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3.4.2 Monolithic Resistors

Considerably more options exist for monolithic resistors. Some monolithic resis-
(ors are passive devices and others contain active devices. Major tradeoffs must
pe made between linearity, area, biasing complexity, and temperature character-
jstics in monolithic resistors. Table 3.4-2 lists the characteristics of some of the
structures that are used for resistors.

In standard MOS processes, the most ideal resistors are merely strips of
polysilicon. Diffusion strips are also used for resistors but exhibit an undesir-
able nonlinear relationship between voltage and current. Ion implants offer some
advantages over depositions for the introduction of impurities to control absolute
resistance values in diffused resistors. Thin film resistors with excellent char-
acteristics are added in some specialized processes. For each of these types of
resistors, a serpentine pattern is often used to improve packing density. The major
limitations of these resistors are the low resistance densities, which limit the total
resistance to quite small values; the high deviations in resistance due to process
variations; and large temperature coefficients.

In bipolar processes epitaxial strips or diffusion strips are commonly used
for resistors. These devices are quite linear. The base diffusion is often used
because of its reasonably high sheet resistance. A base-diffused resistor is shown
in Fig. 3.4-1a. To prevent forward biasing of the “base—collector” junction, a
contact is needed to the epitaxial layer. This will be typically connected to the
most positive power supply voltage used for the circuit.

It can be argued that the resistance of the base-diffused resistor could be
increased if the depth of the p-base diffusion could be decreased. The depth
of this diffusion, however, is generally determined to optimize performance of
the BJTs themselves. An alternative is to place an n* emitter diffusion in the
p base region. This masking step already exists and will result in a significant
increase of the sheet resistance of the underlying p diffusion. Such a device,
which is termed a pinch resistor, is shown in Fig. 3.4-1b. Contact must be made
to both the n™ emitter diffusion and the n™ epitaxial region. These regions are
typically both connected to the most positive power supply voltage used for the
circuit.” Although the resistance increases significantly due to this pinching, the
variance in emitter and base diffusion depths due to process variations makes
the tolerances of pinch resistors quite wide. They also exhibit an increased vol-
tage dependent nonlinearity and are limited in voltage range to circumvent break-
down of the reverse-biased base—emitter junction. Other types of pinch resistors
(e.g., epitaxial pinch) can also be made.

Several active resistors are shown in Fig. 3.4-2. These active resistors
often offer considerable reductions in area requirements compared to passive
resistors at the expense of increased nonlinearity and/or reduced signal swing
and/or complicated biasing requirements. A more detailed discussion of the active
resistor structures appears in Chapter 5.

The circuit of Fig 3.4-2a is merely a MOSFET biased to operate in the
ohmic region. From (3) of Table 3.1-1, the relationship between I'p and Vgg is
_K'W Vs

Ip = Vgs — V1 — BN Vps (3.4-1)
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TABLE 3.4-2

Characteristics of MOS Resistors

Characterizing

Device equation
ly Stri Vv =IR L
Poly Strip = DW
Diffusi v =1IR L
1rusion = EIW
K'W 1%
MOSFET (Ohmic 1= [(Vgs — V1) — ;]V
region, Fig. 3.4-2a)
K'W
= (Vos = V(1 +AV)

MOSFET (Saturated
region, Fig. 3.4-2b)

MOS depletion I=
(Fig. 3.4-20)

MOS Enhancement
(Fig. 3.4-2d)

Linearity
Compcnsatcd18 I
(Fig. 3.4-2¢)

Bootstrapped Budak'’
(Fig. 3.4-2f)

!
w
K—L—(—vnv V<V

!
w
K V>V

VIl +AV)

K'W
[ = ——(V — V)1 + AV
2L( 7)°( )

2K'W
) (—Vp)Vv vV <—=Vr

K'W

- V(1 +AV) V> -V
K'w 6 + 1

1 = (VC_VT_V——[ ])(1

Vv <VC_VT

)14

m
resistancﬁ

R=p L
O
R=pol
oW
R-—-K L
IW(V
o8 V)
Rss = 2L
AK W(Vcsw
R=—1L
’
K W'Vrl
RSS =*,~2L\_
K WV;,\
Rss = L
T
K W(VQ‘VT)
R-—L
2K W[v,]
Rss = ———
K'Wvih
_ L
R_K’W(l—())

If Vps <‘< _(VGs - VT),' then, as seen in Eq. 3.4-1, the relationship between/y
and Vg is linear (assuming Vg is independent of Vps), resulting in an equiveet

resistance of

This approximation is quite good for Vpg < 0.5(Vgs — Vr)- A mode

L

R. =~
9 K'W (Vgs — V)

includes the nonlinearity is

L

(3,4-2|

] thal

(3,4-3)

R., =
T K'W[(Vgs — V) — Vps/2]

S resistor wil

The resistance density (resistance per unit area) of the MO ol
now be calculated. Assume d; is the minimum moat width, d2 the mi!
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-/ce——’- Temperature Absolute  Relative I
Resistan characteristic ~ accuracy  accuracy Comments i
dcnSll)’i i
_fo 1500 ppm/°C *+30% +2% Linear, low resistance density :
(i.l(d‘ + dJ) ¥
Ro 1500 ppm/ °c +35% +2% Somewhat voltage dependent
d,%(d.‘ +dy) ,
|
! To minimize distortion, V < ‘
K (Vas = Vrditdy + 22+ &) (Vos = Vr)I2 g
! Small signal impedance only,
,\!(-(Vas — Vp)ldi(dy + 2dy + d3) high impedance values
2
_______—_l———————— Popular load device
k| vr | dy(d) + 2d2 + d3)
__,,_.—————1—'—"_ Quite nonlinear
A%V%dl(dl + 2d> + d3)
____——————l——‘——’ Quite nonlinear, good
K'(Vo— VDdi(dy + 2d2 + d3) resistance density
l Major improvement in density

[ S S——
2| vr | ditdy + 2d2 + d3)
I S —
AK 'Vidy(d) + 2d2 + d3)

Depends upon how 6V Good linearity potential

is realized

4R denotes large signal impedance; Rsg denotes small signal impedance only.

tAssuming a minimum size layout, see Fig. 3.4-3d,, d», d3, and d4 as defined in Sec. 3.4.2.

required overlap of poly over moat, and d3 the minimum poly—poly spacing as
defined by the design rules of the process. If a large serpentine MOS device is
constructed with minimum moat width and with separate polysilicon strips for
each diffusion strip in the serpentine and if the incremental area required by the
corners is neglected, then the diagram of Fig. 3.4-3 can be used to calculate the
resistance density of this device. The section of length A has a resistance of

h
R = — 3.4-4
K'dy(Vas — V1) (344
and an area of
A= h(d3 + d] + 2d2) (34—5)
6 #
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resistor contacts epitaxial —
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LE]
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p — base diffusion

n — epitaxial
o)

p — channel stop

Top view
(a)

FIGURE 3.4-1
Monolithic resistors: (a) Base diffused, (b) Base-pinch.
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. pinch
resistor contact
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M A PN
B
t_ | | o | — /M
| - J - | I |
Top view
(b)
FIGURE 3.4-1
(continued)
50 a resistance density of
1
(3.4-6)

R, =
4= K (Vas — Vp)(dy + 2dz + d3)d,

Although making Vgs close to Vr can make R, very high, it is generally imprac-

tical due to process variations to directly make Vgs — V1 <1 V. Some improve-

ments in resistance density can be realized if the polysilicon strips are merged

Into one large rectangular region. In this case, the minimum diffusion spacings

will determine how close the serpentined strips can be placed. If the MOSFET

g_a depletion device, it is particularly convenient to make Vgg = 0 as shown in
ig. 3.4-2c, thus eliminating the need for a voltage source.

8
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Vos<Vas—VT

L

(b)

8

FOR ANALOG AND DIGITAL CIRCUITS

+
4

Vgs =

Vos>Vas—Vr

) VsV -
(d)

FIGURE 3.4-2
Active MOS resistors.
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Calculation of resistance density of MOS resistor in ohmic region.
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gxample 3.4-1. Compare the area requ_ired to make a 1 M( resistor using a
minimum size POLY I string with that using a MOS depletion resistor operating in
the saturation region with Vgs = 0. Use the design rules and process parameters of

the NMOS process discussed in Appendix 2A of Chapter 2. Assume the POLY I.

s uncovered and the feature size of the process is 3 p (i.e., A = 1.5 pw).

Solution. The resistance density of the POLY I string can be readily obtained (see
problem 3.55) and is given by

Rpo
" dy(ds + da)

where ds is the minimum poly spacing, d4 is the minimum poly width, and Rg
s the sheet resistance of POLY I. From Tables 2A.2 and 2A.4 of Appendix A
of Chapter 2, d3 = 3 pt,d4 = 3 u, and Rg = 25 ()/O. Substituting into (3.4-7), it
follows that Rgp = 1.39 Q/p?.

If the MOSFET shown in Fig. 3.4-2¢ is biased to operate in the saturation
region, then, from (4) of Table 3.1-1, the drain current is given by

K'W
2L

Rip (3.4-7)

(Vas — Vr)2(1 + AVps)

ID=

The small signal impedance can be obtained by differentiation (assuming Vs and
Vgs constant) with respect to Vpg to obtain

_ 2L
[AK'W (Vs — V1)?]

Defining d;—d3 as in Fig. 3.4-3, it follows that the resistance density for a large
serpentined structure is

Rss (3.4'8)

2
"~ [AK'd\(Vgs — V)(d; + 2d; + d3)]

From Tables 2A.2 and 2A.4 of Chapter 2, A = 0.01 V™!, K’ = 25 uA/V?,
Vr=-3V,d, =3pu,d, =3u, and d3 = 3 u. Substituting into (3.4-9) and setting
Vgs = 0, we obtain Ry = 74 kQ/u?. It follows that the area ratio is the ratio of
the resistance densities; that is, the ratio of Ry, to Rys, which is about 67,000 to
1. The area required to make the 1 M) poly resistor is about 9 X 105 u2, whereas
the active resistor requires an area of around 13 u?2.

Note that for reasonable values of Vgs — V1, the A in the denominator of
(3.4-9) makes the resistance density of the MOS resistor in the saturation region
considerably higher than the resistance density of the same device biased to operate
in the ohmic region. Small signal resistances in the 1 M() range become practical
with the MOS resistor biased to operate in the saturation region.

R (3.4-9)

Several other MOS active resistors are shown in Fig. 3.4-2. Those of Fig.

3‘.4-20 and 4 have proven the most popular in NMOS applications due to their
simplicity. The structures of Fig. 3.4-2¢ and f offer improvements in linearity
at t'he expense of increased area and/or complexity. The characteristics of these
active loads are summarized in Table 3.4-2.

A popular bipolar active resistor is shown in Fig. 3.4-4. The equivalent

resistance and resistance density will now be calculated.

10
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FIGURE 3.4-4
Active bipolar resistor.

. . . . . d that By s |
Assuming Q is operating 1 the active region an F i lar
so that (/1 +gI ) <<Ic2, it follows from (2) of Table 3.3-3 that

Icp = (VRer — 0.6 V)/R By

and from (1) of Table 3.3-2 (neglecting V AF, which is justifiable since Veg ~
0.6 V<< Vap),

ge enough

VBE2
I = JsA2exp ( 7 ) B41)

Equating the two expressions for I ¢y, it follows that

(VBE2) _Vrer — 06V
exp =

v, RJsA, (341
Again, from (1) of Table 3.3-2, it follows that
|4 VBE1
I =JA 1+ — —=
S 1( VAF) exp( v, (3.4-13)

Since Vgg; = Vpg it follows from (3.4-12) and (3.4-13) that

Ay

\%
1+ V_‘)(VREF—0.6 V)
1= AF

3.4-10)
AsR (

The small signal impedance foll i iati ; and

is given by p ollows from differentiation with respect to V

- VarAsR

I A(Vger — 0.6 V)

t .

he:ii: ttl)lz i::i‘:tr; thatdfor.large R, the area of R dominates that of Qi and O
fice density is approximately m times that of R where

m = (V;AF> Az (3_4-16)
VREF A1

eq

(341

be seen that this active r¢
1000 over that required

the circuit of Fig. 3.4-4 will b

ter S- ‘
chap Both active and passive r

for passive resistors becomes
resistor alternative but must t
ponlineal and often require Sp

3.5 SUMMARY

In this chapter, models for ?
have been developed. Includ
and high-frequency mode1§ o?
were obtained by differengatl
models were obtained by ider
the processes in which the de
allows the user to select the
The most notable differencg
law contrasted to exponenti
impedances, characterized t
contrasted to a small input
will be used for analysis and
for use in computer simula
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with two gates, one of which is isolated from the cjpey:
somehow acquires charge to represent a stored daty va‘lllt. s o
there for a long period of time because the gate is ingy]y ue, the ar')atmg -
by silicon dioxide. The leakage paths for this circuit areed from j Sugr: T,
that the time constant for the discharge path of the EpR 0(]’5[ Sch ",
of years. The presence or absence of stored charge is the m o Ory ceilf;]‘tar;_
cell stores a data value, but how is the data value changeg OEChaplsm y wh-is o

The mechanism for programming new data comes frHCe 1t hag - Ich

o . om th ony

the FAMOS name, avalanche injection. If a relatively high vo] € Secqpg i
less for newer parts) is applied to the floating gate‘SUbStratetage_(abom 25«1@5
injection of electrons onto the gate takes place. This phep 810N, g
program memory by placing charge on the gate. Memory is e;)amenon e |
undesired charge from a gate as follows. If the floating gate i sed by remmlt‘)
light of the proper wavelength (UV-2537 A) for a period of timZXPOSffd 10 sty
is imparted to the stored charge to remove it from the floating :m“g EHE}g:
window is incorporated into the memory chip package; thus ;l lcate. A qu,
are exposed and erased simultaneously. Typical erase times f’or Ep‘ﬁemor}' oel
the range of 20 to 30 minutes. OMs

EPROMs are widely used in electronic systems where product
insufficient to justify the high initial cost of ROM parts. They are g,
prototyping miCroprocessor systems where reprogrammable but nonvola[iles;;d m
ory is required. A disadvantage of EPROM memory is the usual neeq 1o mm:\n‘
the memory part from the system if it becomes necessary to erase and repmum;
the EPROM. The next section describes an improvement to the EPROM tha Wy
designed to overcome this undesirable characteristic.

a
\

VOIUme i

9.9.2 Electrically Erasable Programmable
Read-Only Memory

As useful as EPROM memories are, there are many applications requiring i
volatile memory that can be reprogrammed quickly without removing the memon
part from the system. For example, it is often desirable to program a st
CRT terminal with serial interface characteristics that will not be lost when pove
is disconnected. Yet, these characteristics must be changeable if the_ termind f‘
connected to a computer using a different serial data format. Applications S.UChf
this created a need for an EPROM whose contents could be changed elecm??lf\ |
Several manufacturers now offer memory parts called EAPROMs (electn™
alterable) or EEPROMs (electrically erasable) that fulfill this need. e

Interestingly, the EEPROMs solve the programming and 'erasqfr“e 5 by oF
with two simple techniques. First, programming has been S{H]Ph ;‘; e([m— '
chip generation of the programming voltage. Instead of fequ’”ngoeneme i
connection to 25 V, a circuit called a charge pump is used an‘ inste 4
necessary programming voltage from the standard 5 V SUPPW} Se.c‘ pmwidcd 0|
of using ultraviolet light to erase the data, an internal connectior lbmo\ frod
reverse the electron injection phenomenon, allowing charge to be
the floating gate of the EEPROM.

12 Las






