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Process-Invariant Resistor and Capacitor Pair

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of U.S. Application No.

15/710,737, filed September 20, 2017.

Technical Field
[0002] This application relates to resistor-capacitor (RC) circuits, and more

particularly to a process-invariant RC circuit.

Background

[0003] A resistor-capacitor (RC) circuit is a fundamental analog design component.
The product of the resistance and capacitance for the RC circuit defines a time constant T that
defines the behavior of the RC circuit. For example, the cut-off frequency for an RC circuit
used as either a low-pass filter or a high-pass filter is 1/2zt. Since the time constant 1 is such
an important parameter in analog filter or delay line design, it is important that the resistance
and the capacitance used to form the RC circuit have the proper values. But these resistance
and capacitance values depend upon the process used to form the corresponding resistor and
capacitor. The resistor and capacitor for an RC circuit may be formed using one or more
metal layers for an integrated circuit. These metal layers are separated from the transistors in
the semiconductor die by insulating dielectric layers.

[0004] To form a metal-layer resistor, a metal layer is patterned to form one or more

conductors. The resulting resistance depends upon the width and length of the conductors or
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leads forming the resistor. The depth or thickness of the metal layer is determined by the
semiconductor manufacturing process so a designer may tune the resistance by increasing the
length or width of the leads forming the resistor. Increasing the width lowers the resistance
whereas increasing the length increases the resistance. Although such design techniques are
well known, the masking and processing steps are prone to process variations that cause
errors in the actual resistance as compared to the desired resistance. Similar process
variations apply to polysilicon resistors. A common rule of thumb for such resistance
variation for polysilicon resistors is that the actual resistance will be within +/- 20% of the
desired resistance. For example, if the mask layout was designed to form a resistor with a
resistance of 10 K Q, the actual resistance for the resulting resistor will range from 8 K to 12
K Q.

[0005] A similar process variation affects the capacitance for a metal layer capacitor.
As opposed to a metal-insulator-metal (MIM) capacitor in which one electrode is formed in a
first metal layer and a second electrode is formed in an adjacent metal layer, a metal layer
capacitor is formed in the one metal layer. A metal layer capacitor may also be denoted as a
metal-oxide-metal (MOM) capacitor as known in the semiconductor arts. The capacitance
for a metal layer capacitor depends upon the separation between the leads forming the
capacitor electrodes and their length. A designer may thus adjust the separation and length to
achieve the desired capacitance. But the masking and processing steps to form the capacitor
electrodes are also subject to process variation. A common rule of thumb for the resulting
process variation in the capacitance is +/- 20%. An RC circuit formed from a metal layer
resistor and a metal layer capacitor will thus have a relatively large time constant variation.
Circuit performance suffers from such a wide range in achieved time constants for metal

layer RC circuits.
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[0006] Accordingly, there is a need in the art for process-invariant metal layer RC

circuits.

Summary

[0007] To provide an RC circuit with a process-invariant time constant, the same
masking pattern (or patterns) is used to pattern a metal layer adjacent a semiconductor die
into a metal layer capacitor and a metal layer resistor. In particular, the masking pattern
forms a metal layer into a metal layer resistor including a plurality of longitudinally-
extending leads (which may also be designated as fingers) each having a first width and
separated from each other by a first gap. The same masking pattern at the same time forms
the metal layer into a metal layer capacitor so that both the metal layer resistor and the metal
layer capacitor experience the same fabrication process and fabrication environment. As
used herein, the “‘same masking pattern” that is also used to pattern the metal layer into the
metal layer capacitor is one that produces a plurality of longitudinally-extending fingers of
the same width and the same separation. In particular, the metal layer capacitor includes a
first set of longitudinally-extending fingers that are interdigitated with a second set of
longitudinally-extending fingers. One set forms a first terminal for the metal layer capacitor
whereas the remaining set forms a second terminal for the metal layer capacitor. The
interdigitation gap between opposing fingers from the two sets equals the separation between
the longitudinally-extending fingers or leads forming the metal layer resistor. Since the same
masking pattern at the same time forms a metal layer into both the metal layer resistor and the
metal layer capacitor, the longitudinally-extending leads or fingers for both the metal layer
capacitor and the metal layer resistor undergo similar process variation with regard to their

resulting width and separation.
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[0008] Since all the fingers have the same width and separation, process variations
that affect the finger width will have an opposite effect on the separation. For example, if the
masking pattern process variation results in over-etching of the metal layer such that the
finger width is reduced by some factor, the separation between neighboring will be increased
by the same factor. The reduction in finger width results in an increase in the resistance for
the metal layer resistor but this is offset by a balancing reduction in the capacitance for the
metal layer capacitor. The RC time constant thus remains substantially unchanged.
Similarly, if the masking pattern process variation results in under-etching of the metal layer,
the finger width is increased but the gap or separation between neighboring fingers is
decreased. The resistance then goes down but that is balanced by an increase in the
capacitance such that the RC time constant again remains substantially unchanged.

[0009] These and other advantageous features may be better appreciated through the

following detailed description.

Brief Description of the Drawings

[0010] Figure 1 is a cross-sectional view of a semiconductor die and the adjacent
metal layers in an example integrated circuit including a process-invariant metal layer RC
circuit in accordance with as aspect of the disclosure.

[0011] Figure 2 is a plan view of an example metal layer resistor for a process-
invariant RC circuit in accordance with an aspect of the disclosure.

[0012] Figure 3 is a plan view of a metal layer capacitor formed using the same
masking pattern and the same metal layer and at the same time used to form the metal layer
resistor of Figure 2 in accordance with an aspect of the disclosure.

[0013] Figure 4 is a diagram for a process-invariant RC circuit formed using the

metal layer resistor of Figure 2 and the metal layer capacitor of Figure 3.
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[0014] Figure 5 is a flowchart for an example method of manufacturing a process-
invariant RC circuit in accordance with an aspect of the disclosure.

[0015] Embodiments of the present disclosure and their advantages are best
understood by referring to the detailed description that follows. It should be appreciated that
like reference numerals are used to identify like elements illustrated in one or more of the

figures.

Detailed Description

[0016] A process-invariant metal layer RC circuit is provided by utilizing the same
mask pattern during the patterning of the metal layer that will include the resistor and
capacitor used to form the RC circuit. As opposed to the capacitor, the metal layer lead
forming a resistor is continuous between its contacts. But the contacts to the metal layer
capacitor are each attached to separate metal layer leads such that one forms the a first
terminal and the other forms a second terminal, there is no continuous conduction path
between the capacitor contacts. So a metal layer capacitor cannot have an identical layout as
a metal layer resistor. It will thus be appreciated that, as used herein, the “same mask
pattern” is defined to be one that produces longitudinally-extending leads (which may also be
designated as fingers) having the same width and separation from each other. Given such
similarities between the metal layer resistors and capacitors, it will be shown herein that the
process variation for the RC time constant becomes insignificant.

[0017] As noted above, the leads forming the metal layer capacitor may also be
designated as fingers. One set of fingers are connected to a first electrode or contact whereas
another set of fingers are connected to a remaining second electrode or contact. The first set
of fingers is interdigitated with the second set of fingers according to an interdigitation gap

that separates opposing fingers from the first and second sets. The fingers each have a certain
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width that is the same as the width for the continuous lead forming the metal layer resistor.
Since the metal layer resistor is continuous, it cannot be interdigitated with regard to such a
interdigitation gap. Instead, the metal layer resistor is folded into longitudinally-extending
leads arranged in parallel such that the separation between each longitudinally-extending lead
is the same as the interdigitation gap between the opposing interdigitated fingers of the metal
layer capacitor. In some embodiments, the finger length for the metal layer capacitor is the
same as the longitudinally-extending finger or lead length for the metal layer resistor.

[0018] The resulting patterning of the metal layer resistor and capacitor results in an
RC time constant that is substantially process invariant. For example, suppose that the metal
layer resistor is designed to have a certain lead width to provide the desired amount of
resistance. In the same metal layer, each finger for the metal layer capacitor is then patterned
to have the same width. It will depend upon the particular process node used but whatever
the variation is it will also apply to the metal layer capacitor since both the metal layer
capacitor and the metal layer resistor are formed from the same metal layer using the same
masking pattern. In that regard, suppose further that the process variation caused the lead
width to be too thin for the metal layer resistor such that its actual resistance is higher than
what was desired. Since the same mask step (or steps) were used to construct the metal layer
capacitor fingers, the capacitor fingers will then be too thin by the same factor. The gap
between the fingers will thus increase by the same factor such that the actual capacitance for
the metal layer capacitor is less than what is desired. The depth or thickness of the resulting
metal traces or fingers for the metal layer resistor and metal layer capacitor will also vary in
common. But note the RC time constant remains substantially unaffected since it is the
product of the resistance and the capacitance. The same salutary effect occurs if the width for
the leads in the metal layer resistor are too wide due to under-etching such that the actual

resistance is less than what was desired. In that case, the gap between the capacitor fingers
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will shrink accordingly such that the actual capacitance is higher than what was desired. But
the RC time constant again remains unchanged due to the countervailing effects on the
resistance and the capacitance. The conventional problems with regard to wide process
variance in the RC time constant for an RC circuit are thus solved. These advantageous
properties may be better appreciated with reference to the following example embodiments.
[0019] An example semiconductor die 100 is shown in Figure 1. As known in the
semiconductor arts, semiconductor die 100 is processed to contain the active circuitry
transistors and other active devices for the resulting integrated circuit. Die 100 is covered by
metal layers such as metal layers M1, M2, M3, and M4. The actual number of metal layers in
a given embodiment will depend upon the manufacturing process. For example, modern
semiconductor processes produce over 10 metal layers. The four metal layers adjacent die
100 are thus merely exemplary such that it will be appreciated that additional metal layers
may be patterned according to the principles disclosed herein. The metal layers are separated
from each other and from die 100 by corresponding dielectric layers. Traditionally, the
dielectric layers were formed with silicon dioxide but low dielectric constant materials may
also be used. The metal layers are formed with a suitable metal such as aluminum or copper.
Each metal layer has a thickness T. As known in the semiconductor arts, the metal layers are
patterned to form the various signal, ground, and power leads for the active circuitry in die
100. In addition, a given one of the metal layers (or some or all of them) is further patterned
as discussed herein to form a process-invariant RC circuit. It will be appreciated that the
thickness T and the number of metal layers in a given embodiment will depend upon the
particular semiconductor process being utilized to form the resulting integrated circuit. The
active circuitry communicates with the leads formed in the metal layers through vias 105
such as shown extending to metal layers M1 and M2. For illustration clarity, vias to the

remaining metal layers are not shown.
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[0020] An example metal layer resistor 200 is shown in Figure 2. Referring again to
Figure 1, metal layer resistor 200 would be formed in one of the metal layers such as metal
layers M1 through M4. A plurality of longitudinally-extending leads 205 are arranged in
parallel. Adjacent leads 100 are joined at their ends by laterally-extending connecting leads
210. As used herein, a “laterally-extending” component is understood to be extending in a
direction that is orthogonal to one that is longitudinally-extending. The resulting structure for
metal layer resistor 200 may be deemed to be folded or meandering. Each longitudinally-
extending lead 205 has a width W that is determined by the mask step (or steps) used to
pattern the metal layer for metal layer resistor 200. Connecting leads 210 have this same
width W. Each longitudinally-extending lead 205 is separated from its neighboring
longitudinally-extending lead(s) 205 by a separation or gap (G). The gap G thus defines the
length of each connecting lead 210. In addition, each longitudinally-extending lead has a
length L1. Finally, longitudinally-extending leads 205 and connecting leads 210 have the
same thickness T (Figure 1) that depends upon the metal layer process. The parameters L1,
W, and T define the resistance R for metal layer resistor 100. In particular, the resistance R is
given by the following equation (1) if the current density is assumed to be uniform in metal
layer resistor 200:

R= p* (NI *LI/T*W)) Eq. (1)

where p is the electrical resistivity of the metal used to form corresponding metal layer and
N1 is the number of longitudinally-extending leads. This formula also assumes that the
length L1 is much greater than the gap G.

[0021] The parameters W, and G that define the patterning of the metal layer to form
metal layer resistor 200 are also applied to the patterning of the same metal layer to form a
metal layer capacitor 300 as shown in Figure 3. Metal layer capacitor 300 includes a first set

of longitudinally-extending fingers 305 interdigitated with another set of longitudinally -
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extending fingers 310. Once set forms the a first terminal whereas the remaining set forms a
second terminal for metal layer capacitor 300. Within each set, the fingers are connected
together by a laterally-extending lead or backbone 315. Each longitudinally-extending finger
305 and 310 may have the length L1 discussed with regard to longitudinally-extending leads
205 of metal layer resistor 200. More generally, each longitudinally-extending finger 305
and 310 may have a length L2 that may or may not equal the length L1 for fingers 205 in
metal layer resistor 200. Each longitudinally-extending finger 305 and 310 has the same
width W discussed with regard to longitudinally-extending leads 205. Finally, a separation of
a gap G for the interdigitation of fingers 305 and 310 is the same as the gap G separating
longitudinally-extending leads 205 of metal layer resistor 200. A length of each backbone
315 thus equals 2*G + W. The parameters L2, T, and W define the (vertical) capacitance. In
particular, the capacitance C for metal layer capacitor 300 is given by the following equation
2):

C=e¢*N2*L2*T)/G  Eq (2
where ¢ is the permittivity of the dielectric material between the interdigitated fingers 305
and 310 and N2 is the number of gaps G.

[0022] Metal layer resistor 200 and 300 may then be coupled together either in
parallel or in serial to form an RC circuit. Such a coupling may be performed through a trace
(not illustrated) formed in the same metal layer or in adjacent metal layer. An example serial
RC circuit 400 is shown in Figure 4 in which metal layer resistor 200 and metal layer
capacitor 300 are connected in series. Referring again to Figures 1 and 2, active circuitry in
die 100 may drive an input voltage Vin into metal layer resistor 200 through a via 210. An
output voltage Vout is received by the active circuitry through a via 215 at another end of

metal layer resistor 200. Via 215 is tied to the same circuit node as a via 320 that drives



WO 2019/060085 PCT/US2018/047811

fingers 305. Fingers 310 are tied to a ground node in the active circuitry in die 100 through a
via 325. From equations (1) and (2), the RC time constant 1 for RC circuit 400 is given by:
T=p*e* (N1 *N2*Ll *L2)/ (W * G)) Eq. 3)

[0023] Note that the thickness T for the metal layer does not affect the RC product.
Equation (3) shows that the best process cancellation is achieved when the gap G equals the
width W. Given this relationship for the RC time constant 1, suppose that due to over-
etching, the width W is reduced by some arbitrary factor a% such that W becomes W(1 —
a%). This reduction in the width W produces a corresponding increase of a% in the gap G so
that G becomes G(1 + a%). The product G * W in Equation 3 is thus largely unchanged. The
time constant C is thus substantially invariant with regard to over-etching. The same salutary
effect occurs in the case of under-etching by the arbitrary factor a%. In that case, W becomes
W(1 + a%) whereas G becomes G(1 — a%). But the product G * W remains substantially
unchanged. The RC time constant 1 is thus substantially process invariant for either a serial
or parallel combination of metal layer resistor 200 and metal layer capacitor 300.

[0024] Note that the over-etching or under-etching due to process variations will also
affect the lengths L1 and L2 but such changes in length may be neglected so long as these
lengths are relatively large compared to such process variations. In that regard, the length L.1
for metal layer resistor 200 need not be the same as the length L2 for metal layer capacitor
300 so long as both are relatively large compared to the process variations. In other
embodiments, the lengths L1 and L2 are the same for both circuit elements. A method of
manufacturing a process-invariant RC circuit will now be discussed.

[0025] A flowchart for a method of manufacturing a process-invariant RC circuit is
shown in Figure 5. The method begins with an act 500 of patterning a metal layer using at
least one mask to form a metal layer resistor having a plurality of longitudinally-extending

leads having a first width and so that each longitudinally-extending lead is separated from an
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neighboring one of the longitudinally-extending leads by a first gap. Note that such
patterning may involve the etching of a pre-existing metal layer to form the longitudinally-
extending leads. Alternatively, the etching may be of a dielectric layer that is then plated
with metal to form the metal layer structures as known in the damascene process arts. The
method also includes an act 505 that occurs simultaneously with act 500 and includes a
patterning of the metal layer using the at least one mask to form a metal layer capacitor
having a first set of longitudinally-extending fingers interdigitated with a second set of
longitudinally-extending fingers so that a finger width for each longitudinally extending
finger substantially equals the first width and so that an interdigitation gap between the first
set of longitudinally-extending fingers and the second set of longitudinally-extending fingers
substantially equals the first gap. Such patterning depends upon the patterning used in act
500. In other words, if act 500 involves the etching of a pre-existing metal layer, the same
mask (or masks) is used to etch the metal layer to form the metal layer capacitor.
Alternatively, if act 500 involved a damascene process, the same mask (or masks) would be
used to form the metal layer capacitor in act 505 using the damascene process. To reduce the
process variations in the RC time constant 1, the resulting metal layer capacitor and metal
layer resistor should be relatively adjacent or proximate to each other.

[0026] Tt will be appreciated that many modifications, substitutions and variations can
be made in and to the materials, apparatus, configurations and methods of use of the devices
of the present disclosure without departing from the scope thereof. For example, the same
pattern may be used to extend the metal layer resistor and the metal layer capacitor to
additional metal layers. In other words, the metal layer resistor may include a plurality of
longitudinally-extending leads in a first metal layer and also in a second metal layer. Since
the same pattern is used, the longitudinally-extending leads would all still have the same

width and separation. Similarly, the metal layer capacitor may include a first set of

11



WO 2019/060085 PCT/US2018/047811

longitudinally-extending fingers interdigitated by the same gap with a second set of
longitudinally-extending fingers in both the first and the second metal layers. In light of this,
the scope of the present disclosure should not be limited to that of the particular embodiments
illustrated and described herein, as they are merely by way of some examples thereof, but
rather, should be fully commensurate with that of the claims appended hereafter and their

functional equivalents.
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CLAIMS

1. A resistor-capacitor (RC) circuit comprising: a plurality of leads in a first metal layer adjacent
a semiconductor die, wherein the plurality of leads are configured into a metal layer resistor and
configured into a metal layer capacitor that is coupled to the metal layer resistor, and wherein the
plurality of leads have the same width; and wherein the plurality of leads includes a plurality of
longitudinally-extending leads, a first set of longitudinally-extending fingers, and a second set of
longitudinally-extending fingers; the metal layer resistor including the plurality of longitudinally-
extending leads, the plurality of longitudinally-extending leads being arranged in parallel
according to a first gap between neighboring ones of the longitudinally-extending leads and
coupled to each other; and the metal layer capacitor including the first set of longitudinally-
extending fingers and the second set of longitudinally-extending fingers, wherein the first set of
longitudinally-extending fingers are interdigitated with the second set of longitudinally-
extending fingers according to an interdigitation gap, and wherein the interdigitation gap equals
the first gap.

2. The RC circuit of claim 1, wherein the metal layer resistor includes a plurality of laterally-
extending connectors configured to couple together the longitudinally-extending leads.

3. The RC circuit of claim 1, wherein the metal layer resistor is connected in series with the
metal layer capacitor.

4. The RC circuit of claim 1, wherein the metal layer resistor is connected in parallel with the
metal layer capacitor.

5. The RC circuit of claim 1, wherein the metal layer resistor further includes a plurality of
longitudinally-extending leads arranged in parallel in a second metal layer adjacent the
semiconductor die according to the first gap between neighboring ones of the longitudinally-
extending leads in the second metal layer.

6. The RC circuit of claim 1, wherein the metal layer capacitor further includes a first set of
longitudinally-extending fingers in a second metal layer adjacent the semiconductor die, wherein
the first set of longitudinally-extending fingers in the second metal layer are interdigitated
according to the interdigitation gap with a second set of longitudinally-extending fingers in the
second metal layer.

13



7. The RC circuit of claim 1 wherein each longitudinally-extending lead extends across a first
length, and wherein each longitudinally-extending finger extends across the first length.

8. The RC circuit of claim 1, wherein the first metal layer is an aluminum metal layer.

9. The RC circuit of claim 1, wherein the first metal layer is a copper metal layer.

10. The RC circuit of claim 1, wherein the semiconductor die includes active circuitry configured
to drive an input signal through a first via into a first end of the metal layer resistor and to receive
an output signal at a circuit node through a second via at a second end of the metal layer resistor.

11. The RC circuit of claim 10, wherein the circuit node is connected to the first set of
longitudinally-extending fingers through a third via, and wherein the active circuitry includes a
ground node connected to the second set of longitudinally-extending fingers through a fourth via.

12. A resistor-capacitor (RC) circuit, comprising: a metal layer resistor in a first metal layer
adjacent a semiconductor die, the metal layer resistor including a plurality of longitudinally-
extending leads each having a first width and separated by a first gap equaling the first width;
and a metal layer capacitor in the first metal layer including at least a pair of longitudinally-
extending fingers interdigitated according to the first gap with at least at least one opposing
longitudinally-extending finger, wherein each longitudinally-extending finger has the first width.

13. The RC circuit of claim 12, wherein the metal layer resistor is coupled in series with the
metal layer capacitor.

14. The RC circuit of claim 12, wherein the metal layer resistor is coupled in parallel with the
metal layer capacitor.
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