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194 Chapter 4® The MOS Field-Effect Transistor

The channel is formed under the polysilicon * regi
shown in Fig 4.1 (b). The channel lenlg)thyL of thegi/tli)g?g;e:stil;edg;nd .regI;c.)ns as
- (b) as the gap between the n* diffusions. On the layout in Fig. 4 1(a) ethln hlg. o1
-Widtll; ZVt(l)lfe t:e MO?}I;ET Iils defined as the width of the active ar.ea' Om’e n*edfff?llslilz:;:
is calle ource, the other is called the drai : L gere :

~ be the basis for differentiating the source f;l;?rlll;ilzlcliiaﬁ?ltzgt:i?iil?;;gir? lthfUSlOHS o
tion. The source and drain diffusions have a length L, ;nd the same w'dtfl III;Xt the
channejl.. Metal interconnections make ohmic contactslf{o the gate sourc1 d ZS t'he
. In adt.imon, the und'erlying p-type bulk region (the substrate or a’ dee eitan dr'am'
sion) is contacted with a fourth metal interconnection called the bulk grpb(if; -

modern n-channel MOSFET is shown in Fig. 4.1. The basic structure is identical to
that of the simple MOSFET whose fabrication process was described in detail in
Chapter 2. The gate of the transistor is a film of n* polycrystalline silicon (polysili-
con). Underlying the gate is the gate oxide which is a layer of thermally grown silicon

dioxide (SiO,).

active area (thin
oxide area)

polysilicon gate

gate contact—_£zz
7 interconnect

4 . contact

n* polysilicon gate - =iz ,/ .
/ metal
//A interconnect

MOSFET Circuit Symbol and
4.1.2 Terminal Characteristics

Before introducing the .currel'lt-voltage characteristics of the MOSFET, it is helpful
to lﬁ“ﬁ Cz; symbol for th}s device. Unfortunately, there are two common’ symbolspf:)l
ea;;h f:{]?)’g;ype. Figure 4'1.2 s.hows the circuit symbols and basic structure for arf
7_ ;;E Ta:}l:::: s Slsgn(:shovs(/in dln Flg‘.i4.1) and for the complementary p-channel MOS-
e and drain diffusions in an n-type bulk regi i
will use the symbols without arrows for digi ircuits bl with e
sym igital circuits and the symb i
for a(rilalotg glllrcults. Tl}lle cross sections for the two MOSFETS haz,/renb:lsn‘:gthaz:rcrlzwo‘s’
in order to illustrate the close ¢
- orrespondence between the symbols and the physical
The MOSFETs are oriented as the in ci
: y often appear in circuit schematics: i
for the n-channel MOSFET and the source for the p-channel MOSFE?F f:é t:rf t((j)r;m

source contacts Gy
i VY s toward the positive volta
ge supply. Voltages between terminals
. . are labeled b
bulk ordered pair of subscripts such as V5= Vi - Vi. By IEEE conventi y an
contact ention, the reference
\
drain
contacts
edge of
source E drain active area
interconnect interconnect
(a)
gate oxide bulk
deposited source n* polysilicon gate drai o
ide > poly g rain interconnect
¢ interconnect interconnect (2) n-channel MOSFET (b) p-channel MOSFET
s Drain nt Source pt
) = " n* drain diffusi
. . n* drain diffusion Gat Bulk or
ﬁe}d n* source diffusion Ly ¢ P o Body Gate n , Bulkor
oxide [ p-type ] Body
(b) Source nt Drain +
p
» Figure 4.1 (a) Four-mask layout and (b) cross section of an integrated Bure 2
F € 4.2 (a) n-channel MOSFET symbols and structure and (b) p-channel

n-channel MOSFET.
Symbols and structure.
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196 Chapter 4® 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 Vjs>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 V>0, which means its source is defined as the one with the higher
potential.

The n-channel MOSFETs 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 Vzg=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 /p,,.

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 Vg
and the drain-source voltage Vps. The conventional way to graph the measured data
is to plot a family of curves Ip, (Vs Vps), With Vigas 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, (Vos=0,05,1,15,2,25,3, 3.5V, Vpy), for 0 V< V<5V (4.)

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 V;, of the n-chan-
nel device. A typical value for the n-channel threshold voltage is Vg, =1 V. The
ot 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
Vs> Vs — Vi, 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
(Vos— Viw) 2 This can be seen from the ratios of drain current for V;g=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 Vggand Vp is termed the triode region.

The p-channel MOSFET’s drain characteristics are shown in Fig. 4.4. In this case,
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

-1, (which is positive) is plotted against the i
s source-drain drop V;, =5V -V,
function of the source-gate voltage Vg; =5 V - V. The drain curri?lt is zero lfn;l:sz

the source-gate voltage Vs> ~V;,, where V;, is the

- 4 -ch

jcal value for the p-channel threghold voltgpge is Vf = f rin\il threshold voltage, A typ-
p .
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198 Chapter 4® The MOS Field-Effect Transistor

llp

5V

Veg=35V polysilicon gate _[
300 -
250+ (riode  Lo—"P" Vso+Vrp=Vsg—1V

region)

Ve =3V

200 5G
—IDp
(LA) 150 (saturation region)
—>
Veg=25 gate oxide _:>_>—>-> channel electrons
—> Py 5
100 N Ax ——> at pqsmon y=y
XSG _f?, 0..5, 1)V drifting with velocity
cutoff region 5 :
50 i Veg=2V vy(y") from source to drain
Veg=15V x
- . L, : (®)
1 2 3 4 5 Vep (V) b
igure 4.5 . .
() ; i:g ot (a) MOSFET biased with Vgs>Vr, and Vj>0. (b) Cutaway view of
' rons in the channel at position y'(see (a)) between the source (y = 0) and

» Figure 4.4 (a) Test circuit and (b) measured drain characteristics of a p-channel ey =L).
MOSFET with the same geometric dimensions as the n-channel device used for Fig.
4.3. The negative of the drain current—/p, (> 0) is plotted against the source-drain drop
Vsp, with the source-gate drop Vg as a parameter. The drain current for the p-channel
is about half that of the n-channel device for identical geometries and complementary

threshold voltages Vy, == Vp,==1V.

:arg:; Eﬁ?\i/;:e; (;h;tdram and source will impo§e an electric field across the channel
e ;1 current dens1t}f. A good first step is to relate this drift current
} Fig,u i 'T] origin of the drain current I, to the charge in the inversion layer.
- F i 1}§t¥ates an n-f:hannel MOSFET with applied voltages V> Vi,
. va/ 3 a.s ' fr SlI‘I}l]p icity, we again short the bulk to the source so Vg =0. Further-
3 I, cOHSistmeft ft a channejl e.xtends from the source to the drain. The drain cur-
L. zlon ths ohe ectrons drifting frorq source to drain along the channel. At any
» theregis ne channel, the electron drift current must equal the drain current I D
i 5((;) cu}rlrent to the subs.tratf? or through the insulating oxide to the gate.
o the.Sou)rs ow(sj a perspective view of a'portion of the channel at position y”
e ce an dra}ln. From basw- sepnconductor physics, the drift current
5 y point (x,y) in the channel is given by

e 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 channe
forms, an inversion layer of electrons exists between source and drain. An applie¢

Page 5 of 7
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702  Chapter 11 B Differential Amplifiers

SIS

Device Data W3, 1 1
+25V . f = — = - — 6.04 MHz
V=1V BT 2m T 2mRg(C, +Cy)  2m(5kQ) (5.27pF)
Rp Ry, W, C, = 50 pA/V?
] A, =002V for L=2pm
' °® @ I 2
+ + Cox =1 fF/um
v v Rg C,,=0.5 fF/um

11.4.2 Common-Mode Frequency Response

M, il i2 M, |
25V 25V L,;,=2um
Va

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-
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 Cy, in parallel with the bias current source repre-

Igias

25V

» Figure Ex11.2

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-
tor to the common-mode half circuit is twice its actual impedance. Therefore, we
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 2,,. Since the emitter degeneration
resistor is large, the input resistance of this amplifier is large and the effect of the

2:-25V 5V
= =——— = ——~ = 100kQ
S0 Rp = Tpias 50 nA

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.

Agm _ 50
ag, = —gm(RD|| r,) ==8,Rp = -50, thus g, = —R—D = 100 kO

1
w BIAS
&m = J;(ZJl,zu"COX 2 0%

(V_V) e (0.5mS)’ 100
L)z~ w,Colgus ~ (50uA/V?) (50 LA)

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

sponse. Therefore, (W/L); , = 200/2. o j
;(Iioit)e: a typical value of A, for L =2 um is 0.02 V! which yields an output res!

tance ) )
r, =1\, Ig;4s = IMQ. Our gain estimate neglected this resistance.
o n

= 0.5mS

MWy ‘L = —
o A DoV =k

T
¥

2 2 2
Cy = SWLCox = 73-200 pm - 2 pm - 1fF/um~ = 0.27pF

ob ——Cgl2
C,g = WC,, = 200 um (0.5 fF/um) = 0.1pF

'y

imated using the Miller Approximation. - .
The 3 dB frequency can be estim; g Figure 11.17 Common-mode half-circuit small-signal model to analyze the

ommon- . . ifior.
Cy=8uRpCyq = 50(0.1pF) = SpF mon-mode frequency response of the differential amplifier

11.4m  Frequency Response of Differential Amplifiers 703
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708 Chapter 11 B Differential Amplifiers

NOT TO SCALE
200 um 200 um
5 um
M | | 7 T D
2um{
Sk ; L S
o — §2um -
170 umD o ag, [y Soutce M,
Source M rain M, 200 e 5 um)
(200 pm X 5 pm) (65 wm X 2 um) 65 um

» Figure Ex11.3B

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

Cyy = Cypp = (200um - 5um) C;, + (Spm+170um) G, = 188 fF
Caps = (65um -2 pm) C;, + (2um+2pm) G, = 15fF

So the total capacitance is

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

1 1
fras = 2mr .C, = 2n(2.5MQ) (425 fF)

= 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. ]

The differential- and common-mode gain of this circuit can be analyzed from ;'
results in Section 11.2. Recall in Eq. (11.20) that the expression for v,,, was written i
terms of the purely differential- and common-mode signals as 1

Yia (11.38)

Vo=V, =4 V=g,

11.5®  Differential Amplifiers with Single-Ended Outputs 709

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

conversion.

—¢ R
where a, = —g R =—nC
dm Emltc and Aem 1+ 2gm rob'
Using Eq. (11.38) the differential-mode

for this single-ended amplifier is

a,

_ m

g 2

|s=

gain for a purely differential input signal

8m RC
2

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

4

S}

=a

<

_ngC

ic cm 1+2g, Top

(11.39)

(11.40)

V+
<§RC Re §
Ql Q2
Vi1
IBIAS l Tob
=

> Figure 11.20 Differential amplifier with single-ended output.
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