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Chapter 3 CMOS Device Modeling

Before one can design a circuit to be integrated in CM OS technology, one must first
have a model describing the behavior of all the components available for use in the
design. A model can take the form of mathematical equations, circuit representations, or
tables. Most of the modeling used in this text will focus on the active and passive devices
discussed in the previous chapter as opposed to higher-level modeling such as
macromodeling, or behavioral modeling.

It should be stressed at the outset that a model is just that and no more—it is not the
real thing! In an ideal world, we would have a model that accurately describes the
behavior of a device under all possible conditions. Redlistically, we are happy to have a
model that predicts simulated performance to within a few percent of measured
performance. There is no clear agreement as to which model comes closest to meeting
this “ideal” model [1]. This lack of agreement is illustrated by the fact that, at this
writing, HSPICE [25] offers the user 43 different MOS transistor models from which to
choose!

This text will concentrate only three of these models. The simplest model which is
appropriate for hand calculations was described in Sec 2.3 and will be further developed
here to include capacitance, noise, and ohmic resistance. In SPICE terminology, this
simple model is called the LEVEL 1 model. Next, a small-signal model is derived from
the LEVEL 1 large-signal model and is presented in Sec. 3.3.

A far more complex model, the SPICE LEVEL 3 model is presented in Sec. 3.4.
This model includes many effects that are more evident in modern short-channel
technologies as well as subthreshold conduction. It is adequate for device geometries

down to about 0.8um. Finally, the BSIM3v3 model is presented. This model is the
closest to becoming a standard for computer simulation.

Notation

SPICE was originally implemented in FORTRAN where all input was required to be
uppercase ASCII characters. Lowercase, greek, and super/subscripting were not allowed.
Modern SPICE implementations generally accept (but do not distinguish between) upper-
and lowercase but the tradition of using uppercase ASCII still lives on. This is
particularly evident in the device model parameters. Since greek characters are not

available, these were simply spelled out, e.g., y entered as GAMMA. Super and
subscripts were ssmply not used.

It is inconvenient to adopt the SPICE naming convention throughout the book
because equations would appear unruly and would not be familiar to what is commonly
seen in the literature. On the other hand, it is necessary to provide the correct notation
where application to SPICE is intended. To address this dilemma, we have decided to
use SPICE uppercase (non italic) notation for all model parameters except those applied
to the ssimple model (SPICE LEVEL 1).

3.1 Smple MOS Large-Signa

All large-signal models will be developed for the n-channel MOS device with the
positive polarities of voltages and currents shown in Fig. 3.1-1(a). The same models can
be used for the p-channel MOS device if all voltages and currents are multiplied by —1

and the absolute value of the p-channel threshold is used. Thisis equivalent to using the
voltages and currents defined by Fig. 3.1-1(b) which are al positive quantities. As
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mentioned in Chapter 1, lower-case variables with capital subscripts will be used for the
variables of large-signal models and lower-case variables with lower-case subscripts will
be used for the variables of small-signal models. When the voltage or current is a model
parameter, such as threshold voltage, it will be designated by an upper-case variable and
an upper-case subscript.

Figure 3.1-1 Positive sign convention for (a) n-channel, and (b) p-channel MOS transistor.

When the length and width of the MOS device is greater than about 10 um, the
substrate doping is low, and when a simple model is desired, the model suggested by
Sah [2] and used in SPICE by Shichman and Hodges [3] is very appropriate. This model
was developed in EqQ. (28) of Sec. 2.3 and given below.

CoxW
ip =22 = %GS V) - DS[% (1)

The terminal voltages and currents have been defined in the previous chapter. The
various parameters of (1) are defined as

o = surface mobility of the channel for the n-channel or p-channel device (cm2/V-s)
&
Cox= t—ox = capacitance per unit area of the gate oxide (F/cm2)
OX
W = effective channel width
L = effective channel length

The threshold voltage V1 is given by Eqg. (19) of Sec. 2.3 for an n-channel transistor

V= Vro+ yA[2g +ve - \2geF 2

1 Vg Nas 2
V10= V7 (Vv =0) = Vpg + 2|¢ . Cor 3)

\V2¢5 g Nsus
C

(0),¢

y= bulk threshold parameter (V1/2) = (4)
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@ = strong inversion surface potential (V) = - k—Tln MD (5)
qg Umn O
_ _ Qss
Veg =flatband voltage (V) = aus— G (6)
OX
@us = @ (substrate) — ¢ (gate) [EQ. (17) of Sec. 2.3] (7)
@=(substrate) = - %T In [Dﬁ\lﬁf—Bg [n-channel with p-substrate] (8)
@-=(gate) = I%—In %Nerf‘ TES [n-channel with nt* polysilicon gate] 9
1
Qg = oxide charge = g Ngg (10)

k = Boltzmann'’ s constant
T = temperature (K)
n; = intrinsic carrier concentration

Table 3.1-1 gives some of the pertinent constants for silicon.

Table 3.1-1 Constantsfor Silicon.

Constant Symbol  Constant Description Vaue Units
\e Silicon bandgap (27°C) 1.205 Vv
k Boltzmann’s constant 1.381x 1023 JK
n; Intrinsic carrier concentration (27°C) 1.45 x 1010 cm-3
& Permittivity of free space 8.854 x 10-14 F/lcm
& Permittivity of silicon 11.7 & Flem
Eox Permittivity of SIO, 39 & Flcm

A unique aspect of the MOS device is its dependence upon the voltage from the
source to bulk as shown by Eq. (2). This dependence means that the MOS device must be
treated as a four-termina element. It will be shown later how this behavior can influence
both the large- and small-signal performance of MOS circuits.

In the realm of circuit design, it is more desirable to express the model equationsin
terms of electrical rather than physical parameters. For this reason, the drain current is
often expressed as

ip=p %VGS ~ V) - V%S%’DS (11)

or
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_ W VD
ip=K'1~ EVGS_ V) - TS%/DS (12)
where the transconductance parameter S is given in terms of physical parameters as

B=(K) L DML (AND) 13)

When devices are characterized in the nonsaturation region with low gate and drain

voltages the value for K' is approximately equal to t,Cgy in the simple model. Thisis not
the case when devices are characterized with larger voltages introducing effects such as
mobility degradation. For these latter cases, K' is usually smaller. Typical values for the
model parameters of Eq. (12) aregivenin Table 3.1-2.

Table 3.1-2 Model Parametersfor a Typical CMOS Bulk Process Suitable for Hand

Calculations Using the Simple Model. These Values Are Based upon a 0.8 um
Silicon-Gate Bulk CMOS n-Well Process.

Parameter Parameter Typical Parameter Value
Symbol Description N-Channel P-Channel Units
V1o Threshold Voltage | 0.7 +0.15 -0.7£0.15 v
(Ves=0)
K' Transconductance | 110.0 + 10% 50.0 + 10% UAINV 2
Parameter (in
saturation)
y Bulk threshold 04 0.57 (V)12
parameter
A Ch?jnT;_length 0.04 (L=1 um) 005(UL=1um) | M)~
modul ation
parameter 0.01 (L=2 um) 0.01 (L =2 um)
2|k Surface potentia at | 0.7 0.8 \Y,
strong inversion

There are various regions of operation of the MOS transistor based on the model of

Eq. (1). These regions of operation depend upon the value of vgg— V1. If vgg— VT is
zero or negative, then the MOS device isin the cutoff! region and Eqg. (1) becomes

iD = 0, VGS—VTS 0 (14)
In this region, the channel acts like an open circuit.

A plot of Eq. (1) with A = 0 as afunction of vpgis shown in Fig. 3.1-2 for various

values of vgg— V1. At the maximum of these curves the MOS transistor is said to

saturate. The value of vpg at which this occurs is called the saturation voltage and is
given as

Vpg(sat) = vgs— VT (15)

i We will learn |ater that MOS transistors can operate in the subthreshold region where the gate-source
voltage is less than the threshold voltage.
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Figure 3.1-2 Graphical illustration of the modified Sah equation.

Thus, vpgsat) defines the boundary between the remaining two regions of operation. If
Vpgislessthan vpgsat), then the MOS transistor is in the nonsaturated region and Eq. (1)
becomes

. LW VD
'D:(K)f%VGS_VT)_TS%/DS ; 0<vps=(vgs—V7) (16)

In Fig. 3.1-2, the nonsaturated region lies between the vertical axis (vpg= 0) and vpg=
Vgs— VT curve.

The third region occurs when vpg is greater than vpg(sat) or vgg— V. At this point
the current ip becomes independent of vpg Therefore, vpgin Eg. (1) is replaced by
vpg(sat) of Eq. (11) to get

. . W
ip =K' 5 (Ves- Vr)?  0<(Vgs— V1) < Vps (17)

Equation (17) indicates that drain current remains constant once vpg is greater than
Vgs— V. Inredlity, thisis not true. As drain voltage increases, the channel length is
reduced resulting in increased current. This phenomenon is called channel length
modulation and is accounted for in the saturation model with the addition of the factor,
(1 + Avpg) where vpgis the actual drain-source voltage and not vpg(sat). The saturation
region model modified to include channel-length modulation is given in Eq. (18)

W
ip=K' 51 (Vas= V1) (1 + Apg, 0<(vgs— V) < Vps (18)

The output characteristics of the MOS transistor can be developed from Egs. (14),
(16), and (18). Figure 3.1-3 shows these characteristics plotted on a normalized basis.
These curves have been normalized to the upper curve where Vggj is defined as the value
of vgg which causes a drain current of Ipg in the saturation region. The entire
characteristic is developed by extending the solid curves of Fig. 3.1-2 horizontally to the
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right from the maximum points. The solid curves of Fig. 3.1-3 correspond to A = 0. If
A # 0, then the curves are the dashed lines.

in/1

D’ 'DO Vbs=Ves ™ Vr - v
I - —
100 L feo-oTTT Vos~ Vr =1.00
! Voo~ Vr
075 L et Yos™VT_ _ g ge7
! Channel-length Voo~ Vr
modulation effects
050 | St Yos™ V1 o707
Voo~V
025 | P el Vs~V _ 0.50
L Voo~ Vr
L Cutoff region Ves—Vy _ 0.00
0 _- i 1 1 LN 1 X1 Voo~ V1
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Vos! Vog = V)

Figure 3.1-3 Output characteristics of the MOS device.

Another important characteristic of the MOS transistor can be obtained by plotting
ip versus Vgg using Eq. (18). Fig. 3.1-4 snows this result. This characteristic of the MOS
transistor is called the transconductance characteristic. We note that the transconductance
characteristic in the saturation region can be obtained from Fig. 3.1-3 by drawing a
vertical line to the right of the parabolic dashed line and plotting values of i versus vgs
Fig. 3.1-4 is also useful for illustrating the effect of the source-bulk voltage, veg. Asthe
value of vgg increases, the value of V1 increases for the enhancement, n-channel devices

(for a p-channel device, |V1| increases as vggincreases). V also increases positively for
the n-channel depletion device, but since V is negative, the value of V1 approaches zero

from the negative side. If vgg is large enough, V1 will actually become positive and the
depletion device becomes an enhancement device.
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Figure 3.1-4 Transconductance characteristic of the MOS transistor
asafunction of the bulk-source voltage, vg.

Since the MOS transistor is a bidirectional device, determining which physical node
isthe drain and which the source may seem arbitrary. Thisis not really the case. For an n-
channel transistor, the source is always at the lower potential of the two nodes. For the p-
channel transistor, the source is always at the higher potential. It is obvious that the drain
and source designations are not constrained to a given node of atransistor but can switch
back and forth depending upon the terminal voltages applied to the transistor.

A circuit version of the large-signal model of the MOS transistor consists of a
current source connected between the drain and source terminals, that depends on the
drain, source, gate, and bulk terminal voltages defined by the simple model described in
this section. This simple model has five electrical and process parameters that completely
define it. These parameters are K', V1, ¥, A, and 2¢=. The subscript n or p will be used
when the parameter refers to an n-channel or p-channel device, respectively. They
constitute the Level | model parameters of SPICE [23]. Typica values for these model
parameters are given in Table 3.1-2.

The function of the large-signal model is to solve for the drain current given the
terminal voltages of the MOS device. An example will help to illustrate this as well as
show how the model is applied to the p-channel device.

Example 3.1-1Application of the Simple MOS Large Signal Model

Assume that the transistorsin Fig. 3.1-1 have a WIL ratio of 5 um/1 um and that the
large signal model parameters are those given in Table 3.1-2. If the drain, gate, source,
and bulk voltages of the n-channel transistor is3V, 2V, 0V, and 0V, respectively, find
the drain current. Repeat for the p-channel transistor if the drain, gate, source, and bulk
voltagesare -3V, -2V, 0V, and 0V, respectively.

We must first determine in which region the transistor is operating. Eq. (15) gives
Vpg(sat) as2 V - 0.7 V = 1.3 V. Since vpgis3 V, the n-channel transistor is in the
saturation region. Using Eq. (18) and the values from Table 3.1-2 we have

ip = (Ves~ Vin)(1 + AN VDY)
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_ 110 x 1075(5 um)
- 2(1 pm)

(2-0.7)4(1 + 0.04 x 3) = 520 UA

Evaluation of Eg. (15) for the p-channel transistor is given as
VSD(SaI) =Vgg — |VTP| =2V -07V =13V

Since vgp is3 V, the p-channel transistor is also in the saturation region, Eq. (17) is
applicable. The drain current of Fig. 3.1-1(b) can be found using the values from Table
31-2as

ip = (vss = V1p )5(1 + Ap VD)

_ 50 x 106(5 um)

2 — 0.7)4(1 + 0.05 x 3) = 243 uA
2L am) ( )( ) u

It is often useful to describe vggin terms of i in saturation as shown below.

2ip
Ves=VT *\ [ (19)
B
This expressions illustrates that there are two components to Vgg —an amount to invert
the channel plus an additional amount to support the desired drain current. This second
component is often referred to in the literature as V. Thus Vg can be defined as

.
Von = f (20)

The term V) should be recognized as the term for saturation voltage Vpg (sat). They
can be used interchangeably.

3.2 Other MOS Large-Signal Model Parameters

The large-signal model also includes several other characteristics such as the
source/drain bulk junctions, source/drain ohmic resistances, various capacitors, and noise.
The complete version of the large-signal model isgivenin Fig. 3.2-1.
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Figure 3.2-1 Complete large-signal model for the MOS transistor.

The diodes of Fig. 3.2-1 represent the pn junctions between the source and substrate
and the drain and substrate. For proper transistor operation, these diodes must always be
reverse biased. Their purpose in the dc model is primarily to model leakage currents.
These currents are expressed as

. 0O MVepO O

lgp = ls BXPTRT 010 @
and

. O Vel O

lgs= s PRt 10 (2

where |4 is the reverse saturation current of a pn junction, q is the charge of an electron, k
is Boltzmann's constant, and T is temperature in Kelvin units.

The resistors rp and rg represent the ohmic resistance of the drain and source,
respectively. Typicaly, these resistors may be 50 to 100 ohmg and can often be ignored
at low drain currents.

The capacitance of Fig. 3.2-1 can be separated into three types. The first type
includes capacitors Cgp and Cgg which are associated with the back-biased depletion
region between the drain and substrate and the source and substrate. The second type
includes capacitors Cgp, Cgs, and Cgg which are al common to the gate and are

I For asilicide process, these resistances will be much less—on the order of 5 to 10 ohms.
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dependent upon the operating condition of the transistor. The third type includes parasitic
capacitors which are independent of the operating conditions.

The depletion capacitors are a function of the voltage across the pn junction. The
expression of this junction-depletion capacitance is divided into two regions to account
for the high injection effects. Thefirst isgiven as

‘MJ
Cex=(C) AN "m0 . Vexs(FO)(PB) 3

where

X = D for Cgp or X = Sfor Cgg
AX =areaof thesource (X = S) or drain (X = D)

CJ = zero-hias (vgx = 0) junction capacitance (per unit area)

A /M
U\ "2rB

PB = bulk junction potential (same as @, given in Eq. (6), sec. 2.2)
FC = forward-bias nonideal junction-capacitance coefficient ([10.5)

MJ = bulk-junction grading coefficient (1/2 for step junctions and 1/3 for graded
junctions)

The second region is given as
__(C)(AX)
(1 _ FC)1+M‘]

Fig. 3.2-2 illustrates how the junction-depletion capacitances of Egs. (3) and (4) are
combined to mode! the large signal capacitances Cgp and Cgg, It is seen that Eq. (4)
prevents Cgy from approaching infinity as vgy approaches PB.

1-a+MIFC+MIE  vg>(FOPB) (@
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Figure 3.2-2 Example of the method of modeling the voltage dependence
of the bulk junction capacitances.

11

A closer examination of the depletion capacitors in Fig. 3.2-3 shows that this
capacitor is like a tub. It has a bottom with an area equal to the area of the drain or
source. However, there are the sides that are also part of the depletion region. Thisareais
caled the sidewall. Agy in Egs. (3) and (4) should include both the bottom and sidewall
assuming the zero-bias capacitances of the two regions are similar. To more closely
model the depletion capacitance, break it into the bottom and sidewall components, given

asfollows.
(CH(AX) (CISW)(PX)

Cex = %_ [YBX[@M + %_ HBX[@AJSW , Vx < (FC)(PB)
OPB D OPB D
and
CJ)(AX
Cay = —(1(_ F)é)h)'\’” - @+myrc+ MIRH
(;ﬂiﬁfﬂgw - (1+ MISW)FC + 2 (MISW)
VBX = (FC)(PB)
where

AX = areaof the source (X=9) or drain (X=D)

PX = perimeter of the source (X=S) or drain (X =D)
CJSW = zero-bias, bulk-source/drain sidewall capacitance
MJSW = bulk-source/drain sidewall grading coefficient

(5)

(6)
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Polysilicon gate

Drain bottom = ABCD
Drain sidewall = ABFE + BCGF + DCGH + ADHE

Figure 3.2-3 Illustration showing the bottom and sidewall components of the
bulk junction capacitors.

Table 3.2-1 gives the values for CJ, CJISW, MJ, and MJSW for an MOS device

which has an oxide thickness of 140 A resulting in a Coy = 24.7 x 104 F/m2. It can be
seen that the depletion capacitors cannot be accurately modeled until the geometry of the
device is known, e.g., the area and perimeter of the source and drain. However, values
can be assumed for the purpose of design. For example, one could consider a typical

source or drain to be 1.8 um by 5 um. Thus avalue for Cgy of 2.9 fF and 6.9 fF results,

for n-channel and p-channel devices respectively, for Vgx = 0.

The large-signal, charge-storage capacitors of the MOS device consist of the gate-to-
source (Cgg), gate-to-drain (Cgp), and gate-to-bulk (Cgp) capacitances. Figure 3.2-4
shows a cross section of the various capacitances that constitute the charge-storage
capacitors of the MOS device. Cgg and Cpp are the source-to-bulk and drain-to-bulk
capacitors discussed above. The following discussion represents a heuristic development
of amodel for the large-signal charge-storage capacitors.
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Figure 3.2-4 Large-signal, charge-storage capacitors of the MOS device.

Table 3.2-1 Capacitance Values and Coefficientsfor the MOS M odel.

Type P-Channel N-Channel Units
CGSO 220 x 10712 220 x 10-12 F/m
CGDO 220 x 10-12 220 x 10-12 F/m
CGBO 700 x 10-12 700 x 10-12 F/m
cJ 560 x 1076 770 x 1076 F/m?
CIsw 350 x 10712 380 x 10712 F/m
MJ 0.5 0.5

MJISW 0.35 0.38

Based on an oxide thickness of 140 A or Cox=24.7 x 104 F/m2.

C4 and C3 are overlap capacitances and are due to an overlap of two conducting
surfaces separated by a dielectric. The overlapping capacitors are shown in more detail in
Fig. 3.2-5. The amount of overlap is designated as LD. This overlap is due to the lateral

diffusion of the source and drain underneath the polysilicon gate. For example, a 0.8 um
CMOS process might have a lateral diffusion component, LD, of approximately 16 nm.
The overlap capacitances can be approximated as

C1 = C3 0(LD)(Wetr) Cox = (CGXO)Wey (7)

where W+ is the effective channel width and CGXO (X =S or D) is the overlap
capacitance in F/m for the gate-source or gate-drain overlap. The difference between the
mask W and actual W is due to the encroachment of the field oxide under the silicon
nitride. Table 3.2-1 gives a value for CGSO and CGDO based on a device with an oxide
thickness of 140 A. A third overlap capacitance that can be significant is the overlap
between the gate and the bulk. Fig. 3.2-6 shows this overlap capacitor (Cs) in more detail.
This is the capacitance that occurs between the gate and bulk at the edges of the channel
and is a function of the effective length of the channel, L. Table 3.2-1 gives a typical
value for CGBO for a device based on an oxide thickness of 140 A.
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Figure 3.2-5 Overlap capacitances of an MOS transistor. (a) Top view showing
the overlap between the source or drain and the gate. (b) Side view.

The channel of Fig. 3.2-4 is shown for the saturated state and would extend
completely to the drain if the MOS device were in the nonsaturated state. C,, is the gate-
to-channel capacitance and isgiven as

Co = Wett(L — 2LD)Coyx = Wir(Lerf) Cox (8)

The term L is the effective channel length resulting from the mask-defined length being
reduced by the amount of lateral diffusion (note that up until now, the symbols L and W
were used to refer to “effective” dimensions whereas now these have been changed for
added clarification). C4 is the channel-to-bulk capacitance which is a depletion
capacitance that will vary with voltage like Cggor Cgp.

It is of interest to examine Cgp, Cgs, and Cgp asvpgis held constant and vggis
increased from zero. To understand the results, one can imagine following a vertical line

on Fig. 3.1-3 at say, vpg=0.5(Vggy — V1), s Vgg increases from zero. The MOS device
will first be off until vgg reaches V1. Next, it will be in the saturated region until vgg
becomes equal to vpg(sat) + Vy. Finally, the MOS device will be in the nonsaturated
region. The approximate variation of Cgg, Cgs, and Cgp under these conditions is
shown in Fig. 3.2-7. In cutoff, there is no channel and Cgp is approximately equal to
C, + 2Cs. As vgg approaches V1 from the off region, a thin depletion layer is formed,
creating alarge value of C4. Since C4isin serieswith C,, little effect is observed. As vgg
increases, this depletion region widens, causing C4 to decrease and reducing Cgg. When
Vgs = VT, an inversion layer is formed which prevents further decreases of C,4 (and thus
Cep)-
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Figure 3.2-6 Gate-bulk overlap capacitances.

C4, Cy, and C3 constitute Cgand Cgp. The problem is how to alocate C, to Cgg
and Cgp. The approach used is to assume in saturation that approximately 2/3 of C,
belongs to Czg and none to Cp. Thisis, of course, an approximation. However, it has
been found to give reasonably good results. Fig. 3.2-7 shows how Cggand Cgp change
values in going from the off to the saturation region. Finally, when vgg is greater than
Vps+ V7, the MOS device enters the nonsaturated region. In this case, the channel
extends from the drain to the source and C, is simply divided evenly between Cgp and
Cgsasshownin Fig. 3.2-7.

Capacitance
C,+2C,
2
Ci+ 36,
1
Ci+ 36,

c,.C,

2C

. Non- Ves
< > - > < ) >
Off Saturation Saturati

Vps*Vr

Figure 3.2-7 Voltage dependence of Cg, Cip, and Cg asafunction of Vg
with V4 constang and Vg = 0.

As a consequence of the above considerations, we shall use the following formulas
for the charge-storage capacitances of the MOS device in the indicated regions.

Off
Co = Co + 2C5 = Cox(Wetr) (Lefr) + 2CGBO(Lgif) (9a)
Cas= C1 UCo(LD)(Wefr) = CGSO(Wetr) (9b)
Cob = C3 0 Cox(LD)(Wefr) = CGDO(Wef) (%)

Saturation



Allen/Holberg : Chapter 3 : 1/13/01 16

CGB = 2C5 = CGBO (l—eff) (10a)

Ces=Cyq + (23)Cp = Coy(LD + 0.67L &) (Wett)

= CGSO(Wef) + 0.67C (W) (L eff) (10b)

Cap = C3 O Coy(LD)(Weir) = CGDO(West) (10c)
Nonsatur ated

Cop = 2C5 = CGBO (L) (11a)

Cis=Cq +0.5C; = Coy(LD + 0.5L gf) (Wesf)
= (CGSO + 0.5CqyLeff) Wit (11b)
Cgp = C3+ 0.5C5 = Cqy (LD + 0.5L &) (Weett)

= (CGDO + 0.5CyLgff) Wett (11c)

Equations which provide a smooth transition between the three regions can be found in
the literature [5].

Other capacitor parasitics associated with transistors are due to interconnect to the
transistor, e.g., polysilicon over field (substrate). This type of capacitance typically
constitutes the major portion of Cgp in the nonsaturated and saturated regions, thus are
very important and should be considered in the design of CMOS circuits.

Another important aspect of modeling the CMOS device is noise. The existence of
noise is due to the fact that electrical charge is not continuous but is carried in discrete
amounts equal to the charge of an electron. In electronic circuits, noise manifestsitself by
representing a lower limit below which electrical signals cannot be amplified without
significant deterioration in the quality of the signal. Noise can be modeled by a current
source connected in parallel with ip of Fig. 3.2-1. This current source represents two
sources of noise, called thermal noise and flicker noise [6,7]. These sources of noise were
discussed in Sec. 2.5. The mean-sgquare current-noise source is defined as

— BkTg,(1+n) (KF)I5 O
iN= g+ = (12)
[ FCox LD

where

Af =asmall bandwidth (typically 1 Hz) at afrequency f
N = 9mbd Im (See Eq. (8) of Section 3.3)
k = Boltzmann's constant

T = temperature (K)
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Om = small-signal transconductance from gate to channel (see Eq. (6)

of Section 3.3)
KF = flicker-noise coefficient (F-A)

f = frequency (Hz)

KF has atypical value of 1028 (F-A). Both sources of noise are process dependent and
the values are usually different for enhancement and depletion mode FETSs.

The mean-sguare current noise can be reflected to the gate of the MOS device by
dividing Eq. (12) byg,2, giving

=2
— ! [BKT (1+ 0
s 3; n)+2ch|?/v|_K'mf =
O9n O m OX O

The equivalent input-mean-sgquare voltage-noise form of Eq. (13) will be useful for
analyzing the noise performance of CMOS circuitsin later chapters.

The experimental noise characteristics of n-channel and p-channel devices are shown
in Figures 3.2-8(a) and 3.2-8(b). These devices were fabricated using a sub-micron,
silicon-gate, n-well, CMOS process. The data in Figs. 3.2-8(a) and 3.2-8(b) are typical
for MOS devices and show that the 1/f noise is the dominant source of noise for
frequencies below 100 kHz (at the given bias conditions). Consequently, in many
practical cases, the equivalent input-mean-square voltage noise of Eq. (13) is simplified
to

—2 0 KF D
Vg™ ay 14
7 2 Co WLK' [ (14)

or in terms of the input-voltage-noise spectral density we can rewrite Eq. (14) as

—2
<2 _ Ve KF__ B
- Af 2fCoWLK WL

(15)

where B is a constant for a n-channel or p-channel device of a given process. The right-
hand expression of Eq. (15) will be important in optimizing the design with respect to
noise performance.

I1f the bias current is reduced, the thermal noise floor increases, thus moving the 1/f noise corner to a
lower frequecy. Therefore, the 1/f noise corner is afunction of the thermal noise floor.
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Figure 3.2-8 Drain-current noise for a (a) n-channel and (b) p-channel MOSFET measured
on asilicon-gate submicron process.

3.3 Small-Signal Model for the MOS Transistor

Up to this point, we have been considering the large-signal model of the MOS
transistor shown in Fig. 3.2-1. However, after the large-signal model has been used to
find the dc conditions, the small-signal model becomes important. The small-signal
model is alinear model which helpsto simplify calculations. It isonly valid over voltage
or current regions where the large-signal voltage and currents can be adequately
represented by a straight line.

Fig. 3.3-1 shows a linearized small-signal model for the MOS transistor. The
parameters of the small-signal model will be designated by lower case subscripts. The
various parameters of this small-signal model are all related to the large-signal model
parameters and dc variables. The normal relationship between these two models assumes
that the small-signal parameters are defined in terms of the ratio of small perturbations of
the large-signal variables or as the partial differentiation of one large-signal variable with
respect to another.

The conductances gpq and g are the equivalent conductances of the bulk-to-drain
and bulk-to-source junctions. Since these junctions are normally reverse biased, the
conductances are very small. They are defined as

dlgp : .
Ohd = av— (at the quiescent point) (10 Q)

BD
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and
dlgs . _
Ops = — (@t the quiescent point) O
OVgs
The channel conductances, g, Imps: and gys are defined as
dp . .
Om = — (at the quiescent point)
dp . .
Ombs = = (@t the quiescent point)
0Vps
and
dlp . .
Ogs = — — (at the quiescent point)
Do
;
% ’ de
| (
I\
{1 iy
ng ‘\.i_x' P
| ( i
A WV
nggs gds ey
¢ ° :: * ,:' b
A VW
* ::' inrs Cis
| (
I\
| (
I\
Cgb % rs
SO

Figure3.3-1 Small-signal model of the MOS transistor.

(2)

3)

(4)

(5)

19

The values of these small signal parameters depend on which region the quiescent point
occurs in. For example, in the saturated region g,,, can be found from Eqg. (13) of Section

3.1las

Om =\ CK'WIL)| Ip|(1 + A Vpg) 04/ (2KWIL)|Ip)|

(6)



Allen/Holberg : Chapter 3 : 1/13/01 20

which emphasizes the dependence of the small-signal parameters upon the large-signal
operating conditions. The small-signal channel transconductance due to vgg is found by
rewriting Eq. (4) as

Imbs = =- (] L] (7)
™ Vg %VTD§V88D
. . . dlp —0dlp
Using Eq. (2) of Section 3.1 and noting that —— = ——, we get
y
= N9 )

s = I (2l + Vep) V2

This transconductance will become important in our small-signal analysis of the MOS
transistor when the ac value of the source-bulk potential vy, is not zero.
The small-signal channel conductance, gqs (9o), iS given as

|
O
O
>

gds = go - (9)
The channel conductance will be dependent upon L through A which is inversely
proportional to L. We have assumed the MOS transistor is in saturation for the results
given by Egs. (6), (8), and (9).

The important dependence of the small-signal parameters upon the large-signal
model parameters and dc voltages and currents isillustrated in Table 3.3-1. In this Table
we see that the three small-signal model parameters of gy, 9mps @d g4s have several
alternate forms. An example of the typical values of the small-signal model parameters
follows.

Example 3.3-1 Typical Vauesof Small Signal Model Parameters

Find the values of gy, 9mbs @Nd gy Using the large signal model parametersin Table
3.1-2 for both an n-channel and p-channel device if the dc value of the magnitude of the

drain current is 50 A and the magnitude of the dc value of the source-bulk voltage is 2
V. Assume that the W/L ratiois 1 um/1 um.

Using the values of Table 3.1-2 and Egs. (6), (8), and (9) gives gy, = 105 UA/V, Ombs
=128 pA/V, and gys U 2.0 HA/V for the n-channel device and g, = 70.7 LAV, Omps =
12.0 pA/V, and gy 2.5 HA/V for the p-channel device.
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Table 3.3-1 Relationships of the Small Signal Model Parametersupon the DC
Values of Voltage and Current in the Saturation Region.

Small Signal DC Current DC Current and DC Voltage
Model Parameters Voltage
' 1/2 ]
9m 0(2K' IpWIL) 0 DKLW(VGS-VT)
Ombs U y (2IpRY2 v[ B(Vag-VD Y2
BETVEE g (Vg
Ods UAlp O 0

Although the MOS devices are not often used in the nonsaturation region in analog
circuit design, the relationships of the small-signal model parameters in the nonsaturation
region are given as

_ 0dlg

Im=5y .~ BVpg1l+ AVpg UBVps (10)
GS
dlp BWNbs

Ombs = = 12 (11)
0Ves 2(2lg=|+Vsp)

and
= B(Vas— V1 - Vpo(1+ AV oA
dds = B(Ves— V1 Vpo) D9 1+ NVoe
0B(Ves—Vr— Vb9 (12)

Table 3.3-2 summarizes the dependence of the small-signal model parameters on the
large-signal model parameters and dc voltages and currents for the nonsaturated region.
The typical values of the small-signal model parameters for the nonsaturated region are
illustrated in the following example.

Table 3.3-2 Relationships of the Small-Signal M odel Parameter s upon the DC
Values of Voltage and Current in the Nonsaturation Region.

Small Signal DC Voltage and/or Current
Model Parameters Dependence
Im UBVDs
Ymbs __ByVbs _
2(2l¢r | +VsB)V?
9ds 0B (VGs—VT —VD9

Example 3.3-2 Typical Vaues of the Small-Signal Model Parametersin the
Nonsaturated Region

Find the values of the small-signal model parameters in the nonsaturation region for
an n-channel and p-channel transistor if Vgg=5V, Vpg=1V, and |Vgg| =2 V. Assume
that the WIL ratios of both transistorsis 1 um/1 um. Also assume that the value for K’ in
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the nonsaturation region is that same as that for the saturation (generally a poor
assumption).

First it is necessary to calculate the threshold voltage of each transistor using Eqg. (2)
of Sec. 3.1. The results are a V1 of 1.02 V for the n-channel and —-1.14 V for the p-
channel. This gives a dc current of 383 A and 168 LA, respectively. Using Egs. (10),
(11), and (12), we get gy, = 110 HA/V, Oqps = 46.6 UA/V, and rys = 3.05 KQ for the n-

channel transistor and g, = 50 UA/V, Gmps = 28.6 HA/V, and rgg = 6.99 KQ for the p-
channel transistor.

The values of ryq and rg are assumed to be the same as rp and rg of Fig. 3.2-1.
Likewise, for small-signal condltlons Cgs Cgd: Cgb: Chas and Cpg are assumed to be the
same as CGS CGD’ CGB’ CBD’ and CBS respectlve%

If the noise of the MOS transistor is to be modeled, then three additional current
sources are added to Fig. 3.3-1 as indicated by the dashed lines. The values of the mean-
sguare noise-current sources are given as

Tho= o0 (13
an_ Drs g&f (Az) (14)

and

— BKT g(1+n) (KF)I

—2 m D
= + f (A2 15

i o 3 fCox'-zm (A9) (15)

The various parameters for these equations have been previously defined. With the noise
modeling capability, the small-signal model of Fig. 3.3-1isavery general model.

It will be important to be familiar with the small-signal model for the saturation
region developed in this section. This model, along with the circuit simplification
techniques given in Appendix A, will be the key element in analyzing the circuits in the
following chapters.

3.4 Computer Simulation Models

The large-signal model of the MOS device previously discussed is simple to use for
hand calculations but neglects many important second-order effects. While a simple
model for hand calcualtion and design intuition is critical, a more accurate model is
required for computer simulation. There are many model choices available for the
designer when choosing a device model to use for computer simulation. At one time,
HSPICE supported 43 different mosfet models [25] (many of which were company
proprietary) while SmartSpice publishes support for 14 [24]. Which model is the right
one to use? In the fabless semiconductor environment, the user must use the model
provided by the wafer foundry. In companies where the foundry is captive (i.e., the
company owns their own wafer fabrication facility) a modeling group provides the model

I HSPICE is now owned by Avant! Inc. and has been renamed to Star-Hspice
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to circuit designers. It is seldom that the designer takes it upon himself to choose a model
and perform parameter extraction to get the terms for the model chosen.

The SPICE Level 3 dc model will be covered in some detail because it isarelatively
straightforward extension of the Level 2 model. The BSIM3v3 model will be introduced
but the detailed equations will not be presented because of the volume of equations
required to describe it—there are other good texts that deal with the subject of modeling
exclusively [ 28,29], and there is little additional design intuition derived from covering
the details.

Models developed for computer simulation have improved over the years but no
model has yet been developed that, with a single set of parameters, covers device
operation for al possible geometries. Therefore, many SPICE simulators offer a feature
called “model binning.” Parameters are derived for transistors of different geometry (Ws
and Ls) and the simulator determines which set of parameters to use based upon the
particular W and L called out in the device instantiation line in the circuit description.
The circuit designer need only be aware of this since the binning is done by the model
provider.

SPICE Level 3 Model

The large-signal model of the MOS device previously discussed is simple to use for
hand calculations but neglects many important second-order effects. Most of these
second-order effects are due to narrow or short channel dimensions (less than about
3um). In this section, we will consider a more complex model that is suitable for
computer-based analysis (circuit simulation, i.e., SPICE simulation). In particular, the
SPICE Level 3 model will be covered. This model is typically good for MOS
technologies down to about 0.8 um. We will also consider the effects of temperature
upon the parameters of the MOS large signal model.

We first consider second-order effects due to small geometries. When vggis greater
than V, the drain current for a small device can be given as [25]

Drain Current

[+ fiy] 0
ips=BETA %GS Vr = E5—Voeoe (1)
W W
BETA =KPT— = UefCOX T— )
L est L est
Less =L — 2(LD) ©)
W = W — 2(WD) (4)

Vpe = Min(Vpg, Vpg (Sat)) (5)
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(¢, CAMMAC .
=f +
D™ 4(PHI + vgg) /2 ©

Note that PHI is the SPICE model term for the quantity 2¢ . Also be aware that PHI is
always positive in SPICE regardless of the transistor type (p- or n-channel). In this text,
the term, PHI, will always be positive while the term, 2¢;, will have a polarity
determined by the transistor type as shown in Table 2.3-1.

DELTA T7&
f = 7
N Wert 2 0COX ()
2
AL rwel  wp 20% LpE
fo=1- 3 " Dl—gimm - U 8
eff @ j 0 i + WpDD ] E
wp = xd (PHI + vgg )12 (9)
U 2lE4 (/2
= F—— (10)
[g CNSUB[]
ot (1)

]
we = X; [Kq + Kk
I 5 1 zgm g
k1 =0.0631353, ko =0.08013292, k3 =0.01110777

Threshold Voltage

%TA[B 15 ZZDD U2
Vy=V, - Sips+ GAMMA [ PHI +vg) 2 + f(PHI +vgg)  (12)

D Cox L eff l
Vi = Vg, + PHI (13)
or
Vi = VTO - GAMMA G/PHI (14)

Saturation Voltage
V,.— V.
_ _0s T
Vo, = 15
sat 1 + fb ( )
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1/2
2 2
Vpg(Sat) =V + Ve — Bt + Vel

VMAX [L 4
V, =
C m

If VMAX isnot given, then vp(sat) = Vg

Effective Mobility

_ uo

Mg when VMAX =0

H :
Hess = —f/ when VMAX > O; otherwise s = Ug

Channel-Length Modulation

When VMAX =0

2
AL = xd EKAPPA (Vpg— VDS(H))QJ
when VMAX >0

[kd 2 [kd 2
AL=-2 —+ %’O > BZ+ KAPPA [Xd 2 E(vDs—vDs(sam))E

where

Ve (Ve + vpgsat))
~ Lgf vpg(sa)

o ips
DS™ 1AL

de

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(21)

25
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Table 3.4-1 Typical Model Parameters Suitable for SPICE Simulations Using L evel-

3 Model (Extended Model). These Values Are Based upon a 0.8um Si-Gate Bulk
CMOS n-Wéll Process and I nclude Capacitance Parametersfrom Table 3.2-1.

Parameter Parameter Typical Parameter Value

Symbol Description N-Channel P-Channel Units

VTO  Threshold 07015  -0.7%0.15 v

uo mobility 660 210 cm?/V-s

DELTA Narrow-width threshold 2.4 1.25 ]
adjust factor

ETA Static-feedback threshold 0.1 0.1 0
adjust factor

KAPPA Saturation field factor in 0.15 25 w
channel-length modulation

THETA Mobility degradation factor 0.1 0.1 i

NSUB  Substrate doping 3x1016 6x1016 cm3

TOX Oxide thickness 140 140 A

XJ Mettallurgical junction 0.2 0.2 um
depth

WD Deltawidth um

LD Lateral diffusion 0.016 0.015 um

NFS Parameter for weak 7x1011 6x1011 cm2
inversion modeling

CGSO 220x 10712 220x 1012  F/m

CGDO 220x 1012 220 x 10°12 F/m

CGBO 700 x 10712 700 x 10-12 F/m

cJ 770x 106  560x 106  F/m?

Csw 380x 1012 350x 1012  F/m

MJ 0.5 0.5

MJISW 0.38 0.35

The temperature-dependent variables in the models developed so far include the:
Fermi potential, PHI, EG, bulk junction potential of the source-bulk and drain-bulk
junctions, PB, the reverse currents of the pn junctions, |, and the dependence of mobility
upon temperature. The temperature dependence of most of these variablesis found in the
eguations given previously or from well-known expressions. The dependence of mobility
upon temperature is given as

EX
UO(T) = UO(Ty) ErT_OBB (15)

where BEX isthe temperature exponent for mobility and istypically -1.5.

VirermT) = G (16)
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T2

[l
EG(T)=1.16 - 7.02 (1074 [ 17
(M) H: +1108.0 (17

I

- T EG(To) EG(T
PHI(T) = PHI(To) EEF_OB_ Vinerm(T) 53 Dn%_o% Vther m(qro) B VtherErK)T)%w)

PHI(T) — PHI(Tg) EG(To) — EG(T)

Vi (T) = vy, (To) + 5 + > (19)
VTO(T) = v, (T) + GAMMA ENPHI(T) 5 (20)
PHI(T)= 2 Ngherm IN %dis(u—T)Bg (21)

3/2
mln 0 T _ .0 1 0
ni(Ty = 1.45 (1016 O CexpFEG [Er—— 1 [ELZ (22)
| Holl i 0 U 12 Citherm(To) (1

For drain and source junction diodes, the following relationships apply.

L T, _EG() __EGM) p
PB(T) =PB [H?D_ Vtherm(T) %3 DnEII'_OD+ Vtherm(To) B Vtherm(T)O (23)

and

B ITo) 0 EG(To) EG(T) T
SN =N P rem(Te) ~ Winerr® * 3 o (24)

where N is diode emission coefficient.
The nominal temperature, Ty, is 300 K.

An alternate form of the temperature dependence of the MOS model can be found
elsewhere[12].

BSM 3v3 Model

MOS transistor models introduced thus far in this chapter have been used
successfully when applied to 0.8 um technologies and above. As geometries shrink

below 0.8 um, better models are required. Researchersin the Electrical Engineering and
Computer Sciences department at The University of California at Berkeley have been
leaders in the devel opement of SPICE and the models used init. 1n 1984 they introduced
the BSIM1 model [ 27] to address the need for a better submicron MOS transistor model.
The BSIM1 model model approached the modeling problem as a multi-parameter curve-
fitting exercise. The model contained 60 parameters covering the dc performance of the
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MOS transistor. There was some relationship to device physics, but in alarge part, it was
a non-phycal model. Later, in 1991, UC Berkeley released the BSIM2 model that
improved performance related to the modeling of output resistance changes due to hot-
electron effects, source/drain parasitic resistance, and inversion-layer capacitance. This
model contained 99 dc parameters, making it more unwieldy than the 60-parameter (dc
parameters) BSIM1 model. In 1994, U.C. Berkeley introduced the BSIM3 model
(version 2) which, unlike the earlier BSIM models, returned to a more device-physic
based modeling approach. The model is simpler to use and only has 40 dc parameters.
Moreover, the BSIM3 provides good performance when applied to analog as well as
digital circuit simulation. Initsthird version, BSIM3v3 [26], it has become the industry
standard MOS transistor mode!.

The BSIM3 model addresses the following important effects seen in deep-submicron
MOSFET operation:

* Threshold voltage reduction

» Mobility degradation do to avertical field
* Veocity saturation effects

* Drain-induced barrier lowering (DIBL)

» Channel length modulation

»  Subthreshold (weak inversion) conduction
» Parasitic resistance in the source and drain
» Hot-electron effects on output resistance

The plot shown in Fig. 3.4-2 shows a comparison of a 20/0.8 device using the Level
1, Level 3, and the BSIM3v3 models. The model parameters were adjusted to provide
similar characterists (given the limitations of each model). Assuming that the BSIM3v3
model closely approximates actual transistor performance, this figure indicates that the
Level 1 model is grossly in error, the Level 3 model shows a significant difference in
modeling the transition from non-saturation to linear region.
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Figure 3.4-2 Simulation of MOSFET transconductance characteristic using Level=1, Level=3,
and the BSIM3v3 models.

3.5 Subthreshold MOS Model

The models discussed in previous sections predict that no current will flow in a
device when the gate-source voltage is at or below the threshold voltage. In redlity, thisis

not the case. As Vg approaches V, the ip — Vgg characteristics change from square-law
to exponential. Whereas the region where vgg is above the threshold is called the strong
inversion region, the region below (actually, the transition between the two regionsis not
well defined as will be explained later) is called the subthreshold, or weak inversion
region. This is illustrated in Fig. 3.5-1 where the transconductance characteristic a
MOSFET in saturation is shown with the square root of current plotted as a function of
the gate-source voltage. When the gate-source voltage reaches the value designated as vy,
(this relates to the SPICE model formulation), the current changes from square-law to an
exponential-law behavior. It is the objective of this section to present two models suitable
for the subthreshold region. The first is the SPICE LEVEL 3 [25] model for computer
simulation while the second is useful for hand calculations.
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Figure 3.5-1 Wesk-inversion characteristics of the MOS
transistor as modeled by Eq. (4).

Inthe SPICE Level 3 model, the transition point from the region of strong inversion
to the weak inversion characteristic of the MOS device is designated as v, and is greater
than V7. v, isgiven by

Von — VT + fast (1)

where

KTD  qINFS GAMMA [ (PHI + vgg)2 + fn (PHI V)]

fast = H+ “cox ¥ 2(PHT + V) 5 @

NFS is a parameter used in the evaluation of v,, and can be extracted from
measurements. The drain current in the weak inversion region, vVgglessthan vy, , isgiven
as

Yes ™ Vond

iDs = ips(Von Vo - Veple~ 1 © (3

whereipg isgiven as (from Eq. (1), Sec. 3.4 withvggreplaced with vgp)
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_ 0 Q+f0 O
ips=BETANo, ~ V= 55 Vpe VDE (4)
For hand calculations, a simple model describing weak-inversion operation is given
as
W OVes O
'p UT" oo &P fgTiqo ©)

whereterm n is the subthreshold slope factor, and I is a process-dependent parameter
which is dependent also on vgg and V. These two terms are best extracted from
experimental data. Typicaly nisgreater than 1 and less than 3 (1 <n < 3). The point at
which atransistor enters the weak-inversion region can be approximated as

vgs < V+ n% (6)

Unfortunately, the model equations given here do not properly model the transistor
as it makes the transition from strong to weak inversion. In reality, there is a transition
region of operation between strong and weak inversion called the “moderate inversion”
region [15]. Thisisillustrated in Fig. 3.5-2. A complete treatment of the operation of the
transistor through thisregion is given in the literature [15,16].

Moderate
inversion region
v
ip (nA) ! !
Wesk | :
1000.0 | inversion i i
region | i Strong
1000 | {1 inversion
| | region
100 | i i
1.0 H H
0 v,

GS

Figure 3.5-2 Thethree regions of operation of an MOS transistor.

It is important to consider the temperature behavior of the MOS device operating in
the subthreshold region. Asisthe case for strong inversion, the temperature coefficient of
the threshold voltage is negative in the subthreshold region. The variation of current due
to temperature of a device operating in weak inversion is dominated by the negative
temperature coefficient of the threshold voltage. Therefore, for a given gate-source
voltage, subthreshold current increases as the temperature increases. Thisisillustrated in
Fig. 3.5-3[21].
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Figure 3.5-3 Transfer characteristics of along-channel deviceasa
function of temperature. (© |EEE)

Operation of the MOS device in the subthreshold region is very important when low-
power circuits are desired. A whole class of CMOS circuits have been devel oped based
on the weak-inversion operation characterized by the above model [17,18,19,20]. We will
consider some of these circuitsin later chapters.

3.6 SPICE Simulation of MOS Circuits

The objective of this section is to show how to use SPICE to verify the performance
of an MOS circuit. It is assumed that the reader already has experience using SPICE to
simulate circuits containing resistors, capacitors, sources, etc. This section will extend
the readers knowledge to include the application of MOS transistors into SPICE
simulations. The models used in this section are the Level 1 and Level 3 models.

In order to simulate MOS circuits in SPICE, two components of the SPICE
simulation file are needed. They are instance declarations and model descriptions.
Instance declarations are simply descriptions of MOS devices appearing in the circuit
along with characteristics unique to each instance. A simple example which shows the
minimum required terms for a transistor instance follows:

M13670NCHW=100U L=1U

Here, the first letter in the instance declaration, “M,” tells SPICE that the instance is an
MOS transistor (just like “R” tells SPICE that an instance is aresistor). The “1” makes
this instance unique (different from M2, M99, etc.) The four numbers following”M1”
specify the nets (or nodes) to which the drain, gate, source, and substrate (bulk) are
connected. These nets have a specific order as indicated below:

M<number> <DRAIN> <GATE> <SOURCE> <BULK> ...

Following the net numbers, is the model name governing the character of the
particular instance. In the example given above, the model name is “NCH.” There must
be amodel description somewhere in the simulation file that describes the model “NCH.”
The transistor width and length are specified for the instance by the “W=100U" and
“L=1U" expressions. The default units for width and length are meters so the “U”
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following the number 100 is a multiplier of 10-6. [Recall that the following multipliers
can be used in SPICE: M, U, N, P, F, for 10-3, 106, 10-9, 10-12 , 10-15 | respectively.]
Additional information can be specified for each instance. Some of these are

Drain area and periphery (AD and PD)

Source area and periphery (AS and PS)

Drain and source resistance in squares (NRD and NRYS)
Multiplier designating how many devices are in parallel (M)
Initial conditions (for initial transient analysis)

Drain and source area and periphery terms are used in calculating depletion capacitance
and diode currents (remember, the drain and source are pn diodes to the bulk or well).
The number of squares of resistance in the drain and source (NRD and NRS) are used to
calculate the drain and source resistance for the transistor. The multiplier designator is
very important and thus deserves extended discussion here.

In Sec 2.6 layout matching techniques were developed. One of the fundamental
principles described was the “unit-matching” principle. This principle prescribes that
when one device needs to be “M” times larger than another device, then the larger device
should be made from “M” units of the smaller device. In the layout, the larger device
would be drawn using “M” copies of the smaller device—all of them in parallel (i.e., all
of the gates tied together, all of the drains tied together, and all of the sources tied
together). In SPICE, one must account for the multiple components tied in parallel. One
way to do this would be to instantiate the larger device by instantiating “M” of the
smaller devices. A more convenient way to handle thisis to use the multiplier parameter
when the larger device is instantiated. Figure 3.6-1 illustrates two methods for
implementing a 2X device (unit device implied). In Fig. 3.6-1(a) the correct way to
instantiate the devicein SPICE is

ML 3 21 0 NCH W20U L=1U
whereas in Fig3.6-1(b) the correct SPICE instantiation is

ML 3 2 1 0 NCH W10U L=1U M=2
Clearly, from the point of view of matching (again, it isimplied that an attempt is made
to achieve a2 to 1 ratio), case (b) is the better choice and thus the instantiation with the
multiplier isrequired. For the sake of completeness, it should be noted that the following

pair of instantiations are equivalent to the use of the multiplier:

NCH WF10U L=1U

3210
321 0 NCH W10U L=1U
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Figure3.6-1 (dM13210NCH W=20U L=1U. (b) M13210NCH W=10U L=1U M=2.

Some SPICE simulators offer additional terms further describing an instance of a
MOS transistor.

A SPICE simulation file for an MOS circuit is incomplete without a description of
the model to be used to characterize the MOS transistors used in the circuit. A model is
described by placing aline in the simulation file using the following format.

. MODEL <MODEL NAME> <MODEL TYPE> <MODEL PARAMETERS>

The model line must always begin with “*.MODEL” and be followed by a model name
such as “NCH” in our example. Following the model name is the model type. The
appropriate choices for model type in MOS circuits is either “PMOS” or “NMOS.” The
final group of entries is model parameters. If no entries are provided, SPICE uses a
default set of model parameters. Except for the crudest of simulations, you will always
want to avoid the default parameters. Most of the time you should expect to get a model
from the foundry where the wafers will be fabricated, or from the modeling group within
your company. For times where it is desired to check hand calculations that were
performed using the simple model (Level 1 model) it is useful to know the details of
entering model information. An example model description line follows.

. MCDEL NCH NMOS LEVEL=1 VTO=1 KP=50U GAWNVA=0. 5
+LAMBDA=0. 01

In this example, the model name is “NCH” and the model type is “NMOS.” The model
parameters dictate that the LEVEL 1 model is used with VTO, KP, GAMMA, and
LAMBDA specified. Note that the “+" is SPICE syntax for a continuation line.

The information on the model line is much more extensive and will be covered in
this and the following paragraphs. The model line is preceded by a period to flag the
program that this line is not a component. The model line identifies the model LEVEL
(e.g., LEVEL=1) and provides the electrical and process parameters. If the user does not
input the various parameters, default values are used. These default values are indicated
in the user’ s guide for the version of SPICE being used (e.g., SmartSpice). The LEVEL 1
model parameters were covered in Sec. 3.1 and are: the zero-bias threshold voltage, VTO
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(V10), in volts extrapolated to ip = O for large devices, the intrinsic transconductance
parameter, KP (K’), in amps/volt2, the bulk threshold parameter, GAMMA ()) in voltY/2,
the surface potential at strong inversion, PHI (2¢), in volts, and the channel-length
modulation parameter, LAMBDA (A), in volt™l. Values for these parameters can be found
in Table 3.1-2.

Sometimes, one would rather let SPICE calculate the above parameters from the
appropriate process parameters. This can be done by entering the surface state density in

cm2 (NSS), the oxide thickness in meters (TOX), the surface mobility, UO (L), in
cm?/V-s, and the substrate doping in cm-3 (NSUB). The equations used to calculate the
electrical parameters are

aINSS) |, (29 Cesi CNSUB OPHI)12

VTO = gya- + PHI 1
Ms™ (e ITOX) (69 TOX) @)
KP=UO=%. 2
=UOT5x (2

29 [k TNSUB)V/2
GAMMA = 24 LEs ) 3)

(Eox/ TOX)
and
_ KT, (NSUB[

LAMBDA is not calculated from the process parameters for the LEVEL 1 model. The
constants for silicon, given in Table 3.1-1, are contained within the SPICE program and
do not have to be entered.

The next model parameters considered are those that were considered in Sec. 3.2.
The first parameters considered were associated with the bulk-drain and bulk-source pn
junctions. These parameters include the reverse current of the drain-bulk or source-bulk
junctions in A (IS) or the reverse-current density of the drain-bulk or source-bulk
junctions in A/m2 (JS). JS requires the specification of AS and AD on the model line. If
IS is specified, it overrides JS. The default value of IS is usually 10-14 A. The next
parameters considered in Sec. 3.2 were the drain ohmic resistance in ohms (RD), the
source ohmic resistance in ohms (RS), and the sheet resistance of the source and drainin
ohms/sgquare (RSH). RSH is overridden if RD or RS are entered. To use RSH, the values
of NRD and NRS must be entered on the model line.

The drain-bulk and source-bulk depletion capacitors can be specified by the zero-
bias bulk junction bottom capacitance in farads per m2 of junction area (CJ). CJ requires
NSUB and assumes a step junction using a formula similar to Eq. (12) of Sec. 2.2.
Alternately, the drain-bulk and source-bulk depletion capacitances can be specified using
Egs. (5) and (6) of Sec. 3.2. The necessary parameters include the zero-bias bulk-drain
junction capacitance in farads (CBD), the zero-bias bulk-source junction capacitance in
farads (CBYS), the bulk junction potential in volts (PB), the coefficient for forward-bias
depletion capacitance (FC), the zero-bias bulk junction sidewall capacitance in farads per
meter of junction perimeter (CIJSW), and the bulk junction sidewall capacitance grading
coefficient (MJSW). If CBD or CBS is specified, then CJ is overridden. The values of
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AS, AD, PS, and PD must be given on the device line to use the above parameters.
Typical values of these parameters are given in Table 3.2-1.

The next parameters discussed in Sec. 3.2 were the gate overlap capacitances. These
capacitors are specified by the gate-source overlap capacitance in farads/meter (CGSO),
the gate-drain overlap capacitance in farads/meter (CGDO), and the gate-bulk overlap
capacitance in farads/meter (CGBO). Typical values of these overlap capacitances can be
found in Table 3.2-1. Finaly, the noise parameters include the flicker noise coefficient
(KF) and the flicker noise exponent (AF). Typical values of these parameters are 10-28
and 1, respectively.

Additional parameters not discussed in Sec. 3.4 include the type of gate material
(TPG), the thin oxide capacitance model flag and the coefficient of channel charge

allocated to the drain (XQC). The choices for TPG are +1 if the gate material is opposite

to the substrate, —1 if the gate material is the same as the substrate, and O if the gate
material is auminum. A charge controlled model is used in the SPICE simulator if the
value of the parameter XQC has a value smaller than or equal to 0.5. This model attempts
to keep the sum of charge associated with each node equal to zero. If XQC is larger than
0.5, charge conservation is not guaranteed.

In order to illustrate its use and to provide examples for the novice user to follow,
several examples will be given showing how to use SPICE to perform various
simulations.

Example 3.6-1 Use of SPICE to Simulate MOS Output Characteristics

Use SPICE to obtain the output characteristics of the n-channel transistor shown in
Fig. 3.6-2 using the LEVEL 1 model and the parameter values of Table 3.1-2. The output
curves are to be plotted for drain-source voltages from 0 to 5 V and for gate-source
voltages of 1, 2, 3, 4, and 5 V. Assume that the bulk voltage is zero. Table 3.6-1 shows
the input file for SPICE to solve this problem. The first line is a title for the simulation
file and must be present. The lines not preceded by “. " define the interconnection of the
circuit. The second line describes how the transistor is connected, defines the model to be
used, and gives theWand L values. Note that because the units are meters, the suffix “ U’

is used to convert to um. The third and forth lines describe the independent voltages. VDS
and VGS are used to bias the MOSFET. The fifth line is the model description for M1.
The remaining lines instruct SPICE to perform a dc sweep and print desired results.
“. DC’ asksfor adc sweep. In this particular case, a nested dc sweep is specified in order
to avoid seven consecutive analyses. The“. DC. . . ” linewill set VGS to avalueof 1V
and then sweep VDS from 0to 5 V in increments of 0.2 V. Next, it will increment VGS to
2V and repeat the VDS sweep. Thisis continued until five VDS sweeps have been made
with the desired values of VGS. The“. PRI NT. . . ” line directs the program to print the
values of the dc sweeps. The last line of every SPICE input file must be .END which is
line eleven. Fig. 3.6-3 shows the output plot of thisanaysis.
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Figure 3.6-2 Circuit for Example 3.6-1

Table 3.6-1 SPICE Input Filefor Example 3.6-1.

37

Ex. 3.6-1 Use of SPICE to Sinulate MOS Qut put

ML 2 100 MOS1T W5U L=1. 0U

VDS 2 0 5

VGS 101

. MODEL MOS1 NMOS VTO=0.7 KP=110U GAMVA=0. 4 LAMBDA=0.04 PHI =0.7
.DCVDS 050.2VGs151

.PRINT DC V(2) | (VDS)

. END

7.0

VGS=5

iD (MA)

0 05 10 15 20 25 30 35 40 45 50

Vbs

Figure 3.6-3 Output from Example 3.6-1
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Example 3.6-2 dc Analysisof Fig. 3.6-4.

Use the SPICE simulator to obtain a plot of the value of v T as afunction of vy of

Fig. 3.6-3. Identify the dc value of vj which givesvgoyt=0V.
The input file for SPICE is shown in Table 3.6-2. It follows the same format as the
previous example except that two types of transistors are used. These models are

designated by MOSN and MOSP. A dc sweep is requested starting from vy = 0 V and
going to +5V. Figure 3.6-5 shows the resulting output of the dc sweep.

M'°‘__’||—@4|r__“”2

Vout

©)
R1=100kQ % INO@_”: M1

<

Figure 3.6-4 A simple MOS amplifier for Example 3.6-2

Table 3.6-2 SPICE Input Filefor Example 3.6-2.
Ex. 3.6-2 DC Analysis of Fig. 3.6-3.

ML 2 1 0 0 MOSN W=20U L=10U
M 2 3 4 4 MOSP W-10U L=20U
M8 3 3 4 4 MOSP W10U L=20U
R1 3 0 100K

VDD 4 0 DC 5.0

VIN1 0O DC 5.0

. MODEL MOSN NMOS VTO=0. 7 KP=110U GAMVA=0.4 LAMBDA=0.04 PHI =0.7
. MODEL MOSP PMOS VTO=-0.7 KP=50U GAMVA=0.57 LAMBDA=0.05 PHI =0.8
.DCVINO 5 0.1

. PRINT DC V(2)

. END
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Figure 3.6-5 Output of Example 3.6-2

Example 3.6-3 ac Analysisof Fig. 3.6-4

Use SPICE to obtain asmall signal frequency response of Voyt(w)/V n(w) when the
amplifier is biased in the transition region. Assume that a 5 pF capacitor is attached to the
output of Fig. 3.6-4 and find the magnitude and phase response over the frequency range
of 100 Hz to 100 MHz.

The SPICE input file for this example is shown in Table 3.6-3. It isimportant to note

that v, has been defined as both an ac and dc voltage source with adc value of 1.07V. If

the dc voltage were not included, SPICE would find the dc solution for v;y = 0 V which
isnot in the transition region. Therefore, the small signal solution would not be evaluated
in the transition region. Once the dc solution has been evaluated, the amplitude of the
signal applied as the ac input has no influence on the simulation. Thus, it is convenient to
use ac inputs of unity in order to treat the output as a gain quantity. Here, we have
assumed an ac input of 1.0 volt peak.

The simulation desired is defined by the“. AC DEC 20 100 100MEG’ line. This
line directs SPICE to make an ac analysis over alog frequency with 20 points per decade
from 100 Hz to 100 MHz. The . OP option has been added to print out the dc voltages of
al circuit nodes in order to verify that the ac solution is in the desired region. The
program will calculate the linear magnitude, dB magnitude, and phase of the output
voltage. Figures 3.6-6(a) and (b) show the magnitude (dB) and the phase of this
simulation.
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Table 3.6-3 SPICE Input Filefor Example 3.6-3.

40

3.6-3 AC Analysis of Fig. 3.6-3.
MOSN W£20U L=10U
MOSP W£10U L=20U
MOSP W£10U L=20U

» MO

VIN1 O DC-2.42 AC 1.0

. MODEL MOSN NMOS VTO=0. 7 KP=110U GAMVA=0.4 LAMBDA=0.04 PHI =0.7
. MODEL MOSP PMOS VTO=-0.7 KP=50U GAMVA=0.57 LAMBDA=0.05 PHI =0.8
. AC DEC 20 100 100MEG

.oP

.PRINT AC VM 2) VDB(2) VP(2)

. END
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Figure 3.6-6 (a) Magnitude response of Example 3.6-3, (b) Phase response of Example 3.6-3

Example 3.6-4 Transient Analysisof Fig. 3.6-4

The last ssmulation to be made with Fig. 3.6-4 is the transient response to an input
pulse. This simulation will include the 5 pF output capacitor of the previous example and
will be made from time zero to 4 microseconds.
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Table 3.6-4 shows the SPICE input file. The input pulse is described using the
piecewise linear capability (PWL) of SPICE. The output desired is defined by “. TRAN
0. 01U 4U which asks for a transient analysis from 0 to 4 microseconds at points
spaced every 0.01 microseconds. The output will consist of both v (t) and voyT(t) and is
shownin Fig. 3.6-7.

The above examples will serve to introduce the reader to the basic ideas and
concepts of using the SPICE program. In addition to what the reader has distilled from
these examples, a useful set of guidelines is offered which has resulted from extensive
experience in using SPICE. These guidelines are listed as:

Never use a simulator unless you know the range of answers beforehand.

Never simulate more of the circuit than is necessary.

Always use the simplest model that will do the job.

Always start a dc solution from the point at which the mgjority of the devices are

on.

Use a simulator in exactly the same manner as you would make the measurement

on the bench.

6. Never change more than one parameter at a time when using the simulator for
design.

7. Learn the basic operating principles of the simulator so that you can enhance its
capability. Know how to use its options.

8. Watch out for syntax problems like O and 0.

9. Usethe correct multipliersfor quantities.

10. Use common sense.

pwODNE

o

Most problems with simulators can be traced back to a violation of one or more of
these guidelines.

Table 3.6-4 SPICE Output for Example 3.6-4.

3.6-4 Transient Analysis of Fig. 3.6-3.
0 MOSN W£20U L=10U
4 MOSP Ws10U L=20U
4 MOSP Ws10U L=20U

ROFZET
oo o

.0
0 OV 1U 0V 1.05U 3V 3U 3V 3.05U 0V 6U 0V)

<<
S
BN
oo
3
-~ O

. MODEL MOSN NMOS VTO=0. 7 KP=110U GAMVA=0.4 LAVBDA=0.04 PH =0.7
. MODEL MOSP PMOS VTO=- 0.7 KP=50U GAMVA=0.57 LAVBDA=0.05 PHI =0. 8
. TRAN 0. 01U 4U

.PRINT TRAN V(2) V(1)

. END
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Figure 3.6-7 Transient response of Example 3.6-4

There are many SPICE simulators in use today. The discussion here focused on the
more general versions of SPICE and should apply in most cases. However, there is
nothing fundamental about the syntax or use of a circuit simulator, so it is prudent to
carefully study the manuel of the SPICE simulator you are using.

3.7 Summary

This chapter has tried to give the reader the background necessary to be able to
simulate CMOS circuits. The approach used has been based on the SPICE simulation
program. This program normally has three levels of MOS models which are available to
the user. The function of models is to solve for the dc operating conditions and then use
this information to develop alinear small-signal model. Sec. 3.1 described the LEVEL 1
model used by SPICE to solve for the dc operating point. This model also uses the
additional model parameters presented in Sec. 3.2. These parameters include bulk
resistance, capacitance, and noise. A small-signal model that was developed from the
large-signal model was described in Sec. 3.3. These three sections represent the basic
modeling concepts for MOS transistors.

Models for computer simulation were presented. The SPICE Level 3 model whichis

effective for device lengths of 0.8um and greater was covered. The BSIM3v3 model
which is effective for deep-submicron devices was introduced. Large signal models
suitable for weak inversion were also described. Further details of these models and other
models are found in the references for this chapter. A brief background of simulation
methods was presented in Sec. 3.6. Simulation of MOS circuits using SPICE was
discussed. After reading this chapter, the reader should be able to use the model
information presented along with a SPICE simulator to analyze MOS circuits. This
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ability will be very important in the remainder of this text. It will be used to verify
intuitive design approaches and to perform analyses beyond the scope of the techniques
presented. One of the important aspects of modeling isto determine the model parameters
which best fit the MOS process that is being used. The next chapter will be devoted to
this subject.
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PROBLEMS

1.

Sketch to scale the output characteristics of an enhancement n-channel device if
V1 =0.7 volt and Ip = 500 UA when V=5V in saturation. Choose values of Vg

=1, 2, 3,4, and 5V. Assume that the channel modulation parameter is zero.

Sketch to scale the output characteristics of an enhancement p-channel device if V1
=-0.7 volt and I = -500 A when Vgg = -1, -2, -3, -4, and -6 V. Assume that the
channel modulation parameter is zero.

In Table 3.1-2, why is y greater than y for an-well, CMOS technology?

A large-signal model for the MOSFET which features symmetry for the drain and
source isgiven as

ip=K va {[(Ves — V192u(vgs — V19 — [(Vep ~ Vp)?U(Vep ~ V)]

where u(x) is 1 if x is greater than or equal to zero and O if x is less than zero (step
function) and V1 is the threshold voltage evaluated from the gate to X where Xis
either S (Source) or D (Drain). Sketch this model in the form of i versus vpgfor a
constant value of vgg (Vgg> V19 and identify the saturated and nonsaturated
regions. Be sure to extend this sketch for both positive and negative values of vpg
Repeat the sketch of ip versus vpg for a constant value of vgp (Vgp> V1p)-
Assume that both Vtgand Vp are positive.

Equation (11) and Eqg. (18) in Sec. 3.1 describe the MOS model in nonsaturation
and saturation region, respectively. These equations do not agree at the point of
transition between between saturation and nonsaturation regions. For hand
calculations, thisis not an issue, but for computer analysis, it is. How would you
change Eq. (18) so that it would agree with Eq. (11) at vpg= Vpg(sat)?

Using the values of Tables 3.1-1 and 3.2-1, calculate the values of CGB, CGS, and
CGD for a MOS device which hasa W of 5 um and an L of 1 um for all three
regions of operation

Find Cgy at Vgx = 0V and 0.75 V of Fig. P3.7 assuming the values of Table 3.2-1

apply to the MOS device where FC = 0.5 and PB = 1 V. Assume the device is n-

channel and repeat for a p-channel device.
1.6um
—» f 2.0um

0.8um
[ e !
Active Area

[ | Metal
™~ /

~ 1

Polysilicon

Figure P3.7



Allen/Holberg : Chapter 3 : 1/13/01 46

10.

11.
12.

13.

14.

Calculate the value of Cgg, Cgg, and Cp for an n-channel device with alength of
1 yum and awidth of 5 um. Assume Vp =2V, Vg=24V,and Vg= 0.5V and let

Vg =0V. Usemodel parameters from Tables 3.1-1, 3.1-2, and 3.2-1.
Calculate the transfer function vgt(s)/vin(s) for the circuit shownin Fig. P3.9. The

WI/L of M1 is 2um/0.8um and the W/L of M2 is 4um/4um. Note that thisis a
small-signal analysis and the input voltage has a dc value of 2 volts.

5Volts
WIL =2/0.8

| | O
J_ WIL = 4/4 +
+
UINT Vgt 1MV <> l l

VOUt

< )
Figure P3.9

Design alow-pass filter patterened after the circuit in Fig. P3.9 that achieves a-3dB
frequency of 100 KHz.

Repeat Examples 3.3-1 and 3.3-2 if the W/L ratio is 100 um/10 pm.

Find the complete small-signal model for an n-channel transistor with the drain at

4V, gateat 4V, source at 2V, and the bulk at 0 V. Assume the model parameters

from Tables 3.1-1, 3.1-2, and 3.2-1, and W/L = 10 um/1 um.

Consider the circuit in Fig P3.13. It isaparallel connection of n mosfet transistors.
Each transistor has the same length, L, but each transistor can have a different
width, W. Derive an expression for Wand L for asingle transistor that replaces, and
is equivaent to, the multiple parallel transistors.

M1 M2 Mn

bz

Figure P3.13

Consider the circuit in Fig P3.14. It is a series connection of n mosfet transistors.
Each transistor has the same width, W, but each transistor can have a different
length, L. Derive an expression for Wand L for asingle transistor that replaces, and
is equivalent to, the multiple parallel transistors. When using the simple model, you
must ignore body effect.
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15.

16.

17.

18.

19.

w -

Figure P3.14

Calculate the value for Vg for n MOS transistor in weak inversion assuming that
fsand fn can be approximated to be unity (1.0).

Develop an expression for the small signal transconductance of a MOS device
operating in weak inversion using the large signal expression of Eqg. (5) of Sec. 3.5.
Another way to approximate the transition from strong inversion to weak inversion
Is to find the current at which the weak-inversion transconductance and the strong-
inversion transconductance are equal. Using this method and the approximation for
drain current in weak inversion (Eq. (5) of Sec. 3.5), derive an expression for drain
current at the transition between strong and weak inversion.

Consider the circuit illustrated in Fig. P3.19. (a) Write a SPICE netlist that
describes this circuit. (b) Repeat part (a) with M2 being 2um/1um and it is
intended that M3 and M2 are ratio matched, 1:2.

Use SPICE to perform the following analyses on the circuit shown in Fig. P3.19: (a)
Plot voyT versus v\ for the nominal parameter set shown. (b) Separately, vary K'
and VT by +10% and repesat part (a)—four simulations.

Parameter N-Channel P-Channel  Units
VT 0.7 -0.7 Vv
K' 110 50 UAINV 2
| 0.04 0.05 v-1
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WIL = 1/1p :I|—©4|r__ WIL = /1y

M3

Vout
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Vi

N
R =50kQ % o@_|l: WIL = 1p/1p
M1

Figure P3.19

20. Use SPICE to plot io as afunction of vo when i4 has values of 10, 20, 30, 40, 50,

21.

22.

23.

60, and 70 uA for Fig. P3.20. The maximum value of vois5 V. Use the model

parameters of V1= 0.7V and K' = 110 pA/V2 and A = 0.01 V-1, Repeat with A =
0.04 V-1,
o —o

) 21

Va

WIL = 10pm/2um :I |_4|l: WIL = 10pm/2um
M2 -

Figure P3.20

Use SPICE to plot ip as afunction of vpgfor valuesof vgg=1, 2, 3,4and 5V for

an n-channel transistor with V+ =1V, K' = 110 uA/VZ, and | = 0.04 V-1, Show

how SPICE can be used to generate and plot these curves simultaneously as
illustrated by Fig. 3.1-3.

Repeat Example 3.6-1 if the transistor of Fig. 3.6-5 is a PMOS having the model
parameters given in Table 3.1-2.

Repeat Examples 3.6-2 through 3.6-4 for the circuit of Fig. 3.6-2 if R1 = 200 KQ.
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