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194 Chapter 4® The MOS Field-Effect Transistor
modern n-channel MOSFET is shown in Fig. 4.1. The ba
that of the simple MOSFET whose fabrication process was
Chapter 2. The gate of the transistor i
con). Underlying the gate is t
dioxide (Si0O,).
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» Figure 4.1 (a) Four-mask layout and (b) cross section of an integrated
n-channel MOSFET.

The channel is formed under the ili
e ch polysilicon gate between the two n* regi
shown in Fig 4.1 (b). The channel length L of the MOSFET as is defin:d irr?gli“(i)nsfls
(b.) as the gap between th.e n” diffusions. On the layout in Fig. 4.1(a), the chil ‘l
wg;ﬂeI;Vtcl)lfe t::ull\‘/ieOSt}IjETt }115 defined as the width of the active area. Oné n' diffusiI:)en
is , the other is called the drain. The potential he diffusi i
pe the basis for differentiating the source from i sovssed n the pont ep.
) the drain, as discussed in th
tion. The source and drain diffusions have a len : widEh B as the
. gth L ;- and the same width W
channel. Metal interconnections make ohmi 4 e i
L. [ ¢ contacts to the gate, source, and drai
Ip ad(flltlon, the undprlymg p-type bulk region (the substrate or a deep pitan e ccllj?fm
sion) is contacted with a fourth metal interconnection called the bulk or boytfy "

MOSFET Circuit Symbol a
4.1.2 Terminal Characteristics nd

Before introducing the current-voltage characteristics of the MOSFET. it is helpful

to }E\ﬁ Oa Ssymbol for this device. Unfortunately, there are two common symbols fo
each lls{]gfs ;ype. Figure 4.1.2 s:hows the circuit symbols and basic structure for a;
;ETatl}llI:: fae o ngrgshovsén (;n 1.:1g(.j 4&1) and for the complementary p-channel MOS-
¢ and drain diffusions in an n-type bulk regi i
will use the symbols without arrows for digi reuits Sl
sym gital circuits and the b i
for analog circuits. The cross sections for the two MOSFETS h:zfanbgésrlv:gggé%vgg

in order to illustrate the close correspondence between the symbols and the physical

structure.
The M i
¢ MOSFETs are oriented as they often appear in circuit schematics: the drain

 for the n-channel MOSFET and the source for the p-channel MOSFET are on top—

toward the positive voltage supply. Voltages between terminals are labeled by an

- ordered pair of subscripts such as V5=V, — Vs. By IEEE convention, the reference

S
+; S

RS s

l Vep>0
~Ip, o/ —IDpl D

(b) p-channel MOSFET

(a) n-channel MOSFET

Drain o—LJ n* Source D_H pt
Gate Bulk or
¢ Body Gate toe ggiil;or
Source o—] n* Drain 1 i+
o—t|P

g
> Figure 4.2 (

. a) n-channel MO
SYmbols and structure. SFET symbols and structure and (b) p-channel
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196 Chapter 4B The MOS Field-Effect Transistor

directions for currents are defined as positive into the device terminals. Since the

drain current for the p-channel device is negative, it is convenient to use —Ip, >0,
which is positive leaving the drain terminal. For the n-channel MOSFET in Fig,
4.2(a), the drain and source terminals are selected so that V>0, which is equivalent
to defining the source as the one with the lower potential. As shown in Fig. 4.2(b), the
labeling convention is opposite for the p-channel MOSFET. Its source and drain are
identified so that Vyp>0, which means its source is defined as the one with the higher
potential.

The n-channel MOSFET"s static (DC) terminal characteristics can be measured
with voltage sources and ammeters. Since the MOSFET is a four terminal device, we
need to experiment and discover which voltages are most important. For our initial
investigation, we short the bulk to the source to set Vg =0 V. Since the voltage dif-
ferences between the drain and source and gate and source are most important, we
ground the source (Vs=0 V) for convenience. Since the gate terminal is insulated, the
only current of interest is that into the drain terminal Ip,,.

Figure 4.3(a) is a schematic of the circuit used to find the drain current’s func-
tional dependence on the two voltages under our control: the gate-source voltage Vgg
and the drain-source voltage Vps. The conventional way to graph the measured data
is to plot a family of curves Ip, ( Vis Vps)» With Vggas a parameter. The drain current
versus drain-source voltage curves for a selected set of gate-source voltages are called
the MOSFET drain characteristics.

Figure 4.3(b) shows measured drain characteristics for an n-channel MOSFET in
a digital CMOS process. Although the voltage and current ranges can vary with the
technology and device layout, the ranges in Fig. 4.3(b) are typical. In this graph, the

drain current I, is measured as a function of drain-source voltage Vj for eight gate-

source voltages
Ip, (Vgs=0,05,1,1.5,2, 2.5,3,3.5V, Vpg), for 0 V< V<5V (4.1)

Several observations can be made from studying the drain characteristics in Fig.
4.3(b).

1. The MOSFET is cutoff (I;,, =0 A) for gate-source voltages that are less than
some critical voltage, which is defined as the threshold voltage V7, of the n-chan-
nel device. A typical value for the n-channel threshold voltage is Vy,, =1 V. The
n* source and drain are electrically isolated until sufficient voltage is applied to
the gate to create an n-type inversion layer or channel between them.

2. The drain current is nearly independent of the drain-source voltage once
Vps>Vgs — Vp, In this region of operation, called saturation, the MOSFET
behaves like a current source. Further study reveals that the drain current in sat-
uration is proportional to the square of the gate-source voltage above threshold
(Vs = Vrn) 2 This can be seen from the ratios of drain current for Vzg=3V and
for Vg =2 V. This constant-current behavior will be exploited in both analog and
digital circuit design.

3. The region where I, depends on both V;gand Vp is termed the triode region.
The p-channel MOSFET’s drain characteristics are shown in Fig. 4.4. In this casé,

the source and n-type bulk terminals are both connected to a 5 V supply. The effect
of varying the drain voltage and gate voltage on the drain current can be investigated:

The shape of the drain characteristics are identical to those of the n-channel MOSFET

if ~Ipp (which is positive) is plotted against the sour i
! ce-drain drop Vi, =5V -
function of the source-gate voltage V55 =5 V - V. The drain cErriIr)lt is zero‘llfn?:sz

~ the source-gate voltage Vi, > ~Vr,, where VTP is the p-channel threshold voltage. A typ-

jcal value for the p-channel threshold voltage is V;, =1V
P .

gt

D IDn(VGS’ VDS)

B vaps

(triode fe— Vos=Vos= Vi =Ves—1V
region) /

400 Yos=3V
IDn
(LA) . constant current
0 (saturation) region
» Vos =2.5
Vs =0,05,1V
(cutoff region)
100 Vs =2V
Veg=15V
1 AN
2 3 4 5 Vs (V)

Figu i
gure 4.3 n-channel MOSFET drain characteristics: (a) test circuit and (b)

aSl'"e“le“tS OI dlalll current as |UIIC[IOII OI dIaIII-SOUICG Voltage, \Nltll gatesou'ce
tage asa pala“letel |0I a typlcal |||teg|ated deVIce.
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“ ' 198 Chapter 4m The MOS Field-Effect Transistor

4.2m Device Physics of the MOSFET: Drain Current and Channel Charge 199

1
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ain (y=L).
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|

» Figure 4.4 (a) Test circuit and (b) measured drain characteristics of a p-channel
MOSFET with the same geometric dimensions as the n-channel device used for Fig.
4.3. The negative of the drain current—Ip, (> 0) is plotted against the source-drain drop
Vsp, With the source-gate drop Vsgas a parameter. The drain current for the p-channel
is about halfthat of the n-channel device for identical geometries and complementary
threshold voltages V7, =- Vp,,=-1V.

targees lll)l(:zvsizs? ;h.ef:tdram and source will impo:se an electric field across the channel
. ;L c.ur.renft densﬂy. A good first step is to relate this drift current
_ Fig,u e origin of the drain current /j,, to the charge in the inversion layer.
e F.O i ulst?ates an n-f:hannel MOSFET with applied voltages V5>V,
E Dvsv : a.s - T s1gllp icity, we again short the bulk to the source so Vgs =0. Further-
' tI, COHSiStmef f\t a channgl gxtends from the source to the drain. The drain cur-
- ?ﬂon ths ohe ectrons drifting from source to drain along the channel. At any
k. theregis ne channel, the electron drift current must equal the drain current / D
e - 5((1)) )cu}rlrent to the subs‘tratef or through the insulating oxide to the gate.
R the.sours ow(si e:i perspective view of a‘portion of the channel at position y”
e ce and drain. From basw‘ semlconductor physics, the drift current
/ 5 y point (x,y) in the channel is given by

—_—

X DEVICE PHYSICS OF THE MOSFET:
» 4.2 DRAIN CURRENT AND CHANNEL CHARGE

We are now prepared to quantify how the drain current varies with the terminal volt=
ages for the n-channel MOSFET. As a starting point, we will build upon the electro-
statics of the MOS capacitor that were discussed in Chapter 3. Once the channél
forms, an inversion layer of electrons exists between source and drain. An applieC
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25V Device Data

11.4m  Frequency Response of Differential Amplifiers 703
O34 1 1

fas = Om = 3R,(C. v Cp) = (5K (5.27pF) = 004 MHz

VTn=1V

,C,, =50 pA/V?2

A, = 0.02 V! for L.=2 um i
_ 2
C,.=11{Fum
Ry C,,=0.5 fF/um

L, =2 um 11.4.2 Common-Mode Frequency Response

In this section we analyze the frequency response of the common-mode output volt-
age given a purely common-mode input voltage. Since the circuit is perfectly symmet-

25V

rical, we can again use the half-circuit technique. The half-circuit for the purely
common-mode frequency response is shown in Fig. 11.17.

The contribution of the internal resistance of the bias current source to the com-
mon-mode half-circuit is twice its actual value. We use a resistor equal to 2r,, to
account for this fact. A capacitor Cp, in parallel with the bias current source repre-

Y BIAS

» Figure Ex11.2

So R, =

Since we know R, = 100 kQ, we can find the required g,, needed to achieve a di
ferential-mode gain of —50. From the value of g, we calculate W/L.

Aim

Em =

¢

)1,2

2-25V 5V

sents the parasitic capacitance at this node. Since this capacitance has the dominant
effect on the frequency response of the common-mode voltage gain, we must take this
parasitic capacitance into account. The contribution of the impedance of this capaci-

0KO tor to the common-mode half circuit is twice its actual impedance. Therefore, we
= 10

— —gm (RD

IBIAS

= 50puA place a capacitor of value Cz/2 in the common-mode half-circuit to account for this

impedance.

We begin the analysis by solving for the common-mode voltage gain at DC by
open-circuiting all the capacitors. The amplifier looks exactly like the common-emit-
ter amplifier with an emitter degeneration resistor that was analyzed in Chapter 8.
The value of the emitter degeneration resistor is 2r,,. Since the emitter degeneration
resistor is large, the input resistance of this amplifier is large and the effect of the

adm _ _ﬂ_ =

W) Igias
W = 50
JZ(L 1,2“"C‘”‘ 2

2 2
&m B (0.5 mS) - 100

tance

c

8s

Cea

2

= §WLC0

T WColyas  (S0pA/V?) (50 LA)

We will choose the minimum length of L =2 um to achieve the best frequenc

: [
I —°
=200/2. 3
response. Therefore, (W/L), , . L - )
Note: a typical value of A, for L =2 pm is 0.02 V which yields an outp i . :F . =, i . §RC
r, =1/ Ig;4s = IMQ. Our gain estimate neglected this resistance. ; d.p |
ic -
2 5 _
2 : : = 0.27pF
. = 3200 um 2 um - 1fF/um p ) § |
ob ——Cg2
= WC,, = 200 pm (0.5 fF/um) = 0.1pF
o -
The 3 dB frequency can be estimated using the Miller Approximation. .

CMzngDng = 50 (0.1pF) = 5pF

Figure 11.17 Common-mode half-circuit small-signal model to analyze the
fommon-mode frequency response of the differential amplifier.
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. 708 Chapter 11 B Differential Amplifiers

NOT TO SCALE

200 pum 200 pm

A

5 um|

HHH

{2 um

M,

M,

-

Source M
(200 pm X 5 pm)

170 2 pm
Hm . Source M,
Drain M5
65 2 > (200 pm X 5 pm)
(65 pm X 2 m) 65 um

Page 7 of 7

» Figure Ex11.3B

perimeter is very small since the drain of M3 is shared with the sources of M, and 1
M,. The perimeter that bounds field oxide is only (2 um + 2 pm). 1

Cy = Cypp = (200um - 5um) C;, + (Spum+170pm) G, = 188 fF '
Cappz = (65um -2 um)C;, + (2 pm + 2um) G, = 15fF

So the total capacitance is

Cp = Coy + Cypy + Cpp + Cpy3 = 32.5 fF + 188 fF + 188 fF + 15 fF= 425fF.
The CMRR has a magnitude that is -3 dB below its low frequency value at

1 1
fras = 2y ,C, = Im(2.5MQ) (425 F)

= 150kHz

DIFFERENTIAL AMPLIFIERS WITH

» 11.5 SINGLE-ENDED OUTPUTS

It is often important to convert a differential signal into a single-ended signal. A sin=
gle-ended signal is defined as one that is referenced to ground. Many operational
amplifiers have this function built into the amplifier as indicated by the symbol for an
operational amplifier. The input has two voltage sources that can have both differen- |
tial and common-mode components, while the output is a single-ended voltage refer--
enced to ground as shown in Fig. 11.19. The easiest way to make a differential-to--
single-ended conversion is to take just one output from the differential amplifier ana--
lyzed in the previous section, as shown in Fig. 11.20. E

The differential- and common-mode gain of this circuit can be analyzed from tl}é'
results in Section 11.2. Recall in Eq. (11.20) that the expression for v,,, was written 10
terms of the purely differential- and common-mode signals as

Lid (11.38)

Vo=V,=a V=0,

I1.5®  Differential Amplifiers with Single-Ended Outputs 709

» Figure 11.19 Many operational amplifiers require a differential-to-single-ended

~ conversion.

_ngC

where a,, = -g R. and a,, = Wr_
m "ob

Using Eq. (11.38) the differential-mode gain for a purely diff iali i
for this single-ended amplifier is ’ purely diferentialinput signal

v — _% _ ngC
i i (11.39)

S}

<

The common-mode gain for a purely common-mode input signal is

> Figure 11.20

Ve = %n = T72g 1 (11.40)
%43
§RC RC

—— o
+
Yo

Ql Q2
V. -

i Via
Ipias l Top

Differential amplifier with single-ended output.
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