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Abstract, Using the general result of

Blostein that the sum of the semsitivities with
respect to element values add to & constant it
is shown that the temperature sensitivity of a
transfer function realized by a linear completely
integrated circuit is essentinlly independent of
the circuit configuration; it depends only upon
the tranafer function and the material upsed,
From the developed theory one cen determine pos-
sible means of investigation for any improve-
nents in temperature pensitivity.
"in a field of inquiry in which some measure of
understanding has already been achieved by the
establishment of empirical laws, a good theory
will deepen as well as broaden that understand-
ing." [1, p.75)

1, INTRODUCTION

Many active synthesis techniques are becom-
ing available for the design of linear integrated
circuits to realize a given transfer function
[2] - [9]. In many ceses of interest the results
are judged and compared upon thelr sensitivity
performance with, in fact, a sensitivity analysis
almost always performed before practically con-
sidering & given design. When such sensitivity
analyses are actually performed they are gener-
ally with respect to an active element gain or
passive element values, However, for completely
integrated circuits probably the most significant
parameter with respect to which sensitivity speems
important is temperature, BSince a theoretical
study of the overall temperature sensitivity is
rarely carried out, one could claim that as yet
the various studies so far made give inadequate
information for use of the circuits in completely
integrated structures, Here, however, we show
that such 1s not generally the case; to a high
degree of accuracy the temperature sensitivity of
a given transfer function H(p) depends primarily
upon the material used in the fabrication and
H(p) itself and not upon the circuit used, Al-
though the result is not completely exact, it is
true to a good degree of accuracy, that is, to
what one might refer to as first order, Conse-
quently, for the synthesis of linear integrated
circuits the sensitivities already evaluated in
the literature appear to be the most valuable in
that they show the designer where he has freedom
to improve the circuit performance, For example,
though to first order the effects of temperature
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can not be compensatoed without external compo-
nents, the effects of mask misalignment and non-
optimum layout can be minimized by a proper
cholce of circuit configuration, The result is
also such that it generally shows how second
order effects, with regard to the temperature
gengitivity of transfer functions, can be mini-
mized, To obtain the final conclusion we firat
develop some theory,

II. GENERAL RESULT

Consider. as given a specific voltage (or
current) transfer function H(p), This tranefer
function is dependent upon all capacitances in
the circuit as well as upon all conductances, in-
cluding gyration conductances and transconduc-
tances of active elements. Because we are inter-
ested in integrated circuite we can ignore induc-
tances, while for transistors we need consider
only conductances and capacitances, for example
through the use of pi or hybrid-pl models, If we
denote the dependence by H = H(Gl,...,Gg,cl,...
CeoyP), where Gj and Cy are the ith conductance
{possibly a transconductance) and jth capacitance,
respectively, then following Blostein [10, p.22]
we can admittence scale through a scale factor a
to obtain

H(BGI,...,nGg,aCI,...,aCc,p) = (1)
H(GIJ-.-,Gg,Cl,...,Cc,P)

If we define the sensitivity s§ of the quantity X
to a parameter x through

X xoxX

8 = X ox (2

we find, by differentiating with respect to a,
setting a = 1, and dividing by H

g c

H H

sG1 + z sc =0 (3)
i= J=1 J

Identical reasoning applies to the magnitude
yielding

B [+]

|H] ("] _
2361+Zsc =0 0
1=1 31 3

At this point we comment that if an admittance
H(p) is considered, rather than a voltage or
current transfer function, then the results are
the same except the right hand zeros are replaced
by ones in (3) and (4). To continue, let us per-
form a frequency scaling by a factor b

H(G) ... )Gy sbC) 5 .. s bC ,0) = (5
H(G) 5.0 46,C)5ue e sCpsbP)

Tosma P B~



Differentiating with respect to b, setting
b = 1, and dividing by H gives [6, p.23]

¢
N g d1n B _ _H(P) (6)
L&ey P=—=%

J=

with the same results holding if H is replaced

[~

by [H], Combining this last result with (3)
ylelds
g L
H H :
8, =-8 (7
2 %, 5
1=1

Let us next evaluate the gensitivity of H with

respect to (absolute) temperature T; we find
g G c C
H H i H_J (8)
8 = V; S 8 + z: 5.8
C
T 2, G1 T 4 T
1=1 J=

Again an identical expression holda when H 18
replaced by |H]|. If 1t is true that
C C G G
J g ¥ _gCanasgdogk_g0
BT = ST = ST an ST =8." = S,r o
for all J, k

then, by simply combining the above equations, we
arrive at

H _ H(p) C G

5y = sp [sT sT] (10a)
1| _ gl )€ 6

sT = sp [sT sT] (10b)

For immittance transfer functions the results are
simply modified by the addition or subtraction of
38, We will see that (9) is valid to a reason-
aEle degree of approximation for normal operation
of most completely integrated circuitse, in which
case (10), our approximate but main regult, says
that the transfer function temperature sensitivity
depends primarily upon the transfer function and
the materinl from which the components are con-
8tructed, We next evaluate the temperature sensi-
tivities for these latter,

11T, CAPACITANCE AND CONDUCTANCE SENSITIVITIES

Let us first consider a completely monolith-
ic device, 1In this case the capacitance sensi~
tivity can be calculated to a good degree of
Approximation as follows. For an abrupt junc-
tion the capncitance is given by [11, pp.8 and
61) [12, p.o7}

€ =1
c= .3 = KA[V+v, (D)) /2 (11a)
v (T = XD g NpNg avgskr (11b)

- In_a
e

where the parameters are: € = dielectric con-

stant, A = junction area, d = junction width,

K = constant, v = applied voltage, vy = built
in volta 2, kK = Boltzman's constant, q = electron
charge, E:) = proportionality conatant, Na = s
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acceptor level, Ng = dono; level, vk = gap vol-

tage (which has a slight temperature dependence

here ignored), Directly using (2) gives for the
capacitance sensitivity

3
[3+1SNB: ]

o€ _1kr ____ a'g
ar T2 ¢q fV+vb1(T)]

s

SC

- {12)
=

ola

A typical value for silicon is sg e 0,2 [for

® 13 ~ 1090, NNy =~ 1030, kr/q o 0,026, V=1,
Vpi = 0.6]. Note that Sg is quite small and
independent of the layout configuration. It does
depend somewhat on the material used and there

is & voltage dependence which shows that para-
giticeenter slightly differently than the primary
capacitors, In any event the first of (9) 1s
rensonnhlg well satisfied, and as we next Bee,

Is§] < Isgi.

Consider now a diffused resistor, Over the
range of -100° C to +100° C the conductance is
reasonably accurately given by [13, p,28] [14,
P.70) [15, pp.67 and 74)

_ oA _ aNA

G»E— M ous= 'y G 1

where: o = conductivity, A = cross sectional
area, § = length, ¢ = electron charge, N = ac-
ceptor or donor level, p = mobility of impurity
carriers, ¥ = proportionality constant, m = temp-
erature exponent (dependent upon the materinl
congidered, m = 2,5+0.1 for n type silicon and

m = 2,740.1 for p type silicon [16, p.667]). Then
the conductance sengitivity of diffused resistora
is given by

f.Ig.
Sp=Gor~ ™
Again the sensitivity is independent of the

structure used, verifying (9) for resistors, and
we note that Ing > |8§].

14)

Next let us investigate monolithic trangis-
tors, Here one does not yet have a complete
theory of how to proceed, but it appears to us
that the Ebers-Moll model [17, P.1763) coupled |
with the appropriate junotion diode capacitances
is physically the most basic for determination I
of temperature behavior,

As seen at (12) the junction cepacitances
are relatively small, so we can restrict our
attention to the more important Ebers-Moll model

quantities, We have [18, p,407]
- Vg AT _
1E = all (e 1) +
(15a)
a (eq“'CB/k'r -1)
12
_ quB/kT _
1c = a12 (e 1) +
{15b)

qVCB/RT _
a22 (e 1)




For our purposes the terms determined by vcp are
negligible while exp (quB/k1)>>.1. Since we
are interested in signal variations for the
transfer function we let i_ = I_ + Al_, etec.,

E E E
thus

I = & aquB/kT 5 Ic =8, equB/kT (16a)

E 11
&b
M= 1,4 AVEB/I:T ) Al = Ic q AVEB/kT (16b)
Further [18, pp,742, 746]
s (e = - P
B = (I—E) Mg = - g O T TR,
(16c)
Therefore 1f we define Bg and gm by
AiE = Bg AVEB, Aic = g, AVEB (16d)
we have for the conductances of interest
=3 (e
Bg =% ‘5 ' %n "~ (1+1/B°) ¥r 1E (B LLY

Now generaslly Ip, the emitter bilas current, is
fixed by a bims voltage and a set of resistors
"gxternal" to the transistor, In such & case Ip
varies with temperature as T™™ as (13) shows,

To finish the calculztion we need the sensitivity
of B, to temperature.

The sensitivity of current gain B, seems
theoretically unavailable nor does it seem to
have been studied much; an investigation of avail-
able graphical data shows

s,r" ~ 4l an
over a wide range of temperature and current
gaine (for example, the planar ailicon epitaxial
passivated npn transistors 2N3402 and
2N3417's yleld the result of (17) for 70 < Bg <
550 over the range -30° C to +B80% C; analysis of
another available Bo versus T characteristic
[19, p.143] gives a range of I.7 to 2.6 for the
right side of (17), but use of these latter lar-
ger numbers yleld results inconsistent with an-
other (g,) pensitivity available from the same
curves {19, p.143])}, For some diffused configur-
atione operating near room temperature the temp-
erature sensitivity of B, can be analytically
determined from {20, p.605]

r 1.6 s
a, = 1-[{0.005) (3—00) +(2.3x10 )
0.8 (18a)
T,y V2 300_ -
(550! ¢ Jexp(3.88(=-1))
At T = 300° K and Io=1 ma we find
By 4.17x107° 18b)
W =4 (

Now, using ﬁo = ao/(lquo) we get

sB° % %
T 2 °T e L)
ao

Using 8 reasonable integrated ', = 50 and assum-
ing (18b) to still hold gives Sko = 0,66, while
doubling B, approximately doubles this number,
Consequently, (17) seems reasonable on experi-
mental and theoretical grounds though the justif-
ication for the latter is rather hazy.

Finally then (lGe) yield

Bg
ST = ={m + 1) (19a)
E B B g
E 1 E
sT"‘ =8 -1 5. sT° ~ 8, =-(ml)  (19b)

gur conclusion is that the sensitivity behavior
of traneistors is slightly worse than that of
reaistoras but still roughly the same, Note how-
ever that [1B, p,742](21, p.16][17, p.70, for
Vg ] 1.1]

—~m+4 . [vm('r) =1,1]q/kT

IE(T) o Ko T (20)

where K, is independent of temperature, If the
temperature variation of Ig 18 not fixed by bias
resistors (in which case Vgp(T) adjusts) then

much larger sensitivities cen result for gy and

&

Similar results [22, p,223] can be obtained
using the hybrid-pi model [23, p.258] but their
derivation ig lengthy and avoided here, :

We conclude that the equalities of (P) are
reasonably well satisfied in normal designs for
completely integrated monolithic circuits over
normal temperature ranges of operation (0° C to
100° ¢). Since MOS capacitors also have sg <<
8% we conclude that a reasonable result for the
temperature sensitivities of most monolithic or
hybrid completely integrated circuits realizing a
given voltage or current transfer function H(p)
is

H H{p)
ST ~ =28 sp {21)

where 2.8 is an "average" conductance sensitivity.
For an admittance H(p) we add sbout 2.8 to this.
If the construction is completely in terms of MO3
devices (transistors, capacitors, and resistorse)
1t appears that S =~ S8 < 0,02 and much smaller
temperature sensi?ivi{{es can be obtained with
(9) even holding to m higher degree than in the
monolithic situation,
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IV. DISCUSIION

In the cases where all capacitance and all
conductance sensitivities are identical we have
rigorously shown that the temperature sensitivity
of a transfer function is independent of the
circuit configuration used, 1In particular the
result 1s reasonably valid for completely inte-
grated circuits constructed from monolithic re-
gistors and bipolar transistqrs using either mon-
olithic or metal oxide capacitors; in these
cases custcomarily s 5 -2,8pd 1n H(p)/dp. The
result is of course not exact since rigorously
(9} will not exactly held. But, as the last sec-
tion hes shown, in the temperature range 0° C to
j00° C it is reasonably accurate, that is, accur-
ate enough such that for first order temperature
effects designs can be based upon other than the
temperature sensitivity of the configuration.
Even though the improvements of one configuration
over another will be slight, these are often
worthwhile pursuing; the result shows in general
how such improvements can be accomplished., Thus,
we see that it is the presence of transistors
which raises the overall sensitivity over its
minimum posaible value. Consequently one de-
gires to keep the ratio of number of transistors
small or to minimize the effect of the tempera-
ture variation of the transistors by some means,
such as external resistive feedback, Locked at
in this manner we See from (14) that the "'small-
est” possible sensitivity would be about
s¥== -2.5pd 1n H{p)/dp, corresponding to the
abgence of transistors, at least for monolithic
circults,

We alsc see that realizatlions completely in
terms of MOS devices seem to have considerable
advantages in terms of temperature sensitivity
of the transfer functions, In fact the result
shows the nature of the overall improvement in
going from monolithic to MOS devices, Thus, ex-
perimental results seem to indicate variations
of 1000 to 5000 ppm/°C for monolithic silicon
components and of 50 to 100 ppm/°C for MOS compo-
nents, The above formulation then shows thet an
improvement by a multiplicative factor near 30
for the tempersture sensitivity of the transfer
function can result by changing the material
while a factor of under 2 results by changing the
circult,

An example to illustrate further the nature
of the result, we comment that a complete inte-
gration of a gyrator aynthesis [4] will yield,
to & high degree of accuracy, identical tempera-
ture pensitivity results as will be obtained for
A complete integration using the same material
via a state-variable synthesis [2] of a given
transfer function, Consequently, comperison of
various ecircuit configurations might best be
nade, at least in the first instance of designm,
in terms of other quantities, such as sensitivi-
ties to gain variastions through mask misalign-
ment, etc,, in place of temperature sensitivity,

It should be pointed out that it is sensi-
tivity, a normalized quantity, which has been
treated and not absolute variations, Because,
for example, one configuration might operate at
a higher temperature than another one, the absg-
lute temperature variations might differ and are
consequently well worth inveatigation in individ-
ual cases, Alaso local variations in temperature
due, for example, to high resistivities or high
packing densities can cause one layout to bhe
superior in temperature behavior over another,
Likewise we should reiterate that only transfer
functions have been treated here, The result
does not hold for sensitivity with respect to
temperature of the quality factor, @, or un-
damped natural frequemcy, w,; in fact it
appears that a change in circuit configuration
can significantly change these latter two sensi-
tivities (but more research i1s needed to solidify
results). We mention too that the result is
limited to linear input-output relationships.
The presence of non-linearities and particularly
independent sources, as for example from photo-
diodes, greatly alters the result,

At reasonable temperatures and for reasona-
ble configurations the result is valid, However,
for temperature environments greater than 150° C,
for example, the approximations of (9) appear to
further break down, in which case there is a need
for a theory of high temperature minimum temper-
ature sensitivity designs. Further, by force of
design specifications or by desire to deliberate-
1y violate (9) one can apparently meet situations
where the difference between sgm of (19) and
Sg of (9) is critical, in whichTcese further in-
vestigation seems needed, as it is for sﬂo any-
way. T

Here we have assumed that in each portion of
a chip there 1s located a component which for
temperature behavior can adequately be modeled
by ita Ebers-Moll equivalent, Such an assumption
seems in many ways inappropriate though ebout all
one can presently do to obtain quantitative re-
sults, Still the approach presented seems more
accurate than the previous one [22, p.223] where
the hybrid-pi model was used since the tempera-
ture behavior rests upon absolute variations
for which bias quantities can not be ignored.
In any event we see that a more accurate method
seems needed, One such method of attack would
be to consider a chip as a blend of material
which continuocusly varies from point to point
(though in some portions this variation maey be
rather sharp), Taking this viewpoint and work-
ing with differential volume elements which can
be described in terms of conductance and capaci-
tance seems to give a more accurate demonstra-
tion of the validity of (9),

Of course it is well recognized that exter-
nal feedback can be used to decrease sensitivity—
the presented result does not change the situa-
tion, Thus, if external components having differ-




ent temperature characteristics are employed
considerable sensitivity change can oceur by a
change in circuit configuration; a study of such

configurations is then of profit,

To reiterate,

the result is for a completely integrated struc-
ture constructed of somewhat homogeneous materi-

al,

"A favorable outcome of even very extensive and
exacting tests cannot provide conclusive proof
for a hypothesis, but only more or léss strong
evidential support or confirmation” [1, p,33],
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