
nected to the source of a transistor that is not connected to the power supply). In these
cases, the symbol shown in Fig. 1.7(c) can be used to show the substrate connection
explicitly. It should be noted that this case is not encountered often in digital circuits
and is more common in analog circuits. Sometimes, in the interest of simplicity, the
isolation of the gate is not explicitly shown, as is the case of the symbol of Fig. 1.7(d).
This simple notation is more common for digital circuits in which a large number of
transistors are present. Since this symbol is also used for JFET transistors, it will never
be used to represent MOS transistors in this text. The last symbol, shown in Fig. 1.7(e),
denotes an n-channel depletion transistor. The extra line is used to indicate that a phys-
ical channel exists for a 0-V gate-source voltage. Depletion transistors were used in
older NMOS technologies but are not typically available in CMOS processes.

Figure 1.8 shows some commonly used symbols for p-channel transistors. In this
text, the symbol of Fig. 1.8(a) will be most often used. The symbol in Fig. 1.8(c) is

(a) (b) (@ (d) (e)

Fig. 1.8 Commonly used symbols for pchannel transistors.
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sometimes used in Qigital circuits, where the circle indicates that a low voltage on the
gaFe turns the transistor on, as lopposed to a high voltage for an n-channel transistor
(Fig. 1.7(a)). The symbols of Fig. 1.8(d) or Fig. 1.8(e) might be used in larger circuits

where many transistors are present, to simplify the drawing somewhat. They will not
be used in this text.

Basic Operation

The l?asic operation of MOS transistors will be described with respect to an n-channel
transistor. First, consider the simplified cross sections shown in Fig. 1.9, where the
source, drain, and substrate are all connected to ground. In this case, the MOS transis-
tor operates similarly to a capacitor. The gate acts as one plate of the capacitor, and
the surface of the silicon, just under the thin insulating SiO,, acts as the other p]e;te.
If the gate voltage is very negative, as shown in Fig. 1.9(a), positive charge will
be att_racted to the channel region. Since the substrate was originally doped p”, this
negative gate voltage has the effect of simply increasing the channel doping t’0 p*

Source Vg<<0 Si i
i0, Drain
I s / = h
— 2 =
r =i
% n*

Depletion region

p~ substrate

(a)

Source Vg>>0 Si0, Drain

E 2 S S N A S N
s a o)

Depletion region Channel

p~ substrate

(b)

Fig. 1.9 An n<channel MOS transistor. (a) Vg << 0, resulting in an accu-
mulated channel (no current flow); (b) Vg >> 0, and the channel is present
{current flow possible from drain to source).
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resulting in what is called an accumulated channel. The n* source and drain regions
are separated from the p*-channel region by depletion regions, resulting in the equiva-
lent circuit of two back-to-back diodes. Thus, only leakage current will flow even if
one of the source or drain voltages becomes large (unless the drain voltage becomes
so large as to cause the transistor to break down).

In the case of a positive voltage being applied to the gate, the opposite situation
occurs, as shown in Fig. 1.9(b). For small positive gate voltages, the positive carriers
in the channel under the gate are initially repulsed and the channel changes from a p~
doping level to a depletion region. As a more positive gate voltage is applied, the gate
attracts negative charge from the source and drain regions, and the channel becomes
an N region with mobile electrons connecting the drain and source regions. In short, a
sufficiently large positive gate-source voltage changes the channel beneath the gate to
an n region, and the channel is said to be inverted.

The gate-source voltage, for which the concentration of electrons under the gate
is equal to the concentration of holes in the p~ substrate far from the gate, is com-
monly referred to as the transistor threshold voltage and denoted Vi, (for n-channel
transistors). For gate-source voltages larger than Vy,, there is an n-type channel
present, and conduction between the drain and the source can occur. For gate-source
voltages less than Vy, it is normally assumed that the transistor is off and no current
flows between the drain and the source. However, it should be noted that this assump-
tion of zero drain-source current for a transistor that is off is only an approximation. In
fact, for gate voltages around V,, there is no abrupt current change, and for gate-
source voltages slightly less than Vi, small amounts of subthreshold current can
flow, as discussed in Section 1.3. i

When the gate-source voltage, Vg, is larger than Vi, the channel is present. As
Vg is increased, the density of electrons in the channel increases. Indeed, the carrier
density, and therefore the charge density, is proportional to Vg — V4, which is often
called the effective gate-source voltage and denoted V ;. Specifically, define

Vet = Vas—Vin (1.54)
The charge density of electrons is then given by
Q, = Cox(Vas—Vin) = CoxVer (1.55)
Here, C,, is the gate capacitance per unit area and is given by
Oy (1.56)
tox

where K., is the relative permittivity of SiO, (approximately 3.9) and t,, is the
thickness of the thin oxide under the gate. A point to note here is that (1.55) is only
accurate when both the drain and the source voltages are zero.

5. The drain and source regions are sometimes called diffusion regions or junctions for historical reasons.
This use of the word junction is not synonymous with our previous use, in which it designated a pn inter-
face of a diode.
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To obtain the total gate capacitance, (1.56) should be multiplied by the effective
gate area, WL, where W is the gate width and L is the effective gate length. These
dimensions are shown in Fig. 1.10. Thus the total gate capacitance, Cgs, is given by

Cgs = WLC,, (1.57)
and the total charge of the channel, Qr., is given by
<
QT-n = WLCox(VGS 5 vm) = WLCoxVeM (1.58)

The gate capacitance, Cgs - is one of the major load capacitances that circuits must be
capable of driving. Gate capacitances are also important when one is calculating
charge injection, which occurs when a MOS transistor is being turned off because the
channel charge, Qr.,, must flow from under the gate out through the terminals to
other places in the circuit.

Next, if the drain voltage is increased above 0 V, a drain-source potential differ-
ence exists. This difference results in current flowing from the drain to the source.®
The relationship between Vg and the drain-source current, Ip, is the same as for a
resistor, assuming Vg is small. This relationship is given [Sze, 1981] by

w
Ip = unontVDS (1.59)

where W, = 0.06 m*/Vs is the mobility of electrons near the silicon surface, and Q,
is the charge concentration of the channel per unit area (looking from the top down).
Note that as the channel length increases, the drain-source current decreases, whereas
this current increases as either the charge density or the transistor width increases.
Using (1.58) and (1.59) resuits in

w w
I = “’ncoxt(VGS_vm)vDS = uncoxtveﬂvDS (1.60)

Gate Sio,

n channel

Fig. 1.10  The important dimensions of a MOS transistor.

6. The_ current is actually conducted by negative carriers (electrons) flowing from the source to the drain.
Negative carriers flowing from source to drain results in a positive current from drain to source, Ips.
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where it should be emphasized that this relationship is only valid for drain-source
voltages near zero (i.e., Vpg much smaller than Vg ).

As the drain-source voltage increases, the channel charge concentration decreases
at the drain end. This decrease is due to the smaller gate-to-channel voltage difference
across the thin gate oxide as one moves closer to the drain. In 6ther words, since the
drain voltage is assumed to be at a higher voltage than the source, there is an increasing
voltage gradient from the source to the drain, resulting in a smaller gate-to-channel
voltage near the drain. Since the charge density at a distance X from the source end of
the channel is proportional to Vg —Vcn(X) = Vi, as Vg — Ven(X) decreases, the
charge density also decreases.” This effect is illustrated in Fig. 1.11.

Note that at the drain end of the channel, we have

Vg-Ven(L) = Vgp (1.61)
For small Vpg, we saw from (1.60) that I was linearly related to Vpg. However, as
Vpg increases, and the charge density decreases near the drain, the relationship
becomes nonlinear. In fact, the linear relationship for I versus Vpg flattens for larger
Vps. as shown in Fig. 1.12.

Depletion region T

: . /
Qn(0) = Cox(Vas—Vin) Increasingx qQ (L) = Co,(Vap - Vin)
Qn(x) = Cox(VGs‘Vcn(X)’Vm)

Fig. 1.11  The channel charge density for Vpg>0.

w
In Io <l-lnCoxt(VGs—Vm)Vns

Vos Fig. 1.12 For VDS not close to zero, the
= bAs Ip versus Vpg relationship is no longer
= p,C V, Vi)V, D DS

I nCox—(Vas—Vin)Vos ey

7. Vg = Veu(X) is the gate-to-channel voltage drop at distance X from the source end, with V¢ being the
same everywhere in the gate, since the gate material is highly conductive.
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As the drain voltage is increased, at some point the gate-to-channel voltage at the
drain end will decrease to the threshold value V,—the minimum gate-to-channel
voltage needed for n carriers in the channel to exist. Thus, at the drain end, the chan-
nel becomes pinched off, as shown in Fig. 1.13. This pinch-off occurs at Vap = Vin,
since the channel voltage at the drain end is simply equal to Vp. Thus, pinch-off
occurs for

Vpe>—Vy ¢ (1.62)

Denoting Vps.sy as the drain-source voltage when the channel becomes pinched off,
we can substitute Vpg = Vpg—Vgg into (1.62) and find an equivalent pinch-off
expression

Vbs> Vps.car (1.63)
where Vg e is given® by
Vogsat = Vas=Vin = Verr (1.64)

The electron carriers travelling through the pinched-off drain region are velocity
saturated, similar to a gas under pressure travelling through a very small tube. If the
drain-gate voltage rises above this critical pinch-off voltage of —V,, , the charge con-
centration in the channel remains constant (to a first-order approximation) and the
drain current no longer increases with increasing Vpg. The result is the current-
voltage relationship shown in Fig. 1.14 for a given gate-source voltage. In the region
of operation where Vpg > Vpg.gy, the drain current is independent of Vpg and is
called the active region.’ The region where Ip changes with Vpg is called the triode
region. When MOS transistors are used in analog amplifiers, they almost always are
biased in the active region. When they are used in digital logic gates, they often oper-
ate in both regions.

Vg >> Vi,

Vg=0

Pinch-off for
Vap <Vin

Fig. 1.13  When Vg is increased so that Vgp <V, , the channel becomes pinched off at the drain end.

8. Because of the body effect, the threshold voltage at the drain end of the transistor is increased, resulting
in the true value of Vg g4 being slightly lower than Vg .

9. Historically, the active region was called the saturation region, but this led to confusion because in the
case of bipolar transistors, the saturation region occurs for small V¢ , whereas for MOS transistors it
occurs for large Vpg. The renaming of the saturation region to the active region is becoming widely
accepted.
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2 CoW
w Vi CCoW
Ip = uncoxt[(ves*vm)vns—T] Ip = e L(Ves Vin)

Vg constant

Active
Triode .  region
region
f - » Vos
Vossat = Vert

w
Ip = PaCox—(Vas—Vin)Vos

Fig. 1.14 The Ip versus Vpg curve for an ideal MOS transistor. For
Vps > Vps.sat - Ip is approximately constant.

Before proceeding, it is worth discussing the terms weak, moderate, and strong
inversion. As just discussed, a gate-source voltage greater than Vi, results in an
inverted channel, and drain-source current can flow. However, as the gate-source
voltage is increased, the channel does not become inverted (i.e., N-region) ;uddequ,
but rather gradually. Thus, it is useful to define three regions of channel inversion
with respect to the gate-source voltage. In most circuit applications, noncutoff MOS-
FET transistors are operated in strong inversion, with V¢ > 100 mV (many prudent
circuit designers use a minimum value of 200 mV). As the name suggests, strong
inversion occurs when the channel is strongly inverted. It should be noted that all the
equation models in this section assume strong inversion operation. Wealf inversion
occurs when Vgg is approximately 100 mV or more below Vi, and is dlscussed' as
subthreshold operation in Section 1.3. Finally, moderate inversion is the region
between weak and strong inversion.

Large-Signal Modelling

The triode region equation for a MOS transistor relates the drain current to the glate—
source and drain-source voltages. It can be shown (see Appendix) that this relation-
ship is given by

2
w Vos
Ip = uncox[r]l:(ves = Vin)Vps - T] (1.65)
As Vpg increases, ID increases until the drain end of the channel becomes pinched off,
and then I, no longer increases. This pinch-off occurs for Vpg = ~V4,, or approxi-
mately,
Vs = Vas—Vin = Verr (1.66)

Right at the edge of pinch-off, the drain current resulting from (1.65) and the drafin
current in the active region (which, to a first-order approximation, is constant with

1.2 MOS Transistors 25

respect to Vpg ) must have the same value. Therefore, the active region equation can
be found by substituting (1.66) into (1.65), resulting in

Cox(W
Ip = "TM[E](VGS—VV.)Z (1.67)

For Vpg >V, the current stays constant at the value given by (1.67), ignoring
second-order effects such as the finite output impedance of the transistor. This equation
is perhaps the most important one that describes the large-signal operation of a MOS
transistor. It should be noted here that (1.67) represents a squared current-voltage
relationship for a MOS transistor in the active region. In the case of a BJT transistor, an
exponential current-voltage relationship exists in the active region.

As just mentioned, (1.67) implies that the drain current, I, is independent of the
drain-source voltage. This independence is only true to a first-order approximation.
The major source of error is due to the channel length shrinking as Vpg increases. To
see this effect, consider Fig. 1.15, which shows a cross section of a transistor in the
active region. A pinched-off region with very little charge exists between the drain and
the channel. The voltage at the end of the channel closest to the drain is fixed at
Vas—Vin = Vet The voltage difference between the drain and the near end of the
channel lies across a short depletion region often called the pinch-off region. As Vbs
becomes larger than Vg, this depletion region surrounding the drain junction
increases its width in a square-root relationship with respect to Vps. This increase in
the width of the depletion region surrounding the drain junction decreases the effective
channel length. In turn, this decrease in effective channel length increases the drain
current, resulting in what is commonly referred to as channel-length modulation.

To derive an equation to account for channel-length modulation, we first make
use of (1.11) and denote the width of the depletion region by Xg, resulting in

Xg = Kysn/Vp.on + @y
= Kysa/Voa + Vin + @y

2K, e,
Ko = [—=— 1.69
ds aN, (1.69)

(1.68)

where

- Vas > Vip
?‘ I Vis > Vas—Vin
v ht o
/“ _________ T s

Depletion region AL e Vps=Veyr+ @o  Pinch-off region

Fig. 1.15  Channel length shortening for Vpg >V 4.
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and has units of m//V. Note that N a is used here since the n-type drain region is
more heavily doped than the p-type channel (i.e., Np >> N,). By writing a Taylor
approximation for Iy around its operating value of Vpg = Vgg— Vi, = Ve, we
find I to be given by

alp [ oL kas(Vps = Verr)
Ip = Ipsa+| 50 )AVDS = ID-sat[I 4L BS__of ] (1.70)

L |Vps 2L Npg + Ven +

where [p.gy is the drain current when Vpg = Vg, or equivalently, the drain current
when the channel-length modulation is ignored. Note that in deriving the final equa-
tion of (1.70), we have used the relationship dL/dVpg = —0X4/0Vpg. Usually,
(1.70) is written as

C

N~ 0X| W 2
I = T[TJ(VGS =Vin) 11+ MVps = Ver)] (L71)

where A is the output impedance constant (in units of V1) given by
K, K,
A= o = e (1.72)
2L Vpe+Vin+ @, 2L NVpg— Ve + @

Equation (1.71) is accurate until Vg is large enough to cause second-order effects,
often called short-channel effects. For example, (1.71) assumes that current flow
down the channel is not velocity-saturated (i.e., increasing the electric field no longer
increases the carrier speed). Velocity saturation commonly occurs in new technolo-
gies that have very short channel lengths and therefore large electric fields. If Vpg
becomes large enough so short-channel effects occur, Ip increases more than is pre-
dicted by (1.71). Of course, for quite large values of Vg, the transistor will eventu-
ally break down.

A plot of I versus Vpg for different values of Vgg is shown in Fig. 1.16. Note
that in the active region, the small (but nonzero) slope indicates the small dependence
of Ipon Vpg.

1 Vos = (Vas = Vin)
. g

Triode . . Short-channel
region L ' effects

Active

region

TI ncreasing Vgs

Vas>Vin
“»

>
Vos

Fig. 1.16 I, versus Vpg for different values of Vgs.
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EXAMPLE 1.8

Find I for an n-channel transistorzthat has doping concentrations of Np = 10%,
Na =107, u,Co, = 92 pA/V?, W/L = 20 pm/2 um, Vgg = 12 V.
Vin=10.8 Vj and Vpg = Vy. Assuming A remains constant, estimate the new
value of Ip if Vpg is increased by 0.5 V.,

Solution
From (1.69), we have

2% 11.8%8.854 x 1072
Kgs = {+ = 362x10° m//V
1.6x 107 x 10%

which is used in (1.72) to find A as

5 o 362x107
2x2x10°x /09
Using (1.71), we find for Vpg = Vg = 0.4 V,

92x107°)2 2
T [—X 170)(0.4)-(1) = 736 pA

=953x10" V!

2
In the case where Vpg = Vo4 +0.5 V = 0.9 V, we have
Ipo = 73.6 MAX (1 +A%0.5) = 77.1 pA

Note llhat this example shows almost a 5 percent increase in drain current for a
0.5V increase in drain-source voltage.

Body Effect

The large-signal equations in the preceding section were based on the assumption
that the source voltage was the same as the substrate (i.e., bulk) voltage. However,
often the source and substrate can be at different voltage potentials. In these situa-
tions, a second-order effect exists that is modelled as an increase in the threshold
voltage, Vy,, as the source-to-substrate reverse-bias voltage increases. This effect,
typically called the body effect, is more important for transistors in a well of a CMOS
process where the substrate doping is higher. It should be noted that the body effect
is often important in analog circuit designs and should not be ignored without consid-
eration.

To account for the body effect, it can be shown (see Appendix at the end of this
chapter) that the threshold voltage of an n-channel transistor is now given by

Vin = Vino +¥(/Vsp +[20¢] - /[20¢]) (1.73)

where Vy,, is the threshold voltage with zero Vsg (i-e., source-to-substrate voltage),
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and

[2qN,K
v = —qc“ 2t (1.74)
ox

The factor vy is often called the body-effect constant and has units of J/V. Notice that y
is proportional to /N, so the body effect is larger for transistors in a well where
typically the doping is higher than the substrate of the microcircuit.

p-Channel Transistors

All of the preceding equations have been presented for n-channel enhancement tran-
sistors. In the case of p-channel transistors, these equations can also be used if a
negative sign is placed in front of every voltage variable. Thus, Vg becomes Vsas
Vps becomes Vgp, Vy, becomes —V,g, and so on. The condition required for con-
duction is now Vgg > Vi, where Vy, is now a negative quantity for an enhancement
p-channel transistor.!’ The requirement on the source-drain voltage for a p-channel
transistor to be in the active region is Vgp > Vgg + Vyp. The equations for Ip, in both
regions, remain unchanged, because all voltage variables are squared, resulting in
positive hole current flow from the source to the drain in p-channel transistors. For
n-channel depletion transistors, the only difference is that Viq <0 V. A typical value
might be Vig = -2 V..

Small-Signal Modelling in the Active Region

The most commonly used small-signal model for a MOS transistor operating in the
active region is shown in Fig. 1.17. We first consider the dc parameters in which all
the capacitors are ignored (i.e., replaced by open circuits). This leads to the low-
frequency, small-signal model shown in Fig. 1.18. The voltage-controlled current
source, gmVge is the most important component of the model, with the transistor
transconductance gy, defined as

dlp
= — 1.75
9m FY I (1.75)
In the active region, we use (1.67), which is repeated here for convenience,
(o]
Ty ”"2 °*(V—|i')(ves-v,,,)2 (1.76)

10. For an n-channel transistor. For a p-channel transistor, y is proportional to Np.

11. It is possible to realize depletion p-channel transistors, but these are of little value and seldom worth the
extra processing involved. Depletion n-channel transistors are also seldom encountered in CMOS microcir-
cuits, although they might be worth the extra processing involved in some applications, especially if they
were in a well.
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Fig. 1.17  The small-signal model for a MOS transistor in the active region.
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Fig. 1.18 The low-frequency, smallsignal model f i
MOS transistor. . S er

and we apply the derivative shown in (1.75) to obtain
alp w W
Om = e anoxt(ves Vi) = anoxrveu 1.77)
or equivalently,

w
Im = MnCoxVer (1.78)
where the effective gate-source voltage, Vo, is defined as Vet = Vas—Vin-
;l"h\u/s, we see that the transconductance of a MOS transistor is directly proportional
0 Vit -

Sometimes it is desirable to express gy, in terms of I
rather than Vgg.
(1.76), we have " n S S

21
Vog = Vi + [——2
" 1, Con(W/L) A
The second term in (1.79) is the effective gate-source voltage, Vst , Where
21
Veir = Vag=Vin = 2 (1.80)

“’ﬂCOX(W/L)
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Substituting (1.80) in (1.78) results in an alternate expression for g, .

W
On = (20CoxrTo (1.81)

Thus, the transistor transconductance is proportional to A/E for a MOS transistor,
whereas it is proportional to I for a BJT.

A third expression for gy, is found by rearranging (1.81) and then using (1.80) to
obtain

21,
Ve"

Note that this expression is independent of W,Cox and W/L, and it relates the
transconductance to the ratio of drain current to effective gate-source voltage. This
simple relationship can be quite useful during an initial circuit design.

The second voltage-controlled current-source in Fig. 1.18, shown as ggVs,
models the body effect on the small-signal drain current, i. When the source is
connected to small-signal ground, or when its voltage does not change appreciably,
then this current source can be ignored. When the body effect cannot be ignored,
we have

Om = (1.82)

oly Bls Vi,

= = 1.83
L T T S
From (1.76) we have
ol w
avi = —unoox[r}ves-vm) = G (1.84)

Using (1.73), which gives Vy, as

Vin = Vino+ ¥(J/Vsp + [20¢] = J[20¢)) (1.85)

we have

i S (1.86)

0Vse 2, Ngg+ 204

The negative sign of (1.84) is eliminated by subtracting the current gV from the
major component of the drain current, gnVgs, as shown in Fig. 1.18. Thus, using
(1.84) and (1.86), we have

po B
2 Vsp + [20¢

Note that although g is nonzero for Vgg = 0, if the source is connected to the bulk,
AVgpg is zero, and so the effect of g, does not need to be taken into account. How-
ever, if the source happens to be biased at the same potential as the bulk but is not

(1.87)
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directly_ connected to it, then the effect of ds should be taken into account since
AVgg is not necessarily zero.

) T"he resistor, fys, shown in Fig. 1.18, accounts for the finite output impedance
(ie., it m.odels the channel-length modulation and its effect on the drain current due to
changes in Vpg). Using (1.71), repeated here for convenience,

1nCoy

w
Ip = = (T_—)(Ves~Vm)2[1s+k(VDs_Ve")] (1.88)

we have

L_, -0 HnCox YW 2
LT 7»( 3 XE)(VGS_th)- = Mpea = Alp (1.89)

W_here the approximation assumes A is small, such that we can approximate the drain
bias current as being the same as Ip ¢y . Thus,

1

fgs = —
ds R (1.90)
where
K,
A= ds
— (1.91)
2L Vps + (Vi) + @,
and

ZKSEU
k s = 1.92
qNA (192)

It should be noted here that (1.90) is often empirically adjusted to take into account
second-order effects.

EXAMPLE 1.9
Der%ve the low-frequency model parameters for an n-channel transistor that has
doping concentrations of Ny = 10%, Na = 1072, PnCox = 92 LA/ V WIL =
20 pm/2 pm, Vgs = 1.2V, V4, = 0.8V, and Vpg = Vg Assume y =
0.5 J/V and Vgg = 0.5 V. What is the new value of rqs if the drain-source volt-
age is increased by 0.5 V?
Solution

Since these parameters are the same as in Example 1.8, we have
Om = 5— = ———— = 0368 mA/V

and from (1.87), we have
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i 205+18

Note that this source-bulk transconductance value is about 1/6 that of the gate-
source transconductance.
For rys, we use (1.90) to find

. bl LR

953x107°x73.6% 107

= 0.061 mA/V

At this point, it is interesting to calculate the gain g, fgs = 52.6, which is the
largest voltage gain this single transistor can achieve for these operating bias
conditions. As we will see, this gain of 52.6 is much smaller than the corre-
sponding single-transistor gain in a bipolar transistor.

Recalling that Vg = 0.4 V,if Vg is increased to 0.9 V, the new value for

A is
-9
s DR o i
2(2x10°)J/14
resulting in a new value of rys given by
! NS g 170 kQ

D2 764x107 x77.1 pA

An alternate low-frequency model, known as a T model, is shown in Fig. 1.19.
This T model can often result in simpler equations and is most often used by experi-
enced designers for a quick analysis. At first glance, it might appear that this model
allows for nonzero gate current, but a quick check confirms that the drain current must
always equal the source current, and, therefore, the gate current must always be zero.
For this reason, when using the T model, one assumes from the beginning that the
gate current is zero.

Fig. 1.19 The smallsignal, low-frequency T model for
an active MOS fransistor (the body effect is not mod-
elled).
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EXAMPLE 1.10

Find the T model parameter, r, for the transistor in Example 1.9.

Solution
The value of ry is simply the inverse of g, resulting in
1 1
= — = —_ =272kQ

9m  0.368x10°°

The value of rys remains the same, either 143 kQ or 170 kQ, depending on the
drain-source voltage.

) Most of the capacitors in the small-signal model are related to the physical tran-
sistor. Shown in Fig. 1.20 is a cross section of a MOS transistor, where the parasitic
.capacita.nces are shown at the appropriate locations. The largest capacitor in Fig. 1.20
is Cgs . This capacitance is primarily due to the change in channel charge as a result of
a change in V. It can be shown [Tsividis, 1987] that Cgs is approximately given by

2
Cys = SWLC,, (1.93)

) When accuracy is important, an additional term should be added to (1.93) to take
into account the overlap between the gate and source junction, which should include
t‘he [ringing capacitance (fringing capacitance is due to boundary effects). This addi-
tional component is given by

Cov = WL, Cox (1.94)

Veg = Vas > Vi
Polysilicon
\

p* field
implant

p~ substrate

Fig. 1.20 A cross section of an nchannel MOS transistor showing the small-signal capacitances.
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where L, is the overlap distance and is usually empirically derived. Thus,
2
Cpe = wcax(gl_ 4 Lm,) (1.95)

when higher accuracy is needed.

The next largest capacitor in Fig. 1.20 is C'yy, the capacitor between the source
and the substrate. This capacitor is due to the depletion capacitance of the reverse-
biased source junction, and it includes the channel-to-bulk capacitance (assuming the
transistor is on). Its size is given by

C’sp = (Ag+Ac)Cis (1.96)

where A is the area of the source junction, Ay, is the area of the channel (i.e., WL)
and Gy is the depletion capacitance of the source junction, given by
G
Cjp = —2— (1.97)
Vs
1+—
¢0
Note that the total area of the effective source includes the original area of the junc-
tion (when no channel is present) plus the effective area of the channel.
The depletion capacitance of the drain is smaller because it does not include the
channel area. Here, we have

Clqp = Adea (1.98)
where
C:
Cja = W (1.99)
1 Vos
i
@,

and Ay is the area of the drain junction.

The capacitance ng, sometimes called the Miller-capacitor, is important when the
transistor is being used in circuits with large voltage gain. ng is primarily due to the
overlap between the gate and the drain and fringing capacitance. Its value is given by

Gio = Gl (1.100)

where, once again, L, is usually empirically derived.

Two other capacitors are often important in integrated circuits. These are the
source and drain sidewall capacitances, Cq, and Cgyg, . These capacitances can be
large because of some highly doped p* regions under the thick field oxide called field
implants. The major reason these regions exist is to ensure there is no leakage current
between transistors. Because they are highly doped and they lie beside the highly
doped source and drain junctions, the sidewall capacitances can result in large addi-
tional capacitances that must be taken into account in determining Cg, and Cyp. The
sidewall capacitances are especially important in modern technologies as dimensions
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shrink. For the source, the sidewall capacitance is given by

Cosw =P sCosw (1.101)
where Pg is the length of the perimeter of the source junction, excluding the side

adjacent to the channel, and

Ciswo

Cpow = —20<
Vse
@,

(1.102)
1+

It should be noted that Cj.swo» the sidewall capacitance per unit length at 0-V bias volt-
age, can be quite large because the field implants are heavily doped.
The situation is similar for the drain sidewall capacitance, Comi

Coew = PyCisw (1.103)

where Py is the drain perimeter excluding the portion adjacent to the gate.
Finally, the source-bulk capacitance, Cyy, is given by

Cop = C'ap +Cosy (1.104)
with the drain-bulk capacitance, Cqy,, given by
Cqp = C’db + Coew (1.105)

EXAMPLE 1.11

An n-channel Lransxstor is modelled as having the following capacitance para.meters
Cj=24x 107 pF/(],Lm)2 CI ow = 20x 107 pF/pm, Cyy = 1.9 x 10~ pF/(um)>,
Cgs_o,, = Cggov = 20X 10™ pF/pum. Find the capacitances Cgg, Cgq, Cgp, and Cgy,
for a transistor having W = 100 pm and L = 2 Um. Assume the source and drain
junctions extend 4 pwm beyond the gate, so that the source and drain areas are A

Ag = 400 (um)* and the perimeter of each is Py = Py = 108 um.

Solution

We calculate the various capacitances as follows:
2
Cpe = (5)w1_c°x+ CysorXW = 0.27 pF
Cyq = Cgaoy XW = 0.02 pF
Cop = Ci(As+WL) +(Cy gy X P) =0.17 pF

Cap = (Cjx Ag) +(Cjgy x Py) = 0.12 pF

Note that the source-bulk and drain-bulk capacitances are significant compared
to the gate-source capacitance. Thus, for high-speed circuits, it is important to
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keep the areas and perimeters of drain and source junctions as small as possible
(possibly by sharing junctions between transistors, as seen in the next chapter).

Small-Signal Modelling in the Triode and Cutoff Regions

The low—fréquency, small-signal model of a MOS transistor in the triode region (\x{hich
is sometimes referred to as the linear region) is a resistor. Using (1.65), the large-signal
equation for I in the triode region,

2

w Vbs
Ip = unCox(t]l:(vGS_vm)vDs_T} (1.106)
results in
1 g ) 1.107
— = = = 00 WV e = Vin—~Vos) (1.107)
P 9ds dVDS Hnabox I ( GS tn D

where Iy is the small-signal drain-source resistance (and g4 is the conductance).
For the common case of Vpg near zero, we have

w w
Qus = L. anox[t](vss'vtn) = unCnx[E)\/aﬂ (1.108)

Tas

which is similar to the In-versus-Vpg relationship given earlier in (1.60).

EXAMPLE 1.12

For the transistor of Example 1.9, find the triode model parameters when Vpg is
near zero.

Solution
From (1.108), we have

Qg = 92 10“5><(%))>< 04 = 0.368 mA/V

Note that this conductance value is the same as the transconductance of the erm-
sistor, gy, , in the active region. The resistance, Iy , is simply 1/gqs , resulting
in rgs = 2.72 kQ.

The accurate modelling of the high-frequency operation 'of a Lfansistor in the
triode region is nontrivial (even with the use of a computer simulation). A moder—
ately accurate model is shown in Fig. 1.21, where the gate-to-channel capacitance
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Gate-to-channel capacitance

V, T U v

Channel-to-substrate capacitance

Fig. 1.21 A distributed RC model for a transistor in the active
region.

and the channel-to-substrate capacitance are modelled as distributed elements. How-
ever, the I-V relationships of the distributed RC elements are highly nonlinear
because the junction capacitances of the source and drain are nonlinear depletion
capacitances, as is the channel-to-substrate capacitance. Also, if Vpg is not small,
then the channel resistance per unit length should increase as one moves closer to
the drain. This model is much too complicated for use in hand analysis.

A simplified model often used for small Vps is shown in Fig. 1.22, where the
resistance, fgye, is given by (1.108). Here, the gate-to-channel capacitance has been
evenly divided between the source and drain nodes,

Achcux = WLCox
2 2

Cgs = Cyq = (1.109)

Note that this equation ignores the gate-to-junction overlap capacitances, as given by
(1.94), which should be taken into account when accuracy is very important. The
channel-to-substrate capacitance has also been divided in half and shared between the
source and drain junctions. Each of these capacitors should be added to the junction-
to-substrate capacitance and the junction-sidewall capacitance at the appropriate

Vg
Cys T fd _l_ Cqu
s
Vs o— —I_ AN _]— -0 Vy
Csb I I Cgp

Fig. 1.22 A simplified friode-region model
valid for small Vpg.
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node. Thus, we have

A,
Copo = CiO(As + 'Zih)‘* Ci-swoPs @110)
and
A
Capo = Cjo(Ad+TCh)+ci-sw0Pd (1L
Also,
lcare _Ceoo_ (1.112)
sb T
1+ E
N @
and
Cab-o 13
Cop = —=— (1.113)

T
ks
@,

It might be noted that Cg, is often comparable in size to Cgs due to its larger area and
the sidewall capacitance. :

When the transistor turns off, the model changes conmderably.l A rea§ona!3le
model is shown in Fig. 1.23. Perhaps the biggest difference is that s is now infinite.
Another major difference is that Cgg and Cgq are now much smaller. Sxpcg the chan-
nel has disappeared, these capacitors are now due to only overlap and fringing capac-
itance. Thus, we have

Cgs = Cga = WLo\,Cox (1.114)

i total gate capaci-
However, the reduction of Cg¢ and Cqy does net mean that the - hb' Al pate-
tance is necessarily smaller. We now have a “new” capacitor, Cgb, which is g

Fig. 1.23 A smallsignal model for a MOS-
FET that is turned off.
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to-substrate capacitance. This capacitor is highly nonlinear and dependent on the gate
voltage. If the gate voltage has been very negative for some time and the gate is
accumulated, then we have

Cyo = AcnCox = WLGC,, (1.115)

If the gate-to-source voltage is around 0 V, then Cgb is equal to C, in series with the
channel-to-bulk depletion capacitance and is considerably smaller, especially when
the substrate is lightly doped. Another case where Cyp is small is just after a transistor
has been turned off, before the channel has had time to accumulate. Because of the
complicated nature of correctly modelling Cgb when the transistor is turned off,
equation (1.115) is usually used for hand analysis as a worst-case estimate.

The capacitors Cgy, and Cy, are also smaller when the channel is not present. We
now have

Csbo = ACp (1.116)
and
Capo = AsCyy (1.117)

1.3 ADVANCED MOS MODELLING

In this section, we look at three advanced modelling concepts that a microcircuit designer
is likely to encounter—short-channel effects, subthreshold operation, and leakage cur-
rents.

Short-Channel Effects

A number of short-channel effects degrade the operation of MOS transistors as device
dimensions are scaled down. These effects include mobility degradation, reduced out-
put impedance, and hot-carrier effects (such as oxide trapping and substrate currents).
These short-channel effects will be briefly described here. For more detailed model-
ling of short-channel effects, see [Wolf, 1995].

Transistors that have short channel lengths and large electric fields experience a
degradation in the effective mobility of their carriers due to several factors. One of
these factors is the large lateral electric field (which has a vector in a direction perpen-
dicular from the gate into the silicon) caused by large gate voltages and short channel
lengths. This large lateral field causes the effective channel depth to change and also
causes more electron collisions, thereby lowering the effective mobility. Another fac-
tor causing this degradation is that. due to large electric fields, carrier velocity begins
to saturate. A first-order approximation that models this carrier-velocity saturation for
electrons is given by

u,E
1+ E/E,

where E is the electric field and E, is the critical electrical field, which might be on
the order of 1.5x 10° V/m. Using this equation in the derivation of the Ip-V,

vy = (1.118)

eff
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characteristics of a MOS transistor, it can be shown [Gray, 1993] that the drain cur-
rent is now given by

= Mn—quV_VVi« (1.119)
21+ 6Vl L

where 8 = 1/(LE,) and, for a 0.8-um technology, might have a typical lvaluelof
0.6 V-1 It can be shown that this mobility degradation is equivalent to a finite series
source resistance given by

I

o e N
sx_EcHnCoxW

For L,Cox = 90 LA/ V2, this resistance migm be on the orde.r of 6 kQ per pm gf
width (again, for a 0.8-um-long transistor). Thls equ1vz?lent series source rzslxstance 1%
typically larger than the physical source r351st@ce. 'lI’hls salur_auon causes the square:
law characteristic of the current-voltage relationship to be inaccurate, and the true
relationship will be somewhere between linear and square. ‘In many voltage-to-current
conversion circuits that rely on the square-law characteristic, Ih.ls_maccuracy can ble a
major source of error. Taking channel lengths larger than the minimum allowed helps
inimize this degradation. )
° H?I;lax:;?:tors witi;lr short channel lengths also experience a ljeduced output 1mp§d-
ance because depletion region variations at the drain end (Whl?h affect the effcf;F\ve
channel length) have an increased proportional effect on the drain current. In adldltlon,
a phenomenon known as drain-induced barrier_ lowering (DIEL) effecnve;y 0}‘:,6:
V, as Vpg is increased, thereby further lowering the output impedance. of a short-
channel device. This lower output impedance is the main reason that cascode current
i oming increasingly popular. ! |
mm/o:;::hee:);iuponagm short—chirz,ngl effect is due to hot _carriers. These }ugh-ve}wny
carriers can cause harmful effects, such as the generation of e_lectron-hole pairs by
impact ionization and avalanching. These extra elec@n-hole pairs can cause cun'enés
to flow from the drain to the substrate, as shown in Fig. 1.24. This effect can be mod-

(1.120)

Vg>> Vi, Vp>>0

Gate
current

o=_5 S
\ o
Punch-through ™
current © Drain-to-substrate
o X current

=

Fig. 1.24 Drain-o-subsirate current caused by electron-hole pairs generated by impact
ionization at drain end of channel.
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elled by a finite drain-to-ground impedance. As a result, this effect is one of the major
limitations on achieving very high output impedances of cascode current sources. In
addition, this current flow can cause voltage drops across the substrate and possibly
cause latch-up, as the next section describes.

Another hot-carrier effect occurs when electrons gain energies high enough so
they can tunnel into and possibly through the thin gate oxide. Thus, this effect can
cause dc gate currents. However, often more' harmful is the fact that any charge
trapped in the oxide will cause a shift in transistor threshold voltage. As a result, hot
carriers are one of the major factors limiting the long-term reliability of MOS transis-
tors.

A third hot-carrier effect occurs when electrons with enough energy punch
through from the source to the drain. As a result, these high-energy electrons are no
longer limited by the drift equations governing normal conduction along the channel.
This mechanism is somewhat similar to punch-through in a bipolar transistor, where
the collector depletion region extends right through the base region to the emitter. In a
MOS transistor, the channel length becomes effectively zero, resulting in unlimited
current flow (except for the series source and drain impedances, as well as external
circuitry). This effect is an additional cause of lower output impedance and possibly
transistor breakdown.

It should be noted that all of the hot-carrier effects just described are more pro-
nounced for n-channel transistors than for their P-channel counterparts because elec-
trons have larger velocities than holes.

Finally, it should be noted that short-channel transistors have much larger sub-
threshold currents than long-channel devices.

Subthreshold Operation

The device equations presented for MOS transistors in the preceding sections are all
based on the assumption that V¢ (i.e., Vas — V) is greater than about 100 mV and
the device is in strong inversion. When this is not the case, the accuracy of the square-
law equations is poor. If V< —100 mV, the transistor is in weak inversion and is
said to be operating in the subthreshold region. In this region, the transistor is more
accurately modelled by an exponential relationship between its control voltage and
current, somewhat similar to a bipolar transistor. In the subthreshold region, the drain
current is approximately given by the exponential relationship [Geiger, 1990]

I Ioo(v—!)e‘“"ﬁs/"m i

where
n= Cux & Cdspl

=15 1.122
C 2 (1.122)

ox

and it has been assumed that Vg = 0 and Vpbs>75 mV. The constant Ip, might be
around 20 nA.
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Although the transistors have an exponential relationship in this region, the trans-
conductances are still small because of the small bias currents, and the transistors are
slow because of small currents for charging and discharging capacitors. In addition,
matching between transistors suffers because it now strongly depends on transistor-
threshold-voltage matching. Normally, transistors are not operated in the subthreshold
region, except in very low-frequency and low-power applications.

Leakage Currents

An important second-order device limitation in some applications is the leakage cur-
rent of the junctions. For example, this leakage can be important in estimating the
maximum time a sample-and-hold circuit or a dynamic memory cell can be left in
hold mode. The leakage current of a reverse-biased junction (not close to breakdown)
is approximately given by
_ 9AN, 5
Tjei= = Xg (1.123)

where A is the junction area, n; is the intrinsic concentration of carriers in undoped
silicon, T, is the effective minority carrier lifetime, and X4 is the thickness of the

depletion region. T, is given by

Tg = %(‘r“+‘cp) (1.124)

where 1, and T, are the electron and hole lifetimes. Also, X4 is given by

Xg = 2——580 @, +V (1.125)
i
d . ClNA( 9 »

n, = JNGNy o(-E)/(KT) (1.126)
where N and Ny are the densities of states in the conduction and valence bands and
E, is the difference in energy between the two bands.

Since the intrinsic concentration, n;, is a strong function of temperature (it
approximately doubles for every temperature increase of 11 °C for silicon), the leak-
age current is also a strong function of temperature. Roughly speaking, the leakage-
current also doubles for every 11 °C rise in temperature. Thus, the leakage current at
higher temperatures is much larger than at room temperature. This leakage current
imposes a maximum time on how long a dynamically charged signal can be main-
tained in a high impedance state.

and n; is given by

1.4 BIPOLAR-JUNCTION TRANSISTORS

In the early electronic years, the majority of microcircuits were realized using bipolar-
junction transistors (BJTs). However, in the late 1970s, microcircuits that used MOS
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t‘ranmlstors began to dominate the industry, with BJT microcircuits remaining popular
for high-speed applications. More recently, bipolar CMOS (BiCMOS) technolop ies
where .both bipolar and MOS transistors are realized in the same microcircuit lglavé
g}'oyaln in po.pul'fuity. BiCMOS technologies are particularly attractive for mixed a;lalog-
Wllg[;lt bi;?l:ic::voiri,s .and thus it is important for an analog designer to become familiar
Modern bipolar transistors can have unify-gain frequencies as high as 15 to
45 GHZ or more, compared to unity-gain frequencies of only 1 to 4 GHz for MOS
transistors thgt use a technology with similar lithography resolution. Unfortunately, in
bxpollar transistors, the base control terminal has a nonzero input current when ‘the
transistor is gonducting current (from the collector to the emitter for an npn transistor;
from the emitter to the collector for a pnp transistor). Fortunately, at low frequencies,
the base current is much smaller than the collector-to-emitter current—it may be onl !
1/100 of the collector current for an npn transistor. For lateral pnp transistors, thz
base :ungnt Inay be as large as 1/20 of the emitter-to-collector current. ,
typlczT cross section of an npn bipolar-junction transistor is she in Fi
Altt}ough this structure looks quite complicated, it corresponds appr(:;:inni:tglyg.t(lx tzhse
equivalent structure shown in Fig. 1.26. In a good BIT transistor, the width of the base

The base contact surrounds Base

th_e emitter contact to

minimize base resistance.
SiO, insulator
(field oxide

Collector

/ ) XL L
o
\ Buried collector region n* Fefg?@},"’e base j

Substrate or bulk P

Fig. 1.25 A cross section of an npn bipolar-junction transistor.

Base

Emittero—{ + o
i p n n* —o Collector

—s
w

Fig. 1.26 A simplified structure of an npn transistor.
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Emitter
Collector

I
e L T

Base Base

’ Ic = Bl

Io = Pl 1 woi o

100Ig
(Typical)

n

Emitter (Typical if lateral) Collector

(&) npn (b) pnp

Fig. 1.27 The symbols representing (a] an npn bipolar-junction transistor and (b) a
pnp bipolar-junction transistor.

region, W, is small (typically, less than 1 wm ). Also, as we will see, the base must be

more lightly doped than the emitter. ) |
The circuit symbols used to represent Npn and pnp transistors are shown in

Fig. 1.27.

Basic Operation

Emitter

To understand the operation of bipolar transistors, we consider here an npn transistor
with the emitter connected to ground, as shown in Fig. 1.28. If the bas.e voltage, Vg, is
less than about 0.5 V, the transistor will be cut off, and no cur{'ent will flow. We will
see that when the base-emitter pn junction becomes forward biased, cgrrenll will start
to flow from the base to the emitter, but, partly because the base w@th is small, a
much larger proportional current will flow from thef collector to the enutt'er‘ 'I;hus, t_;he
npn transistor can be considered a current amplifier at low frequencies. In other

Vge = 07V

Holes

n~ collector n*

n* emitter

—O Vge>03 V

Depletion region

Fig. 1.28 Various components of the currents of an npn transistor.
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words, if the transistor is not cut off and the collector-base junction is reverse biased,
a small base current controls a much larger collector-emitter current.

A simplified overview of how an npn transistor operates follows: When the base-
emitter junction becomes forward biased, it starts to conduct, similar to any forward-
biased junction. The current consists of majority carriers from the base (in this case,
holes) and majority carriers from the emitter (in this case, electrons) diffusing across
the junction. Because the emitter is more heavily doped than the base, there are many
more electrons injected from the emitter than there are holes injected from the base.
Assuming the collector voltage is large enough so that the collector-base junction is
reverse biased, no holes from the base will go to the collector. However, the electrons
that travel from the emitter to the base, where they are now minority carriers, diffuse
away from the base-emitter junction because of the minority-carrier concentration gra-
dient in the base region. Any of these minority electrons that get close to the collec-
tor-base junction will immediately be “whisked” across the junction due to the large
positive voltage on the collector, which attracts the negatively charged electrons. In
a properly designed bipolar transistor, such as that shown in Fig. 1.25, the vertical
base width, W, is small, and almost all of the electrons that diffuse from the emitter
to the base reach the collector-base junction and are swept across the junction, thus
contributing to current flow in the collector. The result is that the collector current
very closely equals the electron current flowing from the emitter to the base. The
much smaller base current very closely equals the current due to the holes that flow
from the base to the emitter. The total emitter current is the sum of the electron col-
lector current and the hole base current, but since the hole current is much smaller than
the electron current, the emitter current is approximately equal to the collector current.

Since the collector current is approximately equal to the electron current flowing
from the emitter to the base, and the amount of this electron current is determined by
the base-emitter voltage, it can be shown (see Appendix at the end of this chapter) that
the collector current is exponentially related to the base-emitter voltage by the rela-
tionship

Tg = Ioge ™ 1.127)
where I¢g is the scale current. This scale current is proportional to the area of the
base-emitter junction. The base current, determined by the hole current flowing from
the base to the emitter, is also exponentially related to the base-emitter voltage, result-
ing in the ratio of the collector current to the base current being a constant that, to a
first-order approximation, is independent of voltage and current. This ratio, typically
denoted as B, is defined to be

B = I—C (1.128)
Ig
where I¢ and Iy are the collector and base currents. Typical values of B are between
50 and 200.

Note that (1.127) implies that the collector current is independent of the collector
voltage. This independence ignores second-order effects such as the decrease in effec-
tive base width, W, due to the increase in the width of the collector-base depletion
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4
Ic Transistor
breakdown

region

/{_________———1’
»

Voe.sat = 0.3V Vee

Fig. 1.29 Typical plot of I versus Ve for a BJT.

region when the collector bias voltage is increased. To illustrate this point, a typical
plot of the collector current, Ic, as a function of collector-to-emitter voltage, Vg, for
different values of Ig is shown in Fig. 1.29 for a practical transistor. The fact that the
curves are not flat for Vg > Vg indicates the dependence of I¢ on V. Indeed,
to a good approximation, the dependence is linear with a slope that intercepts the Vg
axis at Vg = -V, for all values of Ig. The intercept voltage value, V, is called the
Early voltage for bipolar transistors, with a typical value being from 50 V to 100 V.
This dependency results in a finite output impedance (as in a MOS transistor) and can
be modelled by modifying equation (1.127) [Sze, 1981] to be

v
I = IcsevBE/vw(l +%> (1.129)
A

Large-Signal Modelling

A conducting BIT that has a Vg greater than Vg gs (Which is approximately 0.3 V)
is said to be operating in the active region. Such a collector-emitter voltage is required
to ensure that none of the holes from the base go to the collector. A large-signal model
of a BJT operating in the active region is shown in Fig. 1.30.

Ig I
—» <«
Vg Ve
I(: = Bls
Ig = Igge"ee"T $e=l+k

Fig. 1.30 A largesignal model for a BIT in the
active region.
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Since Iy = Ic/B, we have

I
Ty= %e"“/v* = Tyea o=t (1.130)

which is similzfr to a diode equation, but with a multiplying constant of
Ics/B = Igs. Since I = Iz +1Ic, we have

+ 1) _Vgerv. :
T = ICS(BT)e LT T 1.131)
or equivalently
Ic = alg (1.132)
where o has been defined as
B
o= ——
Al (1.133)
and for large values of B, can be approximated as
a=1 loe 1
= f— == i
B (1.134)

If the effect of Vg on I is included in the model, the current-controlled source, Blg
should be replaced by a current source given by ’

v
o BIB(“VLAE) (1.135)

_where Va i§ the Early-voltage constant. This additional modelling of the finite output
impedance is normally not done in large-signal analysis without the use of a computer
due to its complexity.

As the collector-emitter voltage approaches Vcesat (typically around 0.2 to
0'.3 V), the base-collector junction becomes forward biased, and holes from the base
w111. begin to diffuse to the collector. A common model for this case, when the transis-
tor is saturated or in the saturation region, is shown in Fig. 1.31. It should be noted
that the value of Vg o, decreases for smaller values of collector current.

Is 1
—
VB o VC
Ig = Igge"2eVT ¥ Vg = 0.3V
J =Tt
VE

Fig. 1.31 A large-signal model for a BJT in the satura-
fion region.
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Base-Charge Storage in the Acfive Region

When a transistor is in the active region, many minority carriers are stored in the base
region (electrons are stored in an npn transistor). Recall that this minority charge is
responsible for I, so this charge must be removed (through the base contact) before
a transistor can turn off. As in a forward-bias diode, this charge can be modelled as a
diffusion capacitance, Cy, between the base and emitter given by (see Appendix at
the end of this chapter)

I
Cy = Tp— 1.136
d TbVT ( )

where T, is the base-transit-time constant. Thus, we see that the diffusion capacitance
is proportional to I. The total base-emitter capacitance, Cpe, Will include the base-
emitter depletion capacitance, C;, in parallel with Cy. Normally, however, C; is much
less than Cgy, unless the transistor current is small, and can often be ignored.

Base-Charge Storage of a Saturated Transistor

When a transistor becomes saturated, the minority-charge storage in the base and,
even more so, in the lightly doped region of the collector, increases drastically. The
major component of this charge storage is due to holes diffusing from the base,
through the collector junction, and continuing on through the lightly doped n” epitax-
ial region of the collector to the n* collector region. The N epitaxial region is so
named because it is epitaxially grown on a p region. Most of the charge storage occurs
in this region. Also, additional charge storage occurs because electrons that diffused
from the collector are stored in the base, but this charge is normally smaller. The mag-
nitude of the additional charge stored by a transistor that is saturated is given by

I

Q, = rs(lg— —C) 1.137)
B

where the base overdrive current, defined to be Ig — I/, is approximately equal to

the hole current from the base to the collector. Normally, in saturation, Ig >> 1¢/B,

and (1.137) can be approximated by

Q, = tlg (1.138)

The constant T, is approximately equal to the epitaxial-region transit time, Tg (ignor-
ing the storage of electrons in the base that diffused from the collector). Since the epi-
taxial region is much wider than the base, the constant Ty is normally much larger than
the base transit time, the constant Ty, often by up to two orders of magnitude. The spe-
cific value of 1 is usually found empirically for a given technology.

When a saturated transistor is being turned off, first the base current will reverse.
However, before the collector current will change, the saturation charge, Qg, must be
removed. After Qg is removed, the base minority charge, Qy, will be removed. Dur-
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ing this time, the collector current will decrease until the transistor shuts off. Typi-
cally, the time to remove Qg greatly dominates the overall charge removal. '

lf_the ‘tlme required to remove the base saturation charge, ts, is much shorter than
the epitaxial-region transit time, T, then one can derive a simple expression for the
time re-quired to remove the saturation charge. If the reverse base current (when the
saFurauon charge is being removed), denoted by Igr, remains constant while Q. is
being removed, then we have [Hodges, 1988] < °

- TS(IB‘IEC) e *

o= £ gt
BR Iar Isr

= (1.139)
where T3 = Tg.

Normally, the forward base current during saturation, Ig, will be much smaller
than the reverse base‘m_.lrrent during saturation-charge removal, Igg . If this were not
the case, then our'ongmal assumption that t; << T¢ = 7, would not be true. In this
case, the t!.lm—.off time of the BJT would be so slow as to make the circuit unusable in
most applications. Nevertheless, the turn-off time for this case, when t is not much
less than 1, is given by [Hodges, 1988] *

Igr+1g

ty = tIn
s =ty IBH+%C (1.140)

The reader should verify that for Igg >> Iz and Igg >> I¢/P, the expression in
(1.140) is approximately equivalent to the much simpler one in (1.139).

In both of the cases just described, the time required to remove the storage charge
ofa sat_urated transistor is much larger than the time required to turn off a transistor in
the active region. In high-speed microcircuit designs, one never allows bipolar tran-
SISTOTS to saturate, to avoid the long turn-off time that would result.

EXAMPLE 1.13

For 7, = 0.2 ns, 7, = 100 ns (a small value for Tg), Iy = 0.2 mA, Ic=1
mA, B = 100, and Igg = 1 mA, calculate the time required to remove the
base saturation charge using (1.139), and compare it to the time obtained using
the more accurate expression of (1.140). Compare these results to the time
required to remove the base minority charge for the same Igg.

Solution
Using (1.139), we have

_7ex10) _

i =20 ns 1.141
107 (1.141)
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Using (1.140), we have
107 +2x10™
T e
ts = 107'In 0 107

100

= 172 ns (1.142)

which is fairly close to the first result.
The time required for an active transistor to remove the base minority

charge, Qy, is given by
= B Tley (1.143)

This is approximately 100 times shorter than the time for removing the base sat-
uration charge!

Small-Signal Modelling

The most commonly used small-signal model is the hybrid-n model. This model is
similar to the small-signal model used for MOS transistors, except it includes a finite
base-emitter impedance, f,;, and it has no emitter-to-bulk capacitance. The hybrid-t
mode] is shown in Fig. 1.32. As in the MOS case, we will first discuss the transcon-
ductance, Gy, and the small-signal resistances, and then we will discuss the parasitic
capacitances.

The transistor transconductance, Gy, is pethaps the most important parameter of
the small-signal model. The transconductance is the ratio of the small-signal collector
current, i, to the small-signal base-emitter voltage, Vy,, . Thus, we have

[ o

= = 1.144)
L Voe Vi .
Base b ?f" 412 Collector
Vp o—-'W == 0 V.
Ip A

ImVbe th % Ces

Ly
ve
Emitter

Fig. 1.32 The smallsignal model of an active BJT.
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Recall that in the active region

V, V.
I = Igge ™" (1.145)

Then

_ e Ios veerv
Ve V—Tef; (1.146)

Using (1.145) again, we obtain

I
Im = \TT (1.147)
where V7 is given by
kT
bl (1.148)

and is approximately 26 mV at a room temperature of T = 300 °K . Thus the trans-
_copd_uctance is proportional to the bias current of a BJT. In integrated-circilit design
it is important that the transconductance (and hence speed) remain temperature inde:
pe.ndent, so the bias currents are usually made proportional to absolute temperature
(since V is proportional to absolute temperature).

The presence of the resistor r,; reflects the fact that the base current is nonzero.

We have
= OVge
L A (1.149)
Because from (1.130) we have
Ic _ Ics veerv
Ig = 3 = -=Dg BT (1.150)
we therefore have
l = _aIB = Ic_sev“/v'
T Ve BV PES
Using (1.150) again, we have
Ve
r, = = (1.152)
B
or equivalently,
Vo B
e =pB— =2 1.153
i IC Im o )
Since

lg = lg+1p (1.154)



52  Chapter 1 ¢ Integrated-Circuit Devices and Modelling

we also have
dle - al, 5 dlg
Vee 9Vee 9Vee

(1.155)

Some alternative models, usually called T models (see page 55), use the emitter resis-
tance, o, where

ro= WNee _ & (1.156)
olg Om
Continuing, we have
1 el (1.157)
ro, OVce

The small-signal resistance, I, , models the dependence of the collector current on the
collector-emitter voltage. Repeating (1.129) here for convenience,

\
Fola Icse"“/v*(l i E) (1.158)
Va
we have
1 e Ios veerwr (1.159)
r, Ve Va
Thus,
= V—A (1.160)
o
I
which is inversely proportional to the collector current. As an aside, note that Imlo =
V,/Vr is a constant value independent of the istor operating point. This con-

stant is usually between 2,000 and 8,000 for an npn BJT and is an upper limit on the
attainable voltage gain for a single-transistor amplifier.

The resistor I, models the resistance of the semiconductor material between the
base contact and the effective base region due to the moderately lightly doped base p
material (see Fig. 1.25). This resistor, although small (typically a few hundred qhmg),
can be important in limiting the speed of very-high-frequency low-gain BJT circuits
and is a major source of noise.
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EXAMPLE 1.14
For I = 1 mA, B = 100, and V, = 100 V, calculate Qs Lis T Tos and
gﬂer‘
Solution
We have :
O = Lo _1ox107a _ 38.5 mA/V (1.161)
N 0026V T
.
.= — = 26kQ (1.162)
m
o 100
r o s PR hE - st s 1.16
T (101)2 —
Va 100
o= — = — = 100 kQ 1.164
° I, 107 L

and gpf,, the maximum possible gain with a single-transistor amplifier, is given
by

VA
Omlo = 5~ = 3,846 (1.165)
Ve

Note that this gain is much higher than the 52.6 that was found for a single MOS
transistor in Example 1.9. Also note that this BJT maximum gain is independent
of the bias current. For MOS transistors, it can be shown that the maximum gain
decreases with larger bias currents in a square-root relationship. This is one of
the reasons why it is possible to realize a single-transistor BJIT amplifier with a
much larger gain than would result if a MOS transistor were used, especially at
high current levels (and therefore at high frequencies).

The high-frequency operation of a BJT is limited by the capacitances of the
small-signal model. We have already encountered one of these capacitances, Che» In
Section 1.1. Recapping, we have

i = 1Gj+C; (1.166)

where CJ- is the depletion capacitance of the base-emitter junction. For a forward-
biased junction, a rough approximation for Cj is

Cj = 2A:Cyp (1.167)

The diffusion capacitance, Cy, is given in (1.136) as



54

Chapter 1 * Integrated-Circuit Devices and Modelling

I
By = o il cL169
T

The capacitor, Cqy,, models the depletion capacitance of the collector-base junction.
Since this is a graded junction, we can approximate C, by

AcC;
(o R WP e (1.169)

13
A

[1 +ﬁ]
(I)cl)

where A is the effective area of the collector-base interface.

Due to the lower doping levels in the base and especially in the collector (perhaps
5% 107 acceptors/m* and 10?' donors/m?, respectively), @, the built-in potential
for the collector-base junction, will be less than that of the base-emitter junction (per-
haps 0.75 V as opposed to 0.9 V). It should be noted that the cross-sectional area of
the collector-base junction, Ag, is typically much larger than the effective area of the
base-emitter junction, Ag, which is shown in Fig. 1.25. This size differential results in
Ac Cio being larger than Ag Cjgo, the base-emitter junction capacitance at 0 V bias,
despite the lower doping levels.

Finally, another large capacitor is Cgg, the capacitance of the collector-to-
substrate junction. Since this area is quite large, Cge, which is the depletion cap-
acitance that results from this area, will be much larger than either Cg, or the
depletion capacitance component of Cpe, that is, C;. The value of Cgg can be cal-
culated using J

A:C;
e | VD (1.170)

Vg2
)

¢SO
where Ay is the effective transistor area and Cy is the collector-to-substrate capaci-
tance per unit area at 0-V bias voltage.

A common indicator for the speed of a BJT is the frequency at which the transis-
tor’s current gain drops to unity, when its collector is connected to a small-signal
ground. This frequency is denoted f; and is called the transistor unity-gain frequency.
We can see how this frequency is related to the transistor model parameters by ana-
Iyzing the small-signal circuit of Fig. 1.33. In the simplified model in part b, the resis- -
tor r, is ignored because it has no effect on iy, since the circuit is being driven by a
perfect current source. We have

cs

i
sChpe

1
—_— 1.171
SCCJ wam

Vbe = ib[rn

and
i = gnVee (1.172)
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Fig. 1.33

(a) A smallsignal model used to find f;; (b) an equivalent simplified model.

Solving for i, / iy, gives

iC gmrn

E B 1+8(Cpe + Cop)ry —

At }ow frequencies, the current gain is g,,r,, which equals the expected value of §

(using (1.153)). At high frequencies, i, / iy, is approximately given by

LI ' - Il ’ Im
0(Cpe+Cep)lf;  @(Cpe +Cqp)

(1.174)

i

To find the unity-gain frequency, we set i/ ip)(@)| = 1 and solve for ®,, which
results in

Im
Gy = el
o e (1.175)
or
R (S (1.176
27(Cpe + Cyp) 178)

Often, either f,, a, ort = 1/ay will be specified for a transistor at a particular bias cur-
rent. .Thcse values indicate an upper limit on the maximum frequency at which the
transistor can be effectively used.

The hybrid-r model is only one of a number of small-signal models that can be
used. One common alternative is the low-frequency T model shown in Fig. 1.34. Use

of thlis T model often results in a much simplified analysis, compared to use of the
hybrid-m model, and thus it is useful for hand analysis.



56

1.5 DEVICE MODEL SUMMARY

Chapter 1 ¢ Integrated-Circuit Devices and Modelling

Fig. 1.34 A low-frequency, smallsignal T
model for an active BJT.

As a useful aid, all of the equations for the large-signal and small-signal modelling of
diodes, MOS transistors, and bipolar transistors, along with values for the various

constants, are listed in the next few pages.

Constants
q=1602x10"°C k = 1.38x107 JK™
n, = 1.1x 10" carriers/m3 at T = 300 °K | g, = 8.854x 107* F/m
Kox = 3.9 Ke = 11.8
Rn = 0.05 m2/V-s Kp = 0.02 m2/V-s
Diode Equations

Reverse-Biased Diode (Abrupt Junction)

ol v
C=—— Q =2C;,@, |1+ =1
]
VR Q>0
1+—
¢0

o =

qKsgq NpNa
2@, Np+Np

qKs€oNp .
Cp = T% if Np>> Np

NN
iy i
q n’
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Forward-Biased Diode
of D D
Ic = Apan] —2 4 —P.
Ty eiger 2 || o8 = 5ad '[LnNA+LpNDJ
kT
Vi = ? = 26 mV at300°K _

NS C:l = Cy=¢
Vr | Cr=0y+G
fy = —
I
Ib | G =2C,
Cy = Trr 1
d TTV
LZ
= =
Dn
MOS Transistor Equations

The following equations are for n-channel devices—for p-channel devices, put nega-
tive signs in front of all voltages. These equations do not account for short-channel

effects (i.e., L < 2Ly ).
Triode Region (Vgs> Vin, Vps< Vogr)

w
Ip = uncux(t)[(sz ~Vin)Vps—

2

Vet = Vas—Vin

Vin = Vino + ¥(J/Vss + 20 - JT%)
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op = ﬂln(N_A) _ J29KsiggNs
F g \n =S
Kox€
Cox = :x .
0X

Small-Signal Model in Triode Region (for Vps << Vgg)

VQ
Sl
bty S s
= jica
- 1
ds W
unCox(t)ve'f
1 Cio(Ag+WL/2)
Cga = Cgs = SWLCox+WL,,Cox | C,p = Cyp = ot —
i 1+ \ﬁ’
@,

Active (or Pinch-Off) Region (Vgs > Vi, Vps> Veg)

_ HCaW
TR

1 Vin = Vino+ ¥(JVss + 205 - 20¢)

Ip (Vas— Vi) [1+A(Vps = Ver)]

Ao —— ——
L./Vps=Veii + @
Ve = Vas—V, #lp
o = Vas=Vin = WL

1.5 Device Model Summary

Small-Signal Model (Active Region)
C,

9d
I

gmvgs% 9sVs ¢ Tas
Csb %

Vgs

e
I

_ILH )
- I

w _ A/h
Un = uncox(—)ve., G = 2uncox<W/L)ﬂ

L
.M Ygm
n = 2 Gyt
Veir 2, Nes + 204
1 g, = 02g
r = — s m
ds Al

B el o . R
2L Vo=V + @, s qN,

Cji'= §WLCOX+WLWC°X Cqa = WL, Cox
Cob = (Ac+WL)Cjs + P<Ci.cw e Cio

® T T+Va/e,
Cab = AdCig+ PyCj s ~ Cyp

Cy =
[T+ Vs /D,

Typical Values for a 0.8-um Process

59

Vin =08V Vip = =09V

HnCox = 90 pA/V? £pCox = 30 pA/V?
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Cox = 19% 107 pF/(um)* C,=24x10™ pF/(um)’
Ciow =2.0x 10 pF/um Cosoverap = 20% 10™ pF/pm
0 = 034V @, =09V
y=05V"? tox = 0.02 pm
Ng = 6x10* impurities/m’

Bipolar-Junction Transistors

Active Transistor

Io = Iege ™" Vi = % = 26 mV at 300 °K
Vge/Vr, Vee
For more accuracy, Ig = Igge ™ (1 V—A)
2 I
AgqD.n Ty i= -2
Ies = =N, B
D,NoL NoL,
Die = 2L = S P i Rt
Ie = (1+E)Ic = &IC = B+Dlg B = & = DNW N.W

B
o= —
1+P

Small-Signal Model of an Active BJT

C ic Collector
Bvase fbr lalm tg =)

b o v
el

1 +Vbe ImVbe i I Ces
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I V.
G = = b i o BT
Vr Is Im
r,=2 b, = Va
Im IC
Va I
Omlo = Vs Cq = Tbv—i = OmTp
Cpe = C;+Cy _ ACi
o Veaoriiz
(1+ =)
q)so
AcC;
€ = e ig)
e5 (1 . E)m
q)co

1.6 SPICE-MODELLING PARAMETERS

This section briefly describes some of the important model parameters for diodes,
bipolar transistors, and MOS transistors used during a SPICE simulation. It should be
noted here that not all SPICE model parameters are described. However, enough are
described to enable the reader to understand the relationship between the relative
parameters and the corresponding constants used when doing hand analysis.

Diode Model

There are a number of important dc parameters. The constant Is is specified using
either the parameter IS or JS in SPICE. These two parameters are synonyms, and only
one should be specified. A typical value specified for Is might be between 1078 A
and 10° A for small diodes in a microcircuit. Another important parameter is called
the emission coefficient, n. This constant multiplies V7 in the exponential diode I-V
relationship given by

Ip = Ige"* ™" (1.177)
The SPICE parameter for n is N and is defaulted to 1 when not specified (1 is a rea-
sonable value for junctions in a microcircuit). A third important dc characteristic is
the series resistance, which is specified in SPICE using RS. It should be noted here
that some SPICE programs allow the user to specify the area of the diode, whereas
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others expect absolute parameters that already take into account the effective area.
The manual for the program being used should be consulted.

The diode transit time is specified using the SPICE parameter TT. The most
important capacitance parameter specified is CJ. CJO and CJ are synonyms—one
should never specify both. This parameter specifies the capacitance at O—Vﬁblas. Once
again, it may be specified as absolute or as relative Fo thle area ("?'* F/m ).. depend-
ing on the version of SPICE used. Also, the area junction grgdmg coefﬁ;lent, MJ 3
might be specified to determine the exponent used in the capacitance equation. Typi-
cal values are 0.5 for abrupt junctions and 0.33 for graded junctions. In some S?ICE
versions, it might also be possible to specify the sidev&{allA capac1t§nce at O-Y bxa_s as
well as its grading junction coefficient. Finally, the built-in gqbentla! of the junction,
which is also used in calculating the capacitance, can be specified using PB. PHI, VI,

e all synonyms of PB. o
o PR?aAsoilrably zz;cura}llte diode simulations can usually be obtained by specifying
only IS, CJ, MJ, and PB. However, most modern versions of SPICE have many more
parameters that can be specified if one wants accurate temgerature and noise simula-
tions. Users should consult their manuals for more information. i

Table 1.1 summarizes some of the more important diode parameters. This set gf
parameters constitutes a minimal set for reasonable simulation accuracy under ordi-

nary conditions.

MOS Transistors

Modern MOS models are quite complicated, so only some of the more important MOS
parameters used in SPICE simulations are described here. These parameters are used
in what are called the Level 2 or Level 3 models. The mod;l lev‘el can be ch(_)sen by
setting the SPICE parameter LEVEL to either 2 or 3. ’I’he oxide tl_uc_kness, tox» 18 spec-
ified using the SPICE parameter TOX. If it is specifled, then it is not necessar)';}tlo
specify the thin gate-oxide capacitance (Cox; specxﬁgd by Pare?rnt?ter C(‘)X)A e
mobility, W, can be specified using UO. If UO is specified, the‘ intrinsic qanmsto; con-
ductance (L,Coy) Will be calculated automatically, unless this automatic calcu] auc;ln
is overridden by specifying either KP (or its synonym, BETA). The transistor thresh-
old voltage at Vg = 0 V, Vy,, is specified by VTO. The body-effect parameter, 7,

Table 1.1 Important SPICE parameters for modelling diodes

SPICE Model

Parameter  Constant Brief Description Typical Value
IS I Transport saturation current 1077 A

RS Ry Series resistance 30 Q

L Tr Diode transit time 12 ps

CI Cio Capacitance at 0-V bias 0.01 pF

MI m; Diode grading coefficient exponent 0.5

PB @, Built-in diode contact potential 09V
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can be specified using GAMMA, or it will be automatically calculated if the substrate
doping, Ny, is specified using NSUB. Normally, one would not want SPICE to calcu-
late v because the effective substrate doping under the channel can differ significantly
from the substrate doping in the bulk due to threshold-voltage adjust implants. The
output impedance constant, A, can be specified using LAMBDA. Normally,
LAMBDA should not be specified since it takes precedence over internal calculations
and does not change the output impedance as afunction of different transistor lengths
or bias voltages (which should be the case). Indeed, modelling the transistor output
impedance is one of weakest points in SPICE. If LAMBDA is not specified, it is cal-
culated automatically. The surface inversion potential, [2¢g|, can be specified using
PHI, or it will be calculated automatically. Another parameter usually specified is the
lateral diffusion of the junctions under the gate, Lp, which is specified by LD. For
accurate simulations, one might also specify the resistances in series with the source
and drain by specifying RS and RD (typically only the source resistance is important).
Many other parameters exist to model such things as short-channel effects, subthresh-
old effects, and channel-width effects, but these parameters are outside the scope of
this book.

The modelling of parasitic capacitances in SPICE is quite involved. Originally,
this modelling was not very accurate since it did not include charge conservation for
the gate charge. However, this modelling has greatly improved in recent commercial
versions of SPICE. The capacitances under the junctions per unit area at 0-V bias,
(i.e., Cjp) can be specified using CJ or can be calculated automatically from the speci-
fied substrate doping. The sidewall capacitances at 0 V, Ci.swo should normally be
specified using CJSW because this parameter is used to calculate significant parasitic
capacitances. The bulk grading coefficient specified by MIJ can usually be defaulted to
0.5. Similarly, the sidewall grading coefficient specified by MISW can usually be
defaulted to 0.33 (SPICE assumes a graded junction). The built-in bulk-to-junction
contact potential, ®,, can be specified using PB or defaulted to 0.8 V (note that 0.9 V
would typically be more accurate, but the resulting simulation differences are small).
Sometimes the gate-to-source or drain-overlap capacitances can be specified using
CGSO or CGDO, but normally these would be left to be calculated automatically
using COX and LD.

Some of the more important parameters that should result in reasonable simula-
tions (except for modelling short-channel effects) are summarized in Table 1.2 for
both n- and p-channel transistors. Table 1.2 lists reasonable parameters for a typical
0.8-um technology.

Bipolar Junction Transistors

For historical reasons, most parameters for modelling bipolar transistors are specified
absolutely. Also, rather than specifying the emitter area of a BJT in (km)”~ on the line
where the individual transistor connections are specified, most SPICE versions have
multiplication factors. These multiplication factors can be used to automatically mul-
tiply parameters when a transistor is composed of several transistors connected in par-
allel. This multiplying parameter is normaily called M.
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Table 1.2 A ble set of MOS par for a typical 0.8-um technology
SPICE Model
Parameter  Constant Brief Description Typical Value
VTO Vin:Vip  Transistor threshold voltage (in V) 0.7:-0.9
Uo Hnitp Carrier mobility in bulk (in cm?/V-s) 500:175
TOX tox " Thickness of gate oxide (in m) 18x107
LD Lp Lateral diffusion of junction under gate (in m) 6x10-8
GAMMA Y Body-effect parameter 0.5:0.8
NSUB Na:Np The substrate doping (in cm™) 3% 1016:7.5 x 1016
PHI |20¢ Surface inversion potential (in V) 0.7
PB @, Built-in contact potential of junction to bulk (in V) 09
CI Cio Junction-depletion capacitance at 0-V bias (in F/m?) 2.5 x 107*:40x107
CISW Ciswo Sidewall capacitance at 0-V bias (in F/m) 20%107%:2.8x 107"
MJ m; Bulk-to-junction exponent (grading coefficient) 0.5
MISW m; Sidewall-to-junction exponent (grading coefficient) 0.3

The most important dc parameters are the transistor current gain, B, specified by
the SPICE parameter BF; the transistor-transport saturation current, Igg, specified
using the parameter IS; and the Early-voltage constant, specified by the parameter
VAF. Typical values for these might be 100, 10717 A, and 50 V, respectively. If one
wants to model the transistor in reverse mode (where the emitter voltage is higher
than the collector voltage for an npn), then one might specify BR, ISS, and VAR, as
well; these are the parameters that correspond to BIF, IS, and VAF in the reverse
direction. Typically, this reverse-mode modelling is not important for most circuits.
Some other important dc parameters for accurate simulations are the base, emitter,
and collector resistances, which are specified by RB, RE, and RC, respectively. It is
especially important to specify RB (which might be 200 Q to 500 £2).

The important capacitance parameters and their corresponding SPICE parameters
include the depletion capacitances at 0-V bias voltage, CJE, CIC, CIS; their grading
coefficients, MJE, MJC, MJS; and their built-in voltages, VIE, VIC, VIS, for base-
emitter, base-collector, and collector-substrate junctions. Again, the 0-V depletion
capacitances should be specified in absolute values for a unit-sized transistor. Normally
the base-emitter and base-collector junctions are graded (i.e., MJE, MIC = 0.33),
whereas the collector-substrate junction may be either abrupt (MJS = 0.5) or graded
(MJS =0.5), depending on processing details. Typical built-in voltages might be 0.75 V
to 0.8 V. In addition, for accurate simulations, one should specify the forward-base
transit time, T, specified by TF, and, if the transistor is to be operated in reverse mode
or under saturated conditions, the reverse-base transit time, Tg, specified by TR.

The most important of the model parameters just described are summarized in
Table 1.3.

Once again, many other parameters can be specified if accurate simulation is
desired. Other parameters might include those to model B degradation under high or
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Table 1.3 The most important SPICE parameters for modelling BJTs

SPICE Model
Parameter Constant Brief Description Typical Value
BF B Transistor current gain in forward direction 100
1SS Ies Transport saturation current in forward direction 2x107% A
VAF A Early voltage in forward direction 50V
RB ry Series base resistance 500 Q
RE Re Series emitter resistance 30Q
CIJE Cieo Base-emitter depletion capacitance at 0 V 0.015 pF
CIc Cieo Base-collector depletion capacitance at 0 V 0.018 pF
CIs G, Collector-sut depleti paci at0v 0.040 pF
MIE my Base-emitter junction exponent (grading factor) 0.30
MiIC m, Base-collector junction exponent (grading factor) 0.35
MIS mg Collector-substrate junction exponent (grading factor)  0.29
TF Te Forward-base transit time 12ps
TR TR Reverse-base transit time 4ns

low current applications and parameters for accurate noise and temperature analysis.
Readers should refer to their SPICE manuals for descriptions of these parameters.

1.7 APPENDIX

The purpose of this appendix is to present derivations for device equations that rely
heavily on device physics knowledge. Specifically, equations are derived for the
exponential relationship and diffusion capacitance of diodes, for the threshold voltage
and triode relationship for MOS transistors, and for the exponential relationship and
base charge storage for bipolar transistors.

Diode Exponential Relationship

The concentration of minority carriers in the bulk, far from the junction, is given by
Egs. (1.2) and (1.4). Close to the junction, the minority-carrier concentrations are
m_uch larger. Indeed, the concentration next to the junction increases exponentially
VYlth the external voltage, Vp, that is applied in the forward direction. The concentra-
tion of holes in the n side next to the junction, Py, is given by [Sze, 1981]

2
Vp/V- ny v,
Pn = Prge * | = N—'e Ve (1.178)
D

Similarly, the concentration of electrons in the p side next to the junction is given by
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2
Vp/Vr NP vprvy 1.179)
N, = Ny = —e (s
p p N,
As the carriers diffuse away from the junction, their concentration exponentially
decreases. The relationship for holes in the n side is

Pa(X) = Pa(0)e™™ (1.180)

where X is the distance from the junction and Lp isa f:onstam @own as the diffusion
length for holes in the n side. Similarly, for electrons in the p side we have

np(x) = ny(0)e™™ (1.181)

where L, is a constant known as the diffusion length of elecujons in the p side. Note
that p,, (0) and n, (0) are given by (1.178) and‘(1.179), respef:uvely. Note also that the
constants L, and L, are dependent on the doping concentrations N and Np, respec-
ively.

e ’}I,'he current density of diffusing carriers moving away from the junction is givlen
by the well-known diffusion equations [Sze, 1981]. For example, the current density
of diffusing electrons is given by

dn,(x)
dx
where D, is the diffusion constant of electrons in the p side of the junction. The nega-

tive sign is present because electrons have negative charge. Note that D, =
(KT/q)W, , where W, is the mobility of electrons. Using (1.181), we have

any(X) _ Mp(0) —xt, _ Mp(¥) (1.183)

dx L, L,

Jon = -4D, (1.182)

Therefore

D
g = 5 “np(X) (1.184)
LI’|
Thus, the current density due to diffusion is proportional to the minority—cgrrie-r con-
centration. Next to the junction, all the current flow results from the d1ffpswn of
minority carriers. Further away from the junction, some of the current flow is due to
diffusion and some is due to majority carriers dﬂfﬁn; by to replace carriers that
recombined with minority carriers or diffused across the junction. )
Continuing, we use (1.179) and (1.184) to determine the current density next to
the junction of electrons in the p side:

abD
Jpn L—n"np<0>

2 (1.185)
Dot o
l—n NA
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For the total current of electrons in the p side, we multiply (1.185) by the effec-
tive junction area, Ap. The total current remains constant as we move away from
the junction since, in the steady state, the minority carrier concentration at any par-
ticular location remains constant with time. In other words, if the current changed as
we moved away from the junction, the charge concentrations would change with
time.

Using a similar derivation, we obtain the tdtal current of holes in the n side, ID_p,
as

2
_ ApgD,n; ooVt

Ipp =
T = (1.186)

where D, is the diffusion constant of electrons in the p side of the junction, Lp is the
diffusion length of holes in the n side, and Np is the impurity concentration of donors
in the n side. This current, consisting of positive carriers, flows in the direction oppo-
site to that of the flow of minority electrons in the p side. However, since electron car-
tiers are negatively charged, the direction of the current flow is the same. Note also
that if the p side is more heavily doped than the n side, most of the carriers will be
holes, whereas if the n side is more heavily doped than the p side, most of the carriers
will be electrons.
The total current is the sum of the minority currents at the junction edges:

Ip = Aoqn?[Lz\jA + L?,\‘;D}ev"’v* (1.187)
Equation (1.187) is often expressed as
Ip = Lee™"r (1.188)
where
Is = Auqn?(% + %J (1.189)

Equation (1.188) is the well-known exponential current- voltage relationship of forward-
biased diodes.

The concentrations of minority carriers near the junction and the direction of cur-
rent flow are shown in Fig. 1.35.

Diode-Diffusion Capacitance

To find the diffusion capacitance, Cy, we first find the minority charge close to the
junction, Qq, and then differentiate it with respect to V. The minority charge close
to the junction, Qd, can be found by integrating either (1.180) or (1.181) over a few
diffusion lengths. For example, if we assume Npo» the minority electron concentration
in the p side far from the junction is much less than Np(0), the minority electron con-
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Fig. 1.35 The concentration of minority carriers and the direction of diffusing carriers
near a forward-biased junction.

centration at the junction edge, we can use (1.181) to obtain

Q5= qADJ:np(x) dx

= qADI:np(O)e‘X/L" dx (1.190)
= QApL,ny(0)
Using (1.4) for ng(0) results in
Q, = qA;—L”n‘ze""/V* (1.191)
A
In a similar manner, we also have
Q, = FAokofl vorvy (1.192)

Np

For a typical junction, one side will be much more heavily doped tha‘n the other
side, and therefore the minority charge storage in the heavxly'doped s1d§. can be
ignored since it will be much less than that in the lightly doped §1de. Assgrrung the n
side is heavily doped, we find the total charge, Qq, to be a-ppro.)nmately given by Qp,
the minority charge in the p side. Thus, the small-signal diffusion capacitance, Cg, is
given by

o S O - @osalll (1.193)
Gty = W Ny

Using (1.187) and again noting that Np >> N, we have
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[
Ci= =22 (1.194)
9 DV
Equation (1.194) is often expressed as
I
Cy=1r— , 1.1
d TVT (1.195)
where T is the transit time of the diode given by
L2
T o= D_" (1.196)

n

for a single-sided diode in which the n side is more heavily doped.

MOS Threshold Voltage and the Body Effect

Many factors affect the gate-source voltage at which the channel becomes conductive.
These factors are as follows:

1. The work-function difference between the gate material and the substrate
material

2. The voltage drop between the channel and the substrate required for the
channel to exist

3. The voltage drop across the thin oxide required for the depletion region, with
its immobile charge, to exist

4. The voltage drop across the thin oxide due to unavoidable charge trapped in
the thin oxide

5. The voltage drop across the thin oxide due to implanted charge at the surface
of the silicon. The amount of implanted charge is adjusted in order to realize
the desired threshold voltage.

The first factor affecting the transistor threshold voltage, Vy,, is the built-in Fermi
potential due to the different materials and doping concentrations used for the gate
material and the substrate material. If one refers these potentials to that of intrinsic sil-
icon [Tsividis, 1987], we have

kT (Np
OF-Gate = ) ln(?iJ (1.197)
for a polysilicon gate with doping concentration Np, and
KT,
sup = — In[ — 1.198
br-sub q (NAJ ( )

for a p substrate with doping concentration N A The work-function difference is then
given by
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Oms = Prsub— OF-cate
NpN
=ﬂ—ln[ 5 A] (1.199)

q n’

The next factor that determines the transistor threshold voltage is the voltage drop
from the channel to the substrate, which is required for the channel to exist. The ques-
tion of exactly when the channel exists does not have a precise answer. Rather, the
channel is said to exist when the concentration of electron carriers in the channel is
equal to the concentration of holes in the substrate. At this gate voltage, the channel is
said to be inverted. As the gate voltage changes from a low value to the value at which
the channel becomes inverted, the voltage drop in the silicon also changes, as does the
voltage drop in the depletion region between the channel and the bulk. After the chan-
nel becomes inverted, any additional increase in gate voltage is closely equal to the
increase in voltage drop across the thin oxide. In other words, after channel inversion,
gate voltage variations have little effect on the voltage drop in the silicon or the deple-
tion region between the channel and the substrate.

The electron concentration in the channel is equal to the hole concentration in the
substrate when the voltage drop from the channel to the substrate is equal to two times
the difference between the Fermi potential of the substrate and intrinsic silicon, ¢g,
where

i = il h{%) (1.200)
q nl

Equation (1.200) is a factor in several equations used in modelling MOS transistors.

For typical processes, ¢g can usually be approximated as 0.35 V for typical doping

levels at room temperature.

The third factor that affects the threshold voltage is due to the immobile negative
charge in the depletion region left behind after the p mobile carriers are repelled. This
effect gives rise to a voltage drop across the thin oxide of -Qg/C,, where

Qg = -qNaXq (1.201)

and X is the width of the depletion region. Since

L (1.202)
: gNa ‘

Qg = —/2qNKeeg|20¢] (1.203)

The fourth factor that determines Vy, is due to the unavoidable charge trapped in

the thin oxide. Typical values for the effective ion density of this charge, Ny, might

be 2 x 10' to 1015 ions/m>. These ions are almost always positive. This effect gives

rise to a voltage drop across the thin oxide, V, given by

-Q —-aN

Vi s o e (1.204)
COX COX

we have
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The r{ative trc.znsisto_r threshold voltage is the threshold voltage that would occur natu-
ral!y if one did not include a special ion implant used to adjust the threshold voltage
This value is given by .

Q Q
V(-natlve = Oys— 20 - £ _ o 2
¢F Cox Cox (1._05>
A typical native threshold value might be around —0.1 V. It should be noted that tran-
sistors tpat have native transistor threshold voltages are becoming more important in cir-
cuit design where they might be used in transmission gates or in source-follower buffers

The fifth factor that affects threshold voltage is a charge implanted in the silicon'
undAer the gate to change the threshold voltage from that given by (1.205) to the
desired value, which might be 0.7 V for an n-channel transistor.

For the case in which the source-to-substrate voltage is increased, the effective
threshold voltage is increased. This is known as the body effect. The body effect occurs
because, as the source-bulk voltage, Vgg . becomes larger, the dei&letion region
betwe_en the channel and the substrate becomes wider, and therefore more immobile
negative charge becomes uncovered. This increase in charge changes the third factor
in determining the transistor threshold voltage. Specifically, instead of using (1.203) to
determine Qg, one should now use '

Qg = ~.2qNaKg,(Vgp + [204]) (1.206)

If the threshold voltage when Vgg = 0 is denoted Vino» then, using (1.205) and (1.206)
one can show that |

Vin = Vino +AVy,

/2aN,K e,

= Vino + C_[A]Vsa +[20¢ - A/[Z‘DF']
ox (1.207)
= Vino + Y(A/Vse +[20g] - A/’Z‘DF’)
where
/2aN,Kqeg,
g M AR (1.208)

COX
The factor y1is often called the body-effect constant.

MOS Triode Relationship

The cunl'ent flow in a MOS transistor is due to driff current rather than diffusion cur-
ren'L This type of current flow is the same mechanism that determines the current in a
resistor. The current density, J, is proportional to the electrical field, E, where the
constant of proportionality, o, is called the electrical permittivity. Thus,

J = oE (1.209)
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This constant for an N-type material is given by
c = gnu, (1.210)

where n is the concentration per unit volume of negative carriers and W, is the mobil-
ity of electrons. Thus, the current density is given by

J = gnp,E (1.211)

Next, consider the current flow through the volume shown in Fig. 1.36, where the

volume has height H and width W. The current is flowing perpendicular to the plane
H x W down the length of the volume, L. The current, I, everywhere along the length

of the volume is given by
I=JWH (1.212)

The voltage drop along the length of the volume in the direction of L for a distance dx

is denoted dV.and is given by

dV = E(x)dx (1.213)

Combining (1.211), (1.212), and (1.213), we obtain

quaWHnN(x) dV = I dx (1.214)

where the carrier density n(x) is now assumed to change along the length L and is

therefore a function of X.

As an aside, we examine the case of a resistor where N(X) is usually constant. A

resistor of length L would therefore have a current given by

I= 9”—“W—HAV (1.215)
(5
Thus, the resistance is given by
I o (1.216)
qu,WH

Unit volume

Current flow through
unit volume

=k

Fig. 1.36  Current flowing through a unit volume.
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Often this resistance is presented in a relative manner, in which the length and width
are removed (since they can be design parameters) but the height remains included. In
this case, the resulting expression is commonly referred to as the resistance per
square and designated as R where

Ry = qu,H (1.217)
The total resistance is then given by .
£
Rioa = Rog (1.218)

This equation is important when calculating the resistance of interconnects used in
integrated circuits.

In the case of a MOS transistor, the charge density is not constant down the chan-
nel. If, instead of the carrier density per unit volume, one expresses N(X) as a function
of charge density per square area from the top looking down, we have

Q,(x) = gqHNn(x) (1.219)
Substituting (1.219) into (1.214) results in
uWQ(x)dV = T dx (1.220)

Equation (1.220) applies to drift current through any structure that has varying charge
density in the direction of the current flow. It can also be applied to a MOS transistor
in the triode region to derive its I-V relationship. It should be noted here that in this
derivation, it is assumed the source voltage is the same as the substrate voltage.

Since the transistor is in the triode region, we have Vpe < =Vyy,. This require-
ment is equivalent to Vpg < Vgg— Vi, = V. It is assumed that the effective chan-
nel length is L. Assuming the voltage in the channel at distance X from the source is
given by Vg, (x), from Fig. 1.37, we have

Qu(x) = Cox[Vas - Ven(X) — Vinl (1.221)
Substituting (1.221) into (1.220) results in
UnWCou[Vas — Ven(x) - VinldVy, = Ipdx (1.222)
Ve> Vi,

Depletion region

/ — ......... 8

: Increasing x
0

Fig. 1.37 The transistor definitions used in developing the transistor’s I-V relationship.
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Integrating both sides of (1.222), and noting that the total voltage along the channel of
length L is Vpg, we obtain

L
j'ov"s R WC o [Vas = Von(X) = Vil dVgy = jo Ipdx (1.223)
which results in
' s
p‘nWCox[(VGS ~Vin)Vos— T} =IpL (1.224)

Thus, solving for I, results in the well-known triode relationship for a MOS transis-
tor:

Vs
Ip = 1nCox t)':(ves - Vin)Vps - = (1.225)

It should be noted that taking into account the body effect along the channel, the tri-
ode model of (1.225) is modified to

2
W Vps
o uCOX(T_—){(VGs ~Vy)Vps - aT} (1.226)

where 0. = 1.7 [Tsividis, 1987].

m
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Bipolar Transi P ip

The various components of the base, collector, and emitter_ curren}s were show?l in
Fig. 1.28, on page 44. Figure 1.38 shows plots of the minority-carrier concentrations
g. 1.28,

* emil ~ base region n" collector
n e.mmer | p l el
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| g By |
Pe(0) | |

\ 1 |
Hole current
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Fig. 1.38 The concentrations of minority carriers in the emitter, base, and collector.
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in the emitter, base, and collector regions. The current flow of these minority carriers
is due to diffusion. By calculating the gradient of the minority-carrier concentrations
near the base-emitter junction in a manner similar to that used for diodes, it is possible
to derive a relationship between the electron current and the hole current of Fig. 1.28.

The concentration of holes in the emitter at the edge of the base-emitter depletion
region is denoted p,(0). This concentration decreases exponentially the farther one
gets from the junction, in a manner similar to that described for diodes. The concen-
tration far from the junction, p,0, is given by

Peo = = (1.227)

where Np is the doping density of the n* emitter. At a distance X from the edge of the
emitter-base depletion region, we have

-X/Ly

Po(X) = Pe(0)q (1.228)
where
Vge/V.
Pe(0) = Poge ™"
_n VeV (1.229)

Np

and where Vg is the forward-bias voltage of the base-emitter junction.
At the edge of the base-emitter depletion region, the gradient of the hole concen-
tration in the emitter is found, using (1.228), to be

dpo(x 0
L _ Pel0) (1.230)
dx X=0 LD
Using (1.229), we can rewrite this as
dpe(0 n;
Pe(0) Bs i eVsE/VT 1.231)
dx |,_, LgNp
The hole current is now found using the diffusion equation
dpe(x)
Ioe = AgqD, 1.232
pe eq ] dx K ( )

where Ag is the effective area of the emitter. Recall that the minority-hole current in
the emitter, Ipe’ is closely equal to the base current, Ig. After combining (1.231) and
(1.232), we obtain

2
_ AeqDyn gVee/Vr

I
® 7 TNy

(1.233)
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The situation on the base side of the base-emitter junction is somewhat different.
The concentration of the minority carriers, in this case electrons that diffused from the
emitter, is given by a similar equation,

2
n; evBE/VT

L 1.234
N ( )

np(0) =
However, the gradient of this concentration at the edge of the base-emitter depletion
region is calculated differently. This difference in gradient concentration is due to the
close proximity of the collector-base junction, where the minority carrier (electron)
concentration, Np(W), must be zero. This zero concentration at the collector-base
junction occurs because any electrons diffusing to the edge of the collector-base
depletion region immediately drift across the junction to the collector, as stated previ-
ously. If the base “width” is much shorter than the diffusion length of electrons in the
base, L, then almost no electrons will recombine with base majority carriers (holes)
before they diffuse to the collector-base junction. Given this fact, the decrease in elec-
tron or minority concentration from the base-emitter junction to the collector-base
junction is a linear relationship decreasing from ny(0) at the emitter junction to zero at
the collector junction in distance W. This assumption ignores any recombination of
electrons in the base as they travel to the collector, which is a reasonable assumption
for modern transistors that have very narrow bases. Thus, throughout the base region,
the gradient of the minority-carrier concentration is closely given by

dny(x) _ (@

dx w
2 (1.235)
Ny Vgervy
=-———e
WN,
Combining (1.235) with the diffusion equation, we obtain
dn,(0)
v = -AgqD,———
nb £qn dx )
2 (1.236)
= AgqD,n evEE/VT
WN,
Remembering that I, is closely equal to the collector current Ig, we have
Iy & Toue ™ (1.237)
where
AeqD,n}
Iegs = ——— (1.238)
WN,

The ratio of the collector current to the base current, commonly called the transistor
common-emitter current gain and denoted B, is found using (1.237), (1.238), and
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(1.233). We have

B===_"—Pz95 0% (1.239)

which is a constant independent of voltage and current. Noting that Np >> N, , L, >
W, and D, = 2.5 Dy, we have B >> 1. A typical value might be betweenASb :nd
200. The derivation of P just presented ignores many second-order effects that make B
somewhat current and voltage dependent and are beyond the scope of this book. Inter-
ested readers should see Roulston, 1990, for more details. Regardless of second-order
effects, equation (1.239) does reflect the approximate relationships among B, doping

!evels, and base width. For example, (1.239) explains why heavily doped emitters are
important to achieve large current gain.

Base Charge Storage of an Active BJT

Figure 1.38 shows a minority-carrier storage in the base region, Qy, given by

ny(0)W
Q, = Agq—> 5 (1.240)
Using (1.234) for n,(0), we have
Q - Asqnszwevgs/vT .
b= N (1.241)
This equation can be rewritten using (1.237) and (1.238) to obtain
WZ
Q, = 2—DnI° = 1,]¢ (1.242)
where Ty, called the base-transit time constant, is given approximately by
w2
T = —
b= 55 (1.243)

ignoring second-order effects. Normally, the base-transit time constant is specified for
a given technology and takes into account other charge-storage effects not considered
heret and is therefore often denoted t;. However, since the base storage of electrons
dominates the other effects, we have 71 = Ty

If the current in a BJT changes, the base charge storage must also change. This
chalnge can be modelled by a diffusion capacitance, Cg, between the base and the
emitter terminals. Using (1.242), we have

dQ, _ d(tplc)

Cy = —
dVge dVge

(1.244)
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Vge/Vs :
Using (1.244) and I = [gge ™ " results in

L
Co = iy (1.245)

This equation is similar to that for a diode.
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1.9 PROBLEMS

L

[

1.2

13

14

1.5

1.6

1.7

1.8

1.9

Unless otherwise stated, assume the following hold throughout the problems
section:

Room temperature = 300 °K
npn bipolar transistors:

B = 100
Vpo=80V
T, = 13 ps
T = 4 ns
r, = 330 Q

n-channel MOS transﬂistors:
PnCox = 92 LA/V™

Vin = 08V,
y=05V" ‘ _
Tee Q) = 80(_)E)L (um)/IEZ; (mA) in active region
CJ =24x10 EF/(;,Lm)

Cjqw=20x 10z pF/pm .

Cox = 1.9x107 pE/(um) "

Cgs[overiap) = ng(overlap) =20x10"" pF/pm
p-channel MOS transzistors:

1pCox = 30 LA/V

Vi = 09V

y=08V j : )
fgs (Q) = 12,000 L (um)/Ip (mA) in active region
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C;=45x107 pF/(um)*

Ciaw=25'% 103‘* pF/um

Cox = 1.9% 107 pF/(um)*

CQS(OVGNEP) = ng(overlap) =20x10" pF/um

Estimate the hole and electron concentrations in silicon doped with arsenic at a
concentration of 10” atoms/m’ at a temperature 22 °C above room tempera-
ture. Is the resulting material n type or P 'type?

For the pn junction of Example 1.2, does the built-in potential, @, increase or
decrease when the temperature is increased 11 °C above room temperature?
Calculate the amount of charge per ( p.m)2 in each of the n and p regions of the
pn junction of Example 1.2 for a 5-V reverse-bias voltage. How much charge
on each side would be present ina 10 um x 10 um diode?

Assilicon diode has 7, = 12 ps and Cjo = 15 fF. It is biased by a 43-kQ resistor
connected between the cathode of the diode and the input signal, as shown in
Fig. P1.4. Initially, the inputis 5 V, and then at time 0 it changes to 0 V. Esti-
mate the time it takes for the output voltage to change from 5 Vto 1.5 V (i.e.,
the At_;4y, time). Repeat for an input voltage change from 0 V to 5 V and an
output voltage change from 0 V to 3.5 V.

R
Vin Vour
43 kQ

Fig. P1.4

Compare your answers for Problem 1.4 to those obtained using a SPICE simu-
lation.

Verify that when Vpg = V4 is used in the triode equation for a MOS transis-
tor, the current equals that of the active region equation given in (1.67).

Find I for an n-channel transistor having doping concentrations of

Np = 10” and N, = 10 with W = 50 um, L = L5 pm,

Vas = 1.1 V,and Vpg = V4. Assuming A remains constant, estimate the
new value of I if Vg is increased by 0.3 V.

AMOS transistorin the activeregion is measured to have a drain current of 20 UA
when Vpg = V¢ When Vg is increased by 0.5 V, Ip increases to 23 pA .
Estimate the output impedance, rqg, and the output impedance constant, A .
Derive the low-frequency model parameters for an n-channel transistor having
doping concentrations of Ny = 10” and Ny = 102 with W = 10 um.

L =12pm, Vgs = 1.1 V,and Vg = Vgy;. Assume that Vgg = L.O V.
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1.16
117

110

Find the capacitances Cgs, Cgq) Cap, and Cgp, for an active transistor having
W = 50 um and L = 1.2 pm. Assume that the source and drain junctions
extend 4 um beyond the gate, resulting in source and drain areas being

A = Ag= 200 (um)? and the perimeter of each being Ps = Py = 58 um.

1.11 Consider the circuit shown in Fig. P1.11, where V;, is a dc signal of 1 V.
Taking into account only the channel charge storage, determine the final
value of Vo, when the transistor is turned off, assuming half the channel
charge goes to C .

5V
e
Vin 0— IT o Vou
10 pm/0.8 pm J_
I C =1pF
Fig. P1.11

1.12 For the same circuit as in Problem 1.11, the input voltage has a step voltage
change at time O from 1 V to 1.2 V (the gate voltage remains at 5 V). Find its
99 percent settling time (the time it takes to settle to within 1 percent of the
total voltage change). You may ignore the body effect and all capacitances
except C . Also assume that V,, = Vi, . Repeat the question for Vin chang-
ing from3 Vto3.1V.

1.13 Repeat Problem 1.12, but now take into account the body effect on Vi

1.14 For an npn transistor having I = 0.1 mA, calculate g, Iy, fe, fo, and Gmfo -

1.15 A bipolar junction transistor has the following SPICE parameters (the SPICE
name for the parameter is included in parentheses):

Is (IS) = 20x 107"

Br (BF) = 100

Bgr (BR) =1

Va (VA) =50V

T (TF) = 12x107%s

g (TR) = 4x 107 s

Cie (CJE) = 15x10°° F

@, (VIE) = 09V

m, (MJE) = 0.27

Cieo (CIC) = 18x 107 F

P, (VIC) = 07V

m, (MJIC) = 0.37

Cieo (CIS) = 40x10°° F

@, (VIS) = 0.64 V

mg (MJS) = 0.29

R (RE) = 30
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Ry (RB) = 500
R; (RC) = 90

Initially, the circuit shown in Fig. P1.15 has a 0-V input. At time 0 its input
changes to 5 V. Estimate the time it takes its output voltage to saturate, usin, fhe
concepts of average capacitance and first-order transient solutions for éach ngode

’I_‘he time constants of the individual nodes can be added to arrive at an overali
time constant for the approximate first-6rder transient response of the circuit.

Next, assume that the input chan, i
! ges from 5 V to 0 V at time 0. How 1
it take the output voltage to change to 3.5 V? S

Vpp=5V

Fig. P1.15

Compare your answers to Problem 1.15 to those obtained using SPICE.

Xei-ig)dlat for Igg >> I and Igg >> I / B, Eq. (1.140) simplifies to Eq.



