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MOTOROLA, INC., a corporation organised and existing under the laws of the
State of Delaware, United States of America, of 1303 E. Algonquin Road,
Schaumburg, Illinois 60196, United States of America, do hereby declare the
invention, for which we pray that a patent may be granted to us, and the
method by which it is to be 5  performed, to be particularly described in
and by the following statement:-      5 This invention relates to trimming
circuits and a method of trimming high accuracy monolithic circuits to
improve their yield rate. More particularly, a trimming network and method
of trimming thereof to improve the linearity of a digital-to-analog
converter (DAC) is described. 10    With present day integrated circuit
technologies, untrimmed wafer yields of high  10 accuracy circuits, for
example, DAC's, are too low for profitable production of a low cost part.
Because of process tolerances, such circuits must be adjusted in some
manner to obtain critical parameters. The most common approach used today
employs active trimming wherein the circuit is 15  functionally connected
such that an output is continually monitored while trimming is  15
performed. Trimming is stopped when a predetermined output is reached. This
method for adjusting the linearity of a monolithic DAC circuit utilizes
laser trimming of the ladder matrix formed of thin film resistors. In
addition to being relatively expensive, several problems are associated
with active trimming. One such problem is mechanical stress and 20
resulting resistor instability which can be caused by the localized heating
of the resistor after  20 it has been trimmed. Furthermore, the light of
the laser beam and the heat it generates can also adversely affect
sensitive circuitry near the trim and cause the circuit to operate
abnormally. Additionally, active trimming is very time consuming, thus
expensive, because after each pulse of the laser, transients must be
allowed to die out before the output can be 25  measured. Still further,
since the trim is performed functionally, noise from the laser  25
equipment, as well as drift of the resistive value and other parameters
caused by the heating effect of the laser, can effect the accuracy of the
trim. Another technique in the prior art also employs active trimming. In
this technique a thin film resistor is utilized having a plurality of
contacts defining incremental resistances 30  therebetween. The contacts
are shorted together by links made of gold so that  30 incrementally
open-circuiting these links varies the resistance of the resistors. The
required trimming of this resistor and interative measuring of the output
thereafter is very time consuming. Moreover, light and heat generated
during the functional trimming can still present a problem. Also, the use
of gold is very expensive and is not typically compatible 35  with
monolithic integrated circuit techniques which generally utilize aluminum.
35 Thus, a need exists for reducing the cost and other problems associated
with trimming high accuracy monolithic circuits such a digital-to-analog
converters. According to the invention there is provided in a monolithic
integrated circuit which includes at least one circuit portion, a network
for providing passive trimming of 40  predetermined circuit parameters of
the circuit portion, comprising: impedance means  40 coupled between
circuit nodes between which a predetermined fixed potential is produced by
the monolithic integrated circuit when the monolithic integrated circuit is
in an operative state; a plurality of conductive links each attached at one
end thereof to a respective portion of said impedance means spaced from
the' portions thereof to which successive conductive 45  links are
attached, such that an incremental impedance is provided between said one
ends  45    1589438                                           2 of
successive ones of said plurality of conductive links, the other end of
each one of said 



plurality of conductive links being commonly connected, all but one of said
plurality of conductive links having been open-circuited by thermal
machining thereof when the monolithic integrated circuit is in a
nonoperative state such that a predetermined voltage is' 5   produced at
said commonly connected ends of said plurality of conductive links when the
5 monolithic integrated circuit is in an operative state; and circuit means
for coupling said commonly connected ends of said plurality of conductive
links to the at least'one circuit portion of the monolithic integrated
circuit such that the circuit parameters thereof may be adjusted to the
desired predetermined values by said predetermined voltage being applied 10
thereto.
10 According to an embodiment of the invention, the network is included in
a digital-to-analog converter for trimming the linearity of the converter
circuit. The trim network includes five monolithic resistors with the
common terminals of each resistor coupled respectively to the emitter of
the termination amplifiers of the five most significant 15   bits of the
converter. The current through the rungs of the five significant bits of
the R-2R   15 ladder network comprising the converter are measured and
compared to ideal current values. By adjusting the voltage at the common
terminal of each of the resistors of the trim network, the voltage applied
to the "2R" resistors of each rung can be adjusted such that the current in
each rung of the ladder. is trimmed which improves the linearity of the 20
converter.
20 In our. copending application No. 39887/78 (Serial No. 1589439), which
is a divisional from the present application, there is claimed a
digital-to-analog converter as described in the present specification. The
significant advantage of the converter/trim network combination is that
passive 25  trimming is utilized for improving the' linearity of the
circuit whereas, heretofore, active  25 trimming has been required. In
addition, the trim network can be removed from sensitive circuit portions
of the converter such that the light of the laser beam and the heat it
generates during trimming will not affect the sensitive circuitry. The
invention will now be described by way of example only with particular
reference to 30  the accompanying drawings wherein:
30 Figure 1 illustrates in block diagram form a digital-to-analog converter
comprising the trim network of the present invention; Figure 2 is a
schematic diagram of the five most significant bits of the R-2R ladder of
the converter circuit of Figure 1; 35     Figure 3 is a partial block and
schematic diagram illustrating the trim network and   35 connection thereof
to the converter circuit of Figure 1; Figure 4 illustrates the layout of a
typical trim resistor comprising the trim network of the invention; Figure
5 illustrates in block diagram form the test method for measuring
non-linearity of 40  the converter of Figure 1.; and.
40 Figure 6 is a perspective view of a wafer probe test'station for testing
and trimming of the trim network of the invention. Referring to Figure 1,
there is illustrated in block diagram form 10-bit multiplying
digital-to-analog converter (DAC) 10 which is suitable to be manufactured
in monolithic 45  integrated circuit form and which includes a trim network
in accordance with the preferred' 45 embodiment of this invention. The
basic circuitry and operation of DAC 10 is well known in the art and,
therefore, need not be discussed in great detail. It is understood that
although DAC 10 is shown as a 10-bit DAC any number of input bits may be
utilized corresponding to the desires of the user. Hence, as illustrated,
DAC 10 includes input terminals [err] 50   adapted to 'receive a digital
input signal thereat. Input 'terminal [err] receives the most  50
significant bit (MSB) and terminal [err] the least significant' bit (LSB)
'of the input digital signal. DAC 10 comprises reference current amplifier
12, R-2R ladder network 14 coupled to the reference amplifier, bias
circuitry 16, bit current switches 18 and termination amplifiers (which are
shown as. part of trim network 20). An analog output voltage is 55
derived across a user supplied load which is coupled to output terminal 22.
In response to a  55 digital input signal applied at terminals [err], a
representative analog current [err] is conducted through the load. The
analog output current is not only a function of the digital input signal
but also the reference current produced by reference current amplifier 12
which is adapted to receive. user supplied reference voltages VREF(+) and
VREF(-) at terminals 60   24 and 26 respectively. Bias circuitry 16
provides internal bias potentials and is adapted to  60 receive power
supply potentials Vcc, and VEE, and a ground reference at terminals 28, 30.
and 32 respectively.           ' 



The operation of DAC 10 is briefly described below. Referring to Figures
1-3,' reference current amplifier 12 provides a reference current IREF from
the user supplied reference 65   voltages [err] and [err]. This reference
current is supplied at terminal 34 (Figure 3)  65    and is accurately
mirrored by circuit 36 comprising: amplifier 38, transistor 40 and
transistor 42. A full scale current, 2IREF, is produced which is fed to
R-2R ladder 14 at terminal 44. R-2R ladder 14 divides the full scale
current into binary related current components through respective
termination amplifiers 46, 48, 50, 52 and 54 (only the five most 5
significant bits of DAC 10 are shown)via respective terminals [err]. The
unity gain  5 termination amplifiers provide low impedance terminations for
each rung of ladder 14 and interface the ladder to the bit current switches
of network 18, at terminals 56-64. Bits 6-10 (not shown) are similarly
coupled to the R-2R ladder. The bit current switches are coupled to input
terminals [err] and steer the individual bit currents of the R-2R ladder
from either the power supply ([err] terminal) or analog output terminal 22
such that [err] is  10 representative of the digital input signal. As
stated, the foregoing operation is generally known and is described, for
instance, in the "Semiconductor Data Library", vol. 6, published by
Motorola Semiconductor Products, Inc. In particular, the data sheets for
the MC-1508L, pages 8-209-8-222, are referred to Which illustrates a 8 bit
DAC similar to DAC 15  10 of the present invention. The bit current
switches may be identical to those shown for the  15 MC-1508L and are
noninverting in operation so that a high state on a respective digital
input terminal turns on the specific component of the analog output
current. What has been described above is a DAC generally known in the art.
One of the most critical parameters which must be tested for is converter
linearity. Linearity is related to 20   how closely the actual value of the
analog output current tracks the theoretical value as, for  20 example, the
digital input number ranges from zero to full scale. Ideally, R-2R ladder
14 incrementally divides the full scale reference current in half at each
subsequent bit section. For example, in response to a digital one input at
the MSB (Al) the current IREF iS steered from output terminal 22 to
terminal 56 through termination amplifier 46. Similarly, a 25   current
IREF also flows into node 44 from the remaining ladder sections
corresponding to  25 bits 2 through N, where N is the total number of bits
of the DAC. However, the value of current flow between terminals [err] and
66 is equal to 1/2 [err], the value between VT3 and 68 equaling 1/4 IREF
and etc. However, in reality, non-linearity results because the current
division in the ladder is nonideal because of mismatches of the ladder
resistors, which may 30   be either diffused or thin film resistors.
30 Heretofore, to improve linearity and to meet accuracy requirements for
the DAC, the ladder resistors were trimmed in some manner to meet a
predetermined accuracy specification. This trimming may be achieved by
active laser trimming each resistor of the resistive matrix. As previously
discussed, active trimming may be defined as feedback 35  trimming in which
an output is continually monitored while trimming is performed.  35
Trimming is stopped as soon as the output reaches a certain level. Active
trimming is generally very time consuming because, after each pulse of the
laser, transients induced by trimming must be allowed to die out before the
output is measured. Referring to Figure 3, there is shown trim network 74
of the present invention that is 40   suitable for trimming the individual
current components through R-2R ladder 14 without  40 requiring trimming of
each individual ladder resistor. Generally, rather than perform a trim
adjust of the ladder resistors, mismatches of the ladder network can be
effectively cancelled by adjusting the termination voltages appearing at
node [err], [err] ... [err]. As an example, if the 2R resistor of the most
significant bit is low with respect to the other resistors of the 45
ladder (because of processing tolerances) its current will be respectively
higher than one  45 half 'full scale current, [err]. By lowering the'
termination voltage at terminal VTI an appropriate amount, the current can
be lowered to the proper value. It can be shown that the MSB current,
assuming a one percent resistor matching, and is nominally one-half the
value of the full scale current, contributes one fourth percent to the 50
non-linearity of the full scale current. Since each successive' less
significant bit ideally  50 handles half as much current as the previous
one, the typical error with respect to full scale current, is half of the
previous bit. Eventually, using the foregoing rationale, a point is reached
wherein the error contributed by the less significant bits are within
typical linearity requirements for the DAC. It has been determined that
only the five most significant bits 55   need be trimmed to achieve good
linearity performance of DAC 10. Hence, only the five  55 



most significant bits are shown in Figures 2 and 3. Therefore by adjustng
or trimming the termination voltages [err] to modify the currents through
the individual rungs of the ladder, linearity characteristics of DAC 10 can
be improved. It is to be understood that the trim network 74, to be
described, can be used in other 60   applications other than for
digital-to-analog converters that require laser trimming of  60 resistors
to vary the currents therethrough. However, the present application of the
trim network is illustrated for digital-to-analog converters. As shown, a
second current equal to IREF is generated by circuit 36 of reference
amplifier 12 through transistor 76 and resistive network 78. The current
through resistive network 78 produces a known voltage drop, 65   [err],
between terminals 80 and 82 by the current flowing through resistors 84 and
86. Vtim  65    4                                       1 589 438
4 also appears across each trim resistor. of trim network 70. The voltages
[err] which termination amplifiers 46-54 provide to the rungs of ladder 14
can be modified by adjusting the center tap of the respective trim
resistors, [err]. Thus, the individual current through each respective
ladder rung may be modified accordingly. 5    A typical trim resistor.is
illustrated in Figure 4. Although [err] may be either a thin film   5 or
monolithic resistor, in a preferred form itis a diffused resistor of known
construction. The ends of each of the trim resistors are connected to
terminals 80 and 82 by positive and negative buses 88 and 90 respectively.
Various contacts, shown by the references A, are provided along the body of
the resistor which are connected to aluminum  links B 10  respectively. The
links are connected together at a common connection which is connected   10
to a respective termination amplifier. This common connection is shown as
the wiper arm of the trim resistors in Figure 3. The incremental resistance
between the pairs of contacts on the resistor provide known incremental
voltage drops, [err]. By cutting all but one link, as illustrated, the
ladder termination voltage can be adjusted to the desired level in
increments 15  of AV.
15 As will be discussed in greater detail below, the foregoing passive
trimming technique avoids the problems of prior techniques which require
active trimming. Based upon measurements made on an untrimmed
digital-to-analog converter circuit, the error in current through each rung
of the ladder is first determined. Suitable mathematic equations 20  can be
solved by a general purpose computer, such as the Telaedyne M365 computer-
20 controller, to determine which links' of each resistor need be cut and
then direct a laser to. cut these links. Trimming is therefore done
passively without requiring monitoring such as the iterative scheme of trim
and test utilized by prior art techniques. Prior to trimming, each of the
trim resistors of DAC 10 are completely shorted forcing all 25  of the
emitters of termination amplifiers 46-54 (which are connected to respective
wiper  25 arms of the trim resistors) to be at the same potential. It is to
be understood that at this time, DAC 10 is only one dice of a plurality of
die on a monolithic wafer which is placed in a probe station for testing.
The error in the current in each rung is determined using standard testing
techniques. If the linearity of the converter is within a predetermined
range a trim is 30  not needed. However, if the error is greater than
tolerable, each trim resistor is trimmed to  30 bring the converter into
the desired range. Referring to Figure 3, note that a current equal to IREF
is used to produce a voltage drop across the trim resistors. This drop is
divided into incremental steps of IREF volts each. Moreover, the voltage
drop across the most significant bit 2R resistor of ladder 14 is 2R x 35
[err]. Therefore, the ratio of the incremental trim voltage to the drop
across the MSB 2R   35 resistor is 1/2R and does not change with variations
in sheet resistance, temperature or reference current. Using matrix
mathematic theory, it can be shown that a matrix equation can be determined
to describe the relationship between a change in any one termination
voltage, 40  VT, and its effect on the voltages across all of the 2R
resistors in ladder 14 and the currents  40 therethrough. This matrix
equation may be expressed as: [err]                         (1) 45   where
[err] is a vector representing the changes in voltages at the emitters of
the  45 termination amplifiers connected to a wiper arm of a respective
trim resistors: [AI] is a vector representing change in currents through
the 2R resistors of the five most significant bits of ladder 14; and [F] is
a matrix describing the relationship between [AV] and [Al]. The derivation
of matrix [F] is straight forward and is equal to: 



50
50 0.5       -0.25       -0.125      -0.0625    -0.03125 -0.25        0.625
-0.1875    -0.09375   -0.04688 55          [F] =  -0.125      -0.1875
0.6562    -0.1719    -0.08594            55 -0.0625     -0.09375   -0.1719
0.6641    -0.1680 -0.03125    -0.04688   -0.08594   -0.1680         0.6660
60
60 As stated above the [err] matrix represents the changes in. bit currents
needed to eliminate the contributions of the first five bits because of
non-linearity. This matrix is known once the individual bit currents .of
DAC 10 are measured and compared with ideal values. The measurement of the
individual bit currents is done at wafer probing. For 65   example,
referring to Figure 5 there is illustrated the test circuit for measuring
untrimmed  65    5                                        1 589 438
5 currents. A standard digital-to-analog converter 91 is used for comparing
the untrimmed currents thereto. The binary input bits of both converter 91
and DAC 10 (under test) are coupled to 10-bit counter 92. The analog
outputs of both converters are coupled to an input of amplifier 93. The
output of amplifier provides the error information between desired 5
currents (from converter 91) and the untrimmed currents through DAC 10.
Thus error  5 information is provided by, for example, supplying a digital
signal from counter 92 which produces full scale current output from
converter 91. The unit under test is then calibrated at full scale with the
reference converter by adjusting resistor 94 until the error voltage at
output 96 goes to zero. Then by applying digital inputs in sequential order
the individual 10   bit-currents can be compared in a similar manner.
10 This error information can be supplied to a general purpose computer.
such as discussed previously, which then compares the measured currents to
the ideal values. Thus, the only unknown quantity of the matrix equation is
[err] which can be solved by the test computer and which is equal to: 15
15 [err]                                  (2) After the test computer
calculates the trim voltages required (equation 2) it can search through a
look-up table to determine the appropriate links of each trim resistor to
cut. The 20   look-up table is calculated by knowing the incremental
voltage steps between each link, as  20 discussed previously. Hence, having
determined which links of each trim resistor to be cut, the computer can
provide an activation signal to cause a laser to step through the trim
array for cutting the predetermined links of each of the trim resistors.
Figure 6 illustrates the test station for providing the above described
operation. As an 25   example, DAC 10 at wafer level is placed on probe
station 100 in probe area 102. Prober  25 104, which can electronically
test several characteristics in a sequential fashion, as is standard in the
art, tests the untrimmed currents through each DAC 10 die in comparison
with the reference converter and provides this information to computer 106.
The test computer, having determined which links of the trim resistor to be
cut, steps laser 108 30  through the trim array and cuts the links. The
laser beam of laser 108 is aligned over the  30 trim network by utilization
of laser control assembly 110. Computer 106 is interfaced with laser
control assembly 110 for directing cutting of the links, as previously
described, by laser 108. Digital-to-analog converters have been fabricated
including the trim network described above. It is found that passive trim,
35   including the necessary calculations, is performed in approximately 3
seconds for each  35 circuit. Achieved results after a trim have been 0.25
percent non-linearity with a typical drift of 2.5 ppm/[err]. These values
agree very well with computer simulations used in design. and show that
passive laser trimming of metal links is a practical and inexpensive way to
improve the yield of high accuracy circuits. 40     In the actual design of
the trim network, the trim resistors can be physically removed  40 from the
sensitive ladder resistors, thus trimming is performed in an area removed
therefrom and the light of the laser beam and the heat it generates can be
min  imized to sensitive circuitry. The circuit and method for trimming
high accuracy integrated circuits. as disclosed 45   above. provides
several significant improvements over the prior art. Particularly since the
45 actual trim is performed non-functionally (the device being trimmed is
powered down) no 



noise from the laser equipment nor drift caused by the heating effect of
the laser can effect accuracy of the trim. The non-functional trim is also
performed more quickly than a functional trim because there is no feedback
between the measurement system and the 50   trimming system. nor is an
iterative trim technique required. Moreover. the accuracy of the  50 trim
is independent of sheet resistances from lot to lot. temperature variations
and reference current variations. The foregoing described technique for
trimming high accuracy circuits may also be applied to other circuits such
as low offset operational amplifiers and precision voltage references. 55
WHAT WE CLAIM  IS:-
55 1. In a monolithic integrated circuit which includes at least one
circuit portion. a network for providing passive trimming of predetermined
circuit parameters of the circuit portion. comprising: impedance means
coupled between circuit nodes between which a predetermined fixed potential
is produced by the monolithic integrated circuit when the 60   monolithic
integrated circuit is in an operative state: a plurality of conductive
links each  60 attached at one end thereof to a respective portion of said
impedance means spaced from the portions thereof to which successive
conductive links are attached. such that an incremental impedance is
provided between said one ends of successive ones of said plurality of
conductive links. the other end of each one of said plurality of conductive
links 65   being commonly connected, all but one of said plurality of
conductive links having been  65    5 ,
1 589 438                                       5 currents. A standard
digital-to-analog converter 91 is used for comparing the untrimmed currents
thereto. The binary input bits of both converter 91 and DAC 10 (under test)
are coupled to 10-bit counter 92. The analog outputs of both converters are
coupled to an input of amplifier 93. The output of amplifier provides the
error information between desired 5  currents (from converter 91) and the
untrimmed currents through DAC 10. Thus error  5 information is provided
by, for example, supplying a digital signal from counter 92 which produces
full scale current output from converter 91. The unit under test is then
calibrated at full scale with the reference converter by adjusting resistor
94 until the error voltage at output 96 goes to zero. Then by applying
digital inputs in sequential order the individual 10   bit-currents can be
compared in a similar manner.                                10 This error
information can be supplied to a general purpose computer, such as
discussed previously, which then compares the measured currents to. the
ideal values. Thus, the only- unknown quantity of the matrix equation is
[AV] which can be solved by the test computer and which is equal to: 15
15 [err]                                                    (2) After the
test computer calculates the trim voltages required (equation 2) it can
search through a look-up table to determine the appropriate links of each
trim resistor to cut. The 20  look-up table is calculated by knowing the
incremental voltage steps between each link, as  20 discussed previously.
Hence, having determined which links of each trim resistor to be cut, the
computer can provide an activation signal to cause a laser to step through
the trim array for cutting the predetermined links of each of the trim
resistors. Figure 6 illustrates the test station for providing the above
described operation. As an 25   example, DAC 10 at wafer level is placed on
probe station 100 in probe area 102. Prober  25 104, which can
electronically test several characteristics in a sequential fashion, as is
standard in the art, tests the untrimmed currents through each DAC 10 die
in comparison with the reference converter and provides this information to
computer 106. The test computer, having determined which links of the trim
resistor to be cut, steps laser 108 30  through the trim array and cuts the
links. The laser beam of laser 108 is aligned over the  30 trim network by
utilization of laser control assembly 110. Computer 106 is interfaced with
laser control assembly 110 for directing cutting of the links, as
previously described, by laser 108. Digital-to-analog converters have been
fabricated including the trim network described above. It is found that
passive trim, 35  including the necessary calculations, is performed in
approximately 3 seconds for each  35 circuit. Achieved results after a trim
have been. 0.25 percent non-linearity with a typical drift of 2.5
ppm/[err]. These values agree very well with computer simulations used in
design, and show that passive laser trimming of metal links is a practical
and inexpensive way to improve the yield of high accuracy circuits. 



40     In the actual design of the trim network, the trim resistors can be
physically removed  40 from the sensitive ladder resistors, thus trimming
is performed in an area removed therefrom and the light of the laser beam
and the heat it generates can be minimized to sensitive circuitry. The
circuit and method for trimming high accuracy integrated circuits, as
disclosed 45   above, provides several significant improvements over the
prior art. Particularly since the  45 actual trim is performed
non-functionally (the device being trimmed is powered down) no noise from
the laser equipment nor drift caused by the heating effect of the laser can
effect accuracy of the trim. The non-functional trim is also performed more
quickly than a functional trim because there is no feedback between the
measurement system and the 50  trimming system, nor is an iterative trim
technique required. Moreover, the accuracy of the  50 trim is independent
of sheet resistances from lot to lot, temperature variations and reference
current variations. The foregoing described technique for trimming high
accuracy circuits may also be applied to other circuits such as low offset
operational amplifiers and precision voltage references. 55     WHAT WE
CLAIM  IS:-                                                            55
1. In a monolithic integrated circuit which includes at least one circuit
portion, a network for providing passive trimming of predetermined circuit
parameters of the circuit portion, comprising: impedance means coupled
between circuit nodes between which a predetermined fixed potential is
produced by the monolithic integrated circuit when the 60   monolithic
integrated circuit is in an operative state; a plurality of conductive
links each  60 attached at one end thereof to a respective portion of said
impedance means spaced from the portions thereof to which successive
conductive links are attached, such that an incremental impedance is
provided between said one ends of successive ones of said plurality of
conductive links, the other end of each one of said plurality of conductive
links 65   being commonly connected, all but one of said plurality of
conductive links having been  65    6
1 589 438                                       6 open-circuited by thermal
machining thereof when the monolithic integrated circuit is in a
nonoperative state such that a predetermined voltage is produced at said
commonly connected ends of said plurality of conductive links when the
monolithic integrated circuit is in an operative state; and circuit means
for coupling said commonly connected ends of said 5   plurality of
conductive links to the at least one circuit portion of the monolithic
integrated   5 circuit such that the circuit parameters' thereof may be
adjusted to the desired predetermined values by said predetermined voltage
being applied thereto. 2. A network as claimed in Claim 1 wherein said
impedance means is a monolithic resistor. 10     3. A network as claimed in
Claim 1 or 2 wherein each one of said plurality of conductive   10 links is
formed of aluminium material compatible with monolithic integrated circuit
process techniques. 4. A trim  circuit of a digital-to-analog converter and
substantially as hereinbefore described and as shown in the accompanying
drawings. 15
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