May 16, 1967 R. J. WIDLAR 3,320,439

LOW-VALUE CURRENT SOURCE FOR INTEGRATED CIRCUITS

Filed May 26, 1965

CURRENT
SOURCE
MEANS OUTPUT
~ 14
T0
LOAD :
25
111 lfz
7 22
—= (Icz
Igz
IB!i
12
"'\\
10
(Ic1
~30
28

ROBERT J. WIDLAR

INVENTOR.

BYéZ%%?Z;iZEZ?f:§§%%}/

ATTORNEYS



United States Patent O

3,320,439
Patented May 16, 1967

1CC

1

3,328,439
LOW-VALUE CURRENT SOURCE FOR
INFEGRATED CIRCUITS
Robert Y. Widlar, Mountain View, Calif., assignor to
Fairchild Camera and Instrument Corporation, Syosset,
N.Y., a corporation of Dejaware
Filed May 26, 1965, Ser. No. 458,835
4 Claims. (CL 307—88.5)

ABSTRACT OF THE DISCLOSURE

A current source including a resistor and a pair of
transistors having their emitters ccupled to opposite ends
of the resistor, one of the transistors having its collector
and base shorted together; the device has a current supply
coupled to the shorted collector and base of one of the
transistors and to the base of the other transistor, allow-
ing a small predictable difference in voltage to exist be-
between the base-emitter voltages of the transistors which
is coupled across the resistor to produce a small output
current from the second transistor.
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This invention relates to a current source and in par-
ticular to an integrated circuit current source for pro-
viding current of a few hundred microamperes or less.

In integrated circuits there is frequently a need for
microampere current sources. To apply prior art tech-
niques to obtain such a source would require the use of a
relatively large resistor having a value of tens of thou-
sands of ohms or more. The use of such resistors in in-
tegrated circnits requires excessive surface area and makes
the circuit difficult to manufacture regardless of whether
thin film or bulk integrated circuit techniques are em-
ployed.

To provide a microampere current source consistent
with integrated circuit demands and to overcome the
shortcomings of prior art circuits, a novel current source
has been invented. This current source is based upon the
principle that there is a predictable difference in the base-
emitter voltages of two transistors operating at different
collector currents. Using this principle, a current source
may be constructed to supply a microampere current re-
quiring a resistor of only several kilo-chms or less. Such
a resistor in an integrated circuit requires relatively small
surface area and is easy to manufacture. Briefly, the
structure of this invention comprises two transistors with
their emitters coupled across a resistor and their bases
and one of their collectors connected to a common point.
By such an arrangement the difference in the base-emitter
voltage of the transistors is coupled across the resistor.
The resulting very small base-emitter difference voltage
enables a microampere current to be supplied to the out-
put terminal. This description of the invented structure
will be better understood by reference to the detailed de-
scription which follows and to the sole drawing which
is a schematic diagram of the invented circuit,

Referring to the drawing, a current source means 10
is shown for generating an output current having a mag-
nitude in part dependent upon the current I; and the
size of resistor 30. This current source includes tran-
sistors 12 and 22 which are shown as NPN transistors,
but may be PNP transistors or similar solid state devices.
Preferably, these transistors are formed in an integrated
circuit arrangement. The techniques for forming inte-
grated circuit transistors and the interconnections between
such transistors are well known in the prior art as evi-
denced by such patents as U.S. Patent 2,981,877 and the
article, “Microelectronics—Unlocking the Treasure
Chest,” by William Liben, Astronautics & Aeronautics,
pages 20-27, April 1964. It should be understood that
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the term “solid state” as employed in this specification
refers to common resistors, capacitors, inductors, tran-
sistors, thin film integrated circuits and bulk semicon-
ductor integrated circuits as well as other devices, but
excludes vacuum tubes or gas discharge devices. The
term “integrated circuit” refers primarily to thin flm
integrated circuits, bulk semiconductor integrated cir-
cuits, or hybrid circuits. .

The first transistor 12 has its base and collector con-
nected to current source means 14 which operates the col-
lector at a current Ip; approaching I;. Current source
14 is also connected to the base of transistor 22 which
is preferably identical to transistor 12. The bases of the
transistors 12 and 22 draw base currents Ig, and Ig,, re-
spectively, from current source 14. The connecting of the
collector and base of transistor 12 to a common point 17
insures that transistor 12 is operated out of saturation.
The transistor 22 has its collector connected to output
terminal 25 which is in turn connected to a load (not
shown).

The emitter of transistor 12 is connected to the com-
mon terminal 28 while the emitter of the transistor 22 is
connected to the common terminal 28 via the current-
determining resistor 30. The operation of the. invented
circuit is not substantially altered by placing a small
resistor between the emitter of transistor 12 and common
terminal 28, at least so long as the voltage drop across
such an inserted resistor is not substantially higher than
the emitter-base voltage differential between transistors
12 and 22.

The operation of the above-described circuit along with
the advantages of this circuit arrangement can be under-
stood in depth by considering the derivation of the ex-
pression for the difference in base-emitter voltage. The
utilization of the difference between the base-emitter volt-
ages of the transistors 12 and 22 is an important aspect
of this invention. In order to determine this voltage dif-
ference, first consider the expression for the collector cur-
rent of a transistor as a function of the emitter-base volt-
age, as follows:

v
I.=1, exp. (q—k%) (1)

where I, is the collector current, I, is the saturation cur-
rent, Vgg is the base-emitter voltage, g is the electronic
charge, T is the absolute temperature and % is the Boltz-
mann constant. ‘This expression is true for Vg greater
than 4£T/q, and for currents up to the upper limit where
emitter contact and base spreading resistances become im-
portant, and down to where collector leakage currents
cause trouble. Solving Equation 1 for Vgg gives:

kT I,
Vee="" log. (T> @)

This expression can be used to find the base-emitter volt-
age difference between two transistors:

AVer=Vgr—Vpgs (3)
kT Ioy kT T
=— Jog (J_)-— — log, Ze2
¢ 8 \7,) " oee (7 (4)
kT I kT I
b ()-8, (1)
q & Iy q 8 Iq (5)

For equal collector currents, the Equation 5 becomes:

kT I,

=—— o —=
AVae= o5 (72 - (6)
Considerable testing has shown that for adjacent identical
integrated circuit transistors, the value of AVgg in Equa-
tion 6 is typically less than one or two millivolts, This
is attributable to the proximity of the integrated transistors
and to their similarity, along with the excellent thermal
coupling between them. Conventional circuitry would
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not have such coupling ner would the transistors be so
well matched. The value of AVgg as expressed in Equa-
tion 6 is relatively independent of the current level since
I, should be constant. For I¢i/Ics greater than about 2
the second term of the Equation 5 can be neglected with
little resulting error. Hence, the emitter-base voliage dif-
ferential between adjacent identical integrated circuit
transistors operating at different collector currents is

given by:
£91>
I, (7

It has been found that this expression is accurate within
a few millivolts. The collector currents Iy and Igp are
different values as determined by current means 14 and
the current-determining resistor 36 in accordance with
the particular design requirements. Thus, a predictable
value of AVgp is generated as described by Equation 7.
It should be noted that I; and I, may be considered the
same as Io; and Igg, respectively, if the current gain of
the transistors is greater than about 10. It can now be
seen that the current through resistor 30 approaches the

AVpe= %1 log.

current I, With the current Ip passing through re-
sistor 30:
AVpe=R3 X1 (3)
AVgg
Ba=
L (9)

In a typical design procedure employing the invention, the
currents I, and I, would first be chosen and AVgg com-
puted by employing Equation 7. Then the value of re-
sistor determined form AVgpg and Ip. With present tech-
nology, the value of resistor 30 is typically in the range
of 200 ohms to 20K ohms and preferably less than 10K
ohms with output currents in the neighborhoed of 5 to
200 microamperes and usually less than 200 micro-
amperes. In one commercial embodiment, 20 pa. was
obtained with a 5K ohm resistor.

Trom the above detailed description it can be seen that
a low value current source has been invented which is
completely suitable for integrated circuits. The circuit
couples the base-emitter voltages of two similar tran-
sistors across a resistor. At predetermined operating col-
lector currents the difference in these base-emitter volt-
ages is predictable. This circuit utilizes this small pre-
dictable difference to lower the resistance value required
for the current source by at least an order of magnitude.
Such resistance lowering in turn brings the surface area
of the integrated circuit within practical limits of the tech-
nology. In addition, the circuit with lower resistance re-
quirements is easier to manufacture and is lower in cost.

While the above detailed description has shown the
fundamental novel features of the invention as applied to
a preferred embodiment, it will be understood that vari-
ous omissions and substitutions and changes in the form
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those skilled in the art, without departing from the spirit
of the invention, TFor example, the transistors need not
be identical since the emitter-base voltage differential
of pon-identical transistors is still predicable. It is the
intention, therefore, to be limited only as indicated by the
scope of the following claims.

What is claimed is:

1 A solid state current source for generating an ouf-
put current, comprising:

a resistor;

a pair of transistors with their emitters coupled to op-
posite ends of said resistors, one said transistors hav-
ing its collector and base shorted together; and

a means having a single output coupled to the shorted
collector and base .of said one transistor for operat-
ing the collector at a first current, said output of said
means substantially non-resistively coupled to the
bases of both said transistors, whereby a small pre-
dictable difference in voltage exists between the base-
emitter voltages of said transistors which is coupled
across the resistor to produce a small output current
from the second transistor.

2. A current source comprising:

a common terminal;

a resistor coupled to said common terminal; and

a pair of transistors operatively coupled to apply the
difference between their base-emitter voltages as
substantially the entire voltage across said resistor,
whereby the small predictable difference in these
voltages enables resistors less than approximately
10K ohms to be employed to supply output currents
Jess than 200 microamperes.

3 The structure defined in claim 2 wherein the base-
emitter voltage of one transistor is coupled across said
resistor via the base-emitter junction of said other tran-
sistor.

4 A current source comprising:

a terminal;

a resistor coupled to said terminal; and

a pair of transistors operatively coupled to one another
and said resistor to apply the difference between the
base-emitter voltages of said transistors as sub-
stantial the entire voltage across said resistor, where-
by the small predictable difference in base-emitter
voltages between the transistors is employed to sup-
ply a microampere current to a load.
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