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Abstract—Simple but reasonably accurate equations are derived,
which describe MOS transistor operation in the weak inversion re-~
gion near turn-on. These equations are used to find the transfer
characteristics of complementary MOS (CMOS) inverters. The
smallest supply voltage at which these circuits will function is ap-
proximately 8t7/q. A boron ion implantation is used for adjusting
MOST turn-on voltage for low-voltage circuits.

INTRODUCTION

ECENTLY, techniques have been developed for
R fabricating complementary MOS transistors with
low turn-on voltages, enabling them to be used
in eircuits with supply voltages less than 1.35 V [1]~[3].
MOS transistors in low-voltage digital circuits are, by
necessity, operating near their turn-on or threshold volt-
age. Unfortunately, in the vicinity of turn-on, the
assumptions commonly used in deriving device charac-
teristic equations are inaccurate [4]. In Section I of this
paper, new MOS transistor characteristic equations are
derived, which are simple but reasonably accurate in the
weak inversion region near turn on, as well as elsewhere.
In Section II these equations are used to find the
transfer characteristic of a low-voltage complementary
MOS inverter and the minimum supply voltage at which
the inverter will function is determined. This limit is
important since it serves to define the minimum power-
speed product that can be achieved with CMOS digital
circuits.

In Section III a technique of adjusting MOST
turn-on voltage by lon implantation 1s described. A
theory of the turn-on voltage change as a function of the
implantation parameters is developed and a brief de-
scription of the MOST fabrication procedure is included.
By using ion implantation in conjunction with standard
aluminum-gate MOS processing, low-voltage comple-
mentary integrated circuits with excellent performance
characteristics can be achieved.

I. DevicE BEQUATIONS INCLUDING WEAK INVERSION
ErrFEcTS

An n-channel MOS transistor [Fig. 1(a)] is analyzed.
As illustrated in Fig. 1(b), y, is the total band bending
and ¢; is the potential difference between the intrinsic
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level (midband gap) and the Fermi level. The potential
difference between the electron quasi-Fermi level and the
bulk Fermi level is é., which is nonzero because there is
a transverse electron current flowing (i.e., a drain-source
voltage is applied).

Integrating Poisson’s equation, the total charge in the
semiconductor is given approximately [4] by

Q.= — V2qe.N,(b.+KT/q) exp [q(¥.—¢.—2 l6,)/kT]).
1)

This gives the total semiconductor charge per unit area
Qs = Q. + Qp as a function of ¢, and ¢.. T'wo distinct
cases of this equation can be identified. These are 1) a
weak inversion case where the inversion layer charge per
unit area @, is much less than the depletion region charge
per unit area @p and 2) a strong inversion case where
@) 1s much greater than Q. Making approximations ap-
propriate in each of these cases, the following formulas,
giving @, as a function of the gate voltage V¢ and the
electron quasi-Fermi level ¢, are derived in the Appendix.

1) Weak Inversion:

0= o) e (27 [ Vo — Vated —n L))

(2a)
valid when Vg < Vy(de) + n(kT/q).
2) Strong Inversion:
—Qn = CO[VG - VT(¢c)]y (2b)

valid when Vg > Vi (¢.) + n(kT/q). Cy is the oxide
capacitance per unit area.

VT(d)c) = VFB + 2 [¢f‘ + ¢c

+ g— V2eN.2 6] + 6, O

is the threshold voltage referenced to the substrate. Vpp
is the flat-band voltage [5].

N4 1s the substrate doping density and ¢ is the semi-
conductor dielectric constant.

n=0d+c(;!s+00 (4)

Ve=2lpsl+der

a 9
Cd = (?)z (QB)
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Fig. 1. (a) Physical structure of n-channel MOST. (b) Band
diagram of n-channel MOST.

and ' -
Qp = \/2qfsNAZ—¢T);
so that ' .

0 = \/ 2qe,N 4
= oAl A

2/2 o/ + ¢
and Cy, = gNy,, where Ny, is the fast surface state den-
sity per electronvolt evaluated at ¥, = ¢, + 2|¢|

A simple physical explanation of (2a) is presented
here in lieu of the complete derivation given in the
Appendix. If the gate voltage is varied by a small amount
AVg there will be a small change in surface potential,
Ays. Ay, may be found with the aid of the equivalent
circuit shown in Fig. 2. C, is the capacitance of the
mobile electrons, or (3Q,/d¢s). When the surface is
strongly inverted C, is much larger than C,, Cg, and Cs
so that ¢, is essentially constant. However, when the
surface is weakly inverted C, is small compared to C;
and Cy. The equivalent circuit then yields Ay, =
(1/n)AVg. In weak inversion &), varies as a constant
X exp [q(ys — ¢¢)kT]. From this, it is apparent that
Q. ~ exp [¢Ve/nkT — qé./kT]. The remaining terms
in (2a) are found by considerations presented in the
Appendix. l

Tt can be easily shown [5] that when a MOST is
operated in the linear region (small drain voltage) the
drain-to-source conductance g, is given by [5],

0o = Z . 10,6 = O ®

Plots of the measured versus theoretical linear region gp

)
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Fig. 2. Model circuit of MOS structure.
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Fig. 3. Channel conductance gp versus gate voltage Vg for de-
vice 1. ——experiment; - - theq;y. .
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Fig. 4. Channel conductance gn versus gate voltage Ve for de-
vices 2 and 3. ——experiment; -+ -+ theory.

for three devices are shown in Figs. 3 and 4. Table 1
contains pertinent data about the devices.

The drain current-voltage characteristics of a MOST
are now found using the following relation for the drain
current I [4] s ‘

I = /D [ 1.6 d. @

Here Z is the channel width, I, the channel length, pu,,
the effective electron surface mobility, and Vp, the drain-
to-source voltage. The two relations for @, (2a), and
(2b), when inserted in (7) generate three distinct modes
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TABLE I
Devices Device Constants Calculated from Plot
Devicel Np =1 X 10% em™ Ve =239V
tor = 1000 A n = 3.08
Ny = 38 X 10" em~2eV—!
m =1 -+ 7,— = 1.46
v0 K = 153 uyA/V?
z.
= Z 2Co
Device2 Ny = 1.6 ><°1016 em™® Ve =020V
m = 2.05 Nys = 1.6 X' 10" cm—2eV1
K = 180 yA/V?
Device 5 Np =1 X 10 Ve =—165V
to, =.10000 A n =270
m = 1.46 Nys = 2.7 X 104 em~2 eV
K =90 gA/V2 -

of operation for the MOST. The characteristic equations
for each mode are presented below.
A. Strong Imversion Only

In this case the gate voltage is large enough to strongly
invert the entire channel. Equation (2b) applies to the
iritegration (7). The defining criteria for this region are

Ve 2 V2(0) + a(kT/q)
and

Ve 2 Voe(Vp) + n(]CT/Q);

where the argument of Vy gives the value of ¢, at which
(3) 'is evaluated. Solving the preceding inequality for
Vp* gives V < Vp* where

L~
& T

(VT-I-n >+ VB[]-_'_
Voo Wr e nG/gl]. (g

~\/(1"'4(43{) + 2 |¢]

Here Vp is defined as |@,(ys = 2|¢y|)|/Co and Vy =
Ve(0). Usmg (2a), (7) becomes

= (Z/L)f‘nco{(VG — Vs — 2 {¢f’)VD - ng

il ] o

valid when Vy < Vp* and Vg > Ve + n(kT/q). Equa-
tions (9a), (9b) can be simplified by assuming that
Vp K 2|¢y| yielding

sz]

2 b

VT) VD -

Z
ID = E :u'nCO[(VG - (Qb)

valid when V, <
m = (Co + Cd)/CO

(Ve — (Vo + n(kT/q))/m, where
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B. Mized Strong and Weak Inversion

In this case, the gate voltage iz large enough to
strongly invert the channel near the source but the drain
voltage is also large enough to cause weak inversion near
the drain. In other words, the device is operating near
saturation. The criteria are Vg > Vi (0) + n(kT/q) and
Ve < Vo(Vp) + n(kT/q). This vields Vp > Vp*. 1
this case (2b) applies to that part of the integration
where 0 < ¢, < V,* and (2a) applies when Vy* < ¢, <
Vp. The major contribution of (1) to the integration is
for Vp* < ¢ < Vp* + n(kT/q) because the mtegrand
decreases exponentially in ¢, The bulk charge term in
Vr(pe), (3), will vary only slightly in this range and
thus it is reasonable to expand about ¢, = V¥, This gives
Vilde) = Vo (Vp*) + m(¢. — Vp*) where m = (Co +
Ca)/Co. Equation (7) becomes upon integrating and
noting that Vg = V¢ (Vp*) + n(kT/q),

%2
Ip = 7 P-nCo{(VG — Ve — 2 g, Vp* — Lg-

g

3

bl - e [Sa0n -0} 0o

valid when V > Vp* and Vg 2> Ve + (kT /q).
The Cq4 term in n is evaluated at p, = Vp*.

C. Weak Inversion Only

In this case the gate voltage is not large enough to
strongly invert the channel at any point. The criterion
isVe < Ve +n(kT/q).

Integrating as before

_Z o L[ Y JL( l_z)]
ID‘L“”C"m< q> eXp[nkT Vo= Ve—n",

valid when Vg < Vy + n(kT/q). The C4 term in n 1s
evaluated at ¢, = Vp*. :

Equations (9a), (9b), (10), and (11) characterize the
de behavior of the MOST. The noticeable effects of the
weak inversion region are 1) exponential dependence of
Ipon Vg and Vp when Vg < Vi + n(kT/q) and 2) ex-
ponential transition into saturation instead of the clas-
sical parabolic form.

The drain characteristics of the device whose @, versus
Ve relation is shown in Fig. 3 were measured and plotted
in Fig. 5. On the same graph, both the classical theory
(dashed line) and the theory including weak inversion
effects (solid line) are shown. Good agreement is ob-
tained between the experimental data and the predictions
of the weak inversion theory.

Figs. 6 and 7 show the experimental and theoretical
drain characteristics of a low-threshold voltage comple-
mentary pair whose @, versus V¢ relations are shown in
Fig. 4. Only the weak inversion region is plotted. The
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Fig. 7. Drain characteristics for device 3. ——experiment;
- theory (11a).
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values of Vy, n, and K = (Z/L)uC, used in the caleula-..
tions for Figs. 5, 6, and 7 were taken from Table I. Again,
good agreement is obtained for both the n-channel and
p-channel devices.

II. Low-VorLTAGE COMPLEMENTARY INVERTERS

Complementary MOS logic circuits offer distinet ad-
vantages in power consumption compared to single-ended
dircuits. However, to obtain the greatest power savings
and lowest power-speed product they should be operated
at the lowest practical supply voltage [6]. Realizing that
MOS transistors do not turn off as ablfuptl‘y ag the classi-
cal equations (9a) and (9b) indicate, but are weakly
inverted at gate voltages below V, it is desirable to find
the minimum supply voltage V, at which complementary
circuits will operate. To this end, the transfer charac-
teristic of a complementary inverter is now determined.

The, inverter eireuit being analyzed is shown in Fig. 8.
The followmg notations are used. Vy, and Vg, are the
magnitude of the thresholds of the n- and p-channel
devices, respectively. K, = (Z/L)u.C, is the gain con-
stant of the n-channel device and K, similarly for the
p-channel device m, and n,, as defined in Section I,
refer to the values of m. and n for the n-channel device.
For the p- channel device m,, replaces m,, and n, replaces
ny. It is assumed that both transistors are in the weak-
inversion-only region. This will be the c,iase HVy,— Vg
— 1,(kT/q) < Vin < Vi + na(kT/q).

Equating the drain eurrent, as found by (11) for both
devices, yields

2
Ip = K(n "’—T~) 1
q/ m,
- 6xp [q(Vm — V9, —n, @qz) / nnkT]
(1 — exp [—m.qVo/nkT])

2
Ko, ) L
q

my,

- exp |:q<V19 — Vin — Vg, — 1, Iﬁg)/nka—J

‘(1 = exp [-m,g(V. — Vo)/nkT)].

Solving for Vy, gives

Vv ICYY (. nnnp ) In <__K_2 /nnzm'n>
in = n. + 1, K,n.m,

Non NN, VT,, _ M)
,+nn;+npv’+nn+n< N,
+ k_7_1< a1y ) In <1 - eXp [—me(Vs — VO)/nka’]>'
q \N, -F Ny 1-— exp [_mnqvo/nnkT]
(12)

, .The measured transfer characteristic for the comple-
mentary pair (devices 2 and 3) for various power supply
voltages is shown in Fig. 9. Equation (12), using the
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Fig. 8. CMOS inverter circuit.
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Fig. 9. CMOS inverter transfer characteristics. ——experiment;

-+« - theory (12a).

device constants from Table I, is also plotted in Fig. 9.
It is interesting to note that there is no hysteresis in the
transfer characteristic, even when V,<|Vpa|+|Vrpl.

A simple expression for the inverter gain may be found
by assuming m, = m, = m and n, =n, = n. Differentiat-
ing (12) with respect to V, gives the reciprocal of the
inverter gain. The maximum gain is found to oceur at
Vo = V,/2 and is given by

_1 ( , [M_V_] _ )
A=\ ey | 1
It is seen that V, must be at least 3—4 nkT /mq for the

inverter to have sufficient gain for use in a digital eircuit.
Thus

(13)

Vomin =~ 4 kT

mq

If N;; = O then n/m = 1 and the inverter displays the
maximum nonlinearity obtainable in semiconductor
material [7]. Transistors fabricated using conventional
clean oxide techniques including a low temperature an-
neal in forming gas will have n/m in the neighborhood
of 2 (see Table 1), giving a minimum usable supply of
about 8kT/q or 0.2 V at 27°C. Standard fabrication
techniques yield a spread in turn-on voltages on the order

(14)

of 0.2 V so a practical supply voltage could never be

quite as low as 0.2 V. However, regardless of improve-
ments in control of threshold during fabrication, the
supply voltage can never be less than that given by (14).
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It is interesting to note that reduced operating tempera-
tures permit lower supply voltages [7].

I11. ApjusTiNg MOST Tug~N-oN VoLTAGE BY lon
IMPLANTATION

In the preceding discussion of low-voltage comple-
mentary MOS circuits, it has been assumed that the
transistor turn-on voltage could always be adjusted to
the desired value, approximately half the supply voltage
[8]. Using conventional aluminum gate processing this
is possible with n-channel devices. Unfortunately, alu-
minum gate p-channel devices will always have turn-on
voltages of —2 V or less. This section discusses a tech-
nique for ion-implanting boron [9] through the gate oxide
to form a shallow p-layer in the channel region of a p-
channel device. This technique decreases the magnitude
of the turn-on voltage from its initial value. As a result,
devices whose original thresholds were in the neighbor-
hood of —2-3 V can have their thresholds shifted as close
to zero as desired. Device 3, whose transfer and drain
characteristics are shown in Figs. 4 and 6, was fabricated
by this method, resulting in V¢p = —0.17 V.

It will be assumed that the implanted boron concentra-
tion N4 (at the semiconductor surface), is greater than
the n-type substrate doping density N creating a p-type
surface layer. A depletion region will exist at the p-n
junction extending a distance 1, from the junction to-
ward the surface where from [4]

_ Np [2elnl + l6) N, ] _
Al ¢ W -Nam,] 0 WP

assuming that the boron density is uniformly distributed
from the surface to a depth W. The total implanted dose
per unit area in the silicon is Ny = N4 W.

For boron doses of interest N, will be much greater
than Np. In this case (15) becomes

w
1; = P V2N pe(Jbsa] + s (16)
Since [¢sm| = |¢s|, (16) can be approximated by

aN;

Equation (17) reevals that if N; is greater than
Qs (ys = 2|¢s])/q, the junction depletion region will not
extend to the semiconductor surface. @z/q is about 10
em~2 for the typical n-type substrate resistivity of 5
Q-cm. From considerations below, it is seen that if N;
is less than 10** em=2 the shift in turn-on voltage is less
than 0.5 V. In practice a larger shift in turn-on voltage
is usually desired causing 1, to be less than W. The pos-
sibility then exists for an undepleted region of mobile
holes to exist near the semiconductor surface. This situa-
tion is illustrated in Fig, 10(a). Increasing the gate volt-
age from the value at flat band creates a surface deple-
tion region in the p-layer. At some voltage the surface
depletion region will extend to the junction depletion
region removing all mobile holes from the channel region
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Fig. 10. Band structure for a boron-implanted p-channel MOS
transistor.

as illustrated in Fig. 10(b). This i1s the turn-on voltage
for the device.

At this point, calculating the turn-on after implanta-.

tion Vy; is straightforward. The depth of the surface

depletion layer 1, is .
- \/zw, ’
qN4

where ; is the surface depletion region band bending in
the p-layer. At turn-on 1, + 1, = W so that

(18)

253‘#1

QW
N, + S N = W. 19)
Solving (19) for y; gives
IP, _ qNIW(]. 5 QB/QNI) By (20)

The gate voltage at turn-on, including charge from both
the surface and junction depletion regions, is thus

85— gy + o) + v+ 2 - L

VTI =Py —

€2)]

®ys is the metal-semiconductor work function for the
n-type substrate. The turn-on voltage prior to implanta-
tion is

Qss

_ _ 95 ‘
Ve = ®us C, I Cs \22)
The shift in turn on AV is thus
AVT = VTI - VT = (l¢fp| - l¢fn|)
_ N2
+ _Q_NO_I + QNIW(I 5 QB/qNI) . (23)

(J¢rs] — |¢s|) can usually be neglected.
The last term in (23) is the surface band bending and
must be less than 2|¢s| or the surface would become
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n-type, prohibiting further band bending. If the surface
becomes n-type before the surface depletion region ex-
tends deep enough to entirely deplete the p-layer the
device cannot be turned off. Since y; must be less than
2|¢sp| for complete turn-off to be possible, (20) gives

- qNIW

e

2 |¢fz:l "pt (24)
assuming Qz/qN; € 1. The maximum possible shift in
threshold AVy .y, while having a deviee that can be
turned off, is, using (23) and (24),

g+ el gy [2 ]

(25)

Thinner p-layers allow larger shifts in turn-on voltage.
When both the gate oxide and W are 1000 &, AVy jay s
about 52 V.

The threshold-shifting boron implantation is done after
gate oxidation. Only those ions that pass through the
oxide will eontribute to N;. Computer caleulations of the
Lindhard, Scharff, and Schiott depth-penetration theory
[10] predict that the boron will have a Gaussian concen-
tration profile centered about a depth which depends on
the implantation voltage and a standard deviation about
one third this depth. At a 30-kV 1mplantat10n voltage,
50 percent of the boron will penetrate a 1000-A gate
oxide, at 40 kV 80 percent will penetrate a 1000-A gate
93 percent will penetrate. Energies in the range of 30-50
kV have been found suitable for device fabrication pro-
vided the doses.are adjusted to allow for the partial .
penetration. g

The implantation must be followed by an annéal to
restore crystal damage and activate the boron. Annealing .
for ten minutes at 1050°C appears to give complete
activation and gives good SiOp-Si interface character-
isties. Following this anneal the junection depth is about
1500 A. If the anneal is performed at less than 900°C, the
boron will not be totally active and the device properties
are degraded. Device 3 received a dose of 1.1 X 10**
em2 at 30 kV and was annealed at. 1050°C. The result-
ing shift in turn-on voltage was +2 V.

The turn-on voltages of n-channel devices can also be
shifted in a positive direetion by boron implantation. Of
course, in this case there is no junction formed by the
implantation. If the depth of the boron is much less than
the surface depletion-layer depth, Qp will not be greatly
affected by the implant and the turn-on shift will be
AVT = qNI/Co

CMOS integrated circuits with a wide variety of
threshold voltages can be fabricated using ion implanta-
tion to adjust threshold voltages and to provide a pre-
deposition for doping p-type regions where the n-channel
devices are located. :

A VT max

CoNCLUSION

The fast surface state density Ny 1s the most im-
portant factor in determining the performance of MOS
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transistors in the weak inversion region near turn-on. At
room temperature CMOS circuits can operate at supply
voltages as low as 0.2 V, provided the fast surface state
density is low enough. Ion implantation of boron is a
convenient method of adjusting the turn-on voltage of
MOS transistors, both n- and p-channel, to permit opera-
tion at low supply voltages.

APPENDIX

The total charge per unit area @, in the semiconductor
is given by Sze [4]. For substrate doping levels of in-
terest qys/kT > 20 when y, is near threshold. @ is then
approximated by

Q.
= —V2¢e,Na(¥.+(kT/q) exp [g(¥,—d.—2 |¢,])/KT]),
(26)
where N, is the R-type substrate-doping density and
¢, is the dielectric constant of the semiconductor. Assum-
ing that the voltage developed across the surface inver-

sion layer is much less than 2|¢,|, the immobile charge in
the surface depletion region Qp is

QB = - \/Z‘QGsNA%bs- (27)
This leaves Q, = Q, — Q5 mobile electrons per unit area
in the inversion layer.

Q.
== [\/zqesNA(\bs+(kT/Q) exp [q(¢8_¢c'—2 |¢fD/kT])
— V/2¢e,N 4] (28)
The gate voltage V¢ is given by
VG=¢MS‘|‘¢3—'QC—SOQ—Q‘Cfo
Ve oy agap — % @
+ Co (‘Ps ¢c 2 |¢f[) Co Co. (29)

@55 is the metal semiconductor work function, Qgs the
fixed interface charge per umit area, @y, the charge in
filled fast surface states per unit area when ys = ¢, +
2|¢s|, Nys the fast surface state density per electronvolt
at s = ¢ + 2|¢y|, and Co the oxide capacitance per
unit area.

Q. is found as a function of Vg by eliminating ¢, from
(28) and (29). This cannot be done in closed form. How-
ever, from (28) two distinct regions can be identified. A
weak inversion region is defined by

(kT/q) exp [q(¥s — ¢ — 2 [¢,)/ET] < ¢,

(i.e., the bulk charge dominates the inversion layer
charge) and a strong inversion region by (kT/q)
explq(ys — ¢ — 2|¢7]) /kT] > 5. The weak inversion
criterion is valid when ys < ¢. + 2|¢s|. For y, slightly
greater than ¢. + 2|¢/| the exponential rapidly increases
and the strong inversion criterion is valid.

For the weak inversion region, @, is found by a first-
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order Taylor-series expansion of (28) in powers of
explq(ys — ¢ — 2|¢s|)/kT]. This gives

_o. = V/2¢e,N 4 kT
24y, ¢

Since there will be significant mobile charge only when
s is in the vicinity of ¢, + 2|¢y| it is reasonable to ex-
pand the @z term in (29) about y; = ¢, + 2|¢;|. By the
weak inversion criterion @, (30) is negligible compared
with Qp and (29) becomes

exp [g(¥, — &. — 2 [¢,))/kT]. (30)

Ve = Vs + ¢ + 2 o, + \/QqesN‘*g“ + 2 o)

C, C,,
+ (1+—+ C’)(% — ¢, — 2 |o,])
0 1]
or
1
Y, — ¢ — 2 ¢/ = n (Ve — Viloo)] (31
where
Ves = ®ys — Qcioé - %f_:q
L Cat C o+ Co
C,
and

Ve@) = Vs + & + 2 |6/ + \/2qesNA((}m + 2 0o,

(32)

is the gate voltage when y; = ¢, + 2|¢s|. Cq and Cy, are
given by (5).

Inserting (31) into (30) and evaluating the denomi-
nator at ys = ¢ + 2|¢s| gives @, as a function of Vg in
the weak inversion region.

—Q. = Cu(kT/q) exp Ve — Vi(e))/nkT).  (33)

When ¢, is some small amount (several kT/q) greater
than ¢, -+ 2|¢s| the exponential term in (28) dominates
and the strong inversion criterion is satisfied. From (29)
it is apparent that ¢, varies logarithmically with V¢ in
the strong inversion region. As a first approximation it is
assumed that y, is pinned a small potential A¢ above
$o + 2|¢s]. In other words ys = 2|¢;] + A¢ when the
surface is strongly inverted. Equation (29) then yields,
upon solving for @,

-Q. = co[va — Vi) — (1+ ) A¢]~ (34)

A¢ is found by assuming that the weak inversion equa-
tion (33) must be just tangent to the strong inversion
equation (34). The point of tangency Ve is the dividing
point above which (34) is valid and below which (33)
is valid. Equating (33) and (34) and their derivatives
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at Vo yields

1 kT nC
Ap = —— "Ll (-—°) - 1] (35)
gd_ q [ Cy
1 + ’nCo
Vo= Va) + (14 &) a0+ n61/0. 0

Equations (33)-(36) thus furnish an approximate
description of the inversion layer charge in both the
strong and weak inversion regions.

Usually a turn-on voltage V'r(¢,) is experimentally
defined by extension of the linear portion (strong inver-
sion) of the @, versus V¢ relation to zero charge. From
(34) this means that V'p(¢.) = Ve(de) + (1 + (C3/Co))
A¢. Substituting this relation for V'z(¢,) into (33)—(36)
yields the following convenient equations

—Q. = co(n %’3) exp [;,ZTT (VG ~ V'sg) — n%f)] :

(37
valid when Vg < V'p(¢,) + n(kT/q) and

—Qu = Co[Ve — V'z(e0)], (38)
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valid when Vg 2 V'e(é.) + n(kT/q). Since V'p(¢p,)
differs only by a small constant from Vi (¢.), no distine-
tion is made between them in the text.
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Complementary Transistor-Transistor Logic (CTQL)—
An Approach to High-Speed Micropower Logic
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Abstract—A new approach to micropower integrated circuits has
been developed and is called complementary transistor-transistor
logic (CT2L).! This logic combines the inherent low standby power
of a complementary inverter with the high speed of the TZ2L-type
input. Results of the monolithic fabricated circuits are presented.

INTRODUCTION

HE concept of using complementary (p-n-p and
n-p-n) transistors in logic circuits was advanced

by Baker,? for obtaining a maximum efficiency de-
sign. Some of the features of a circuit that uses comple-
mentary transistors at the output are the following.
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1) Drive capabilities are excellent since the load is
driven by a low-impedance source in both directions.

2) Both the high- and low-output voltages are clamped
by the Vegsaty of the transistors.

3) Fast switching speeds are inherent at low powers.

4) The circuit operates with only one power supply.

5) There is low standby power; i.e., when there is No
LOAD, the power dissipated is that of the base currents.

This paper deseribes the development of a new ap-
proach to micropower microelectronic digital circuits
called complementary transistor-transistor logic (CTZ2L).
This logic combines the inherent low standby power
and excellent drive capability of a complementary in-
verter with the high speed of the T?L-type input. This
new logic achieves high speeds (2 MHz) while maintain-
ing very low worst case standby power (300 pW). Worst
case standby power is for a “0” input and + 10 percent
power-supply voltage.



