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EQUIVALENT GATE COUNT YIELD
ESTIMATION FOR INTEGRATED CIRCUIT
DEVICES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application i1s a continuation of U.S. patent
application Ser. No. 11/382,963, filed May 12, 2006, the
disclosure of which 1s incorporated by reference herein in 1ts
entirety.

BACKGROUND

[0002] The present invention relates generally to the fabri-
cation of integrated circuits and, more particularly, to a
method for improved equivalent gate count yield estimation
for integrated circuit devices.

[0003] Thefabrication of integrated circuits 1s an extremely
complex process that may involve hundreds of individual
operations. Essentially, the process includes the diffusion of
precisely predetermined amounts of dopant material into pre-
cisely predetermined areas of a silicon wafer to produce
active devices such as transistors. This 1s typically done by
forming a layer of silicon dioxide on the wafer, then utilizing
a photomask and photoresist to define a pattern of areas into
which diffusion 1s to occur through a silicon dioxide mask.
Openings are then etched through the silicon dioxide layer to
define the pattern of precisely sized and located openings
through which diffusion will take place.

[0004] After a predetermined number of such diffusion
operations have been carried out to produce the desired num-
ber of transistors in the wafer, they are interconnected as
required by interconnection lines. These interconnection
lines, or interconnects as they are also known, are typically
formed by deposition of an electrically conductive material
which 1s defined into the desired interconnect pattern by a
photomask, photoresist and etching process. A typical com-
pleted integrated circuit may have millions of transistors con-
tained within a 0.1 inch by 0.1 1nch silicon chip and intercon-
nects of submicron dimensions.

[0005] In view of the device and interconnect densities
required in present day integrated circuits, 1t 1s imperative that
the manufacturing processes be carried out with utmost pre-
cision and 1n a way that minimizes defects. For reliable opera-
tion, the electrical characteristics of the circuits must be kept
within carefully controlled limits, which implies a high
degree of control over the myriad of operations and fabrica-
tion processes. For example, 1n the photoresist and photo-
mask operations, the presence of contaminants such as dust,
minute scratches and other imperfections 1n the patterns on
the photomasks can produce defective patterns on the semi-
conductor wafers, resulting 1n defective integrated circuits.
Further, defects can be introduced 1n the circuits during the
diffusion operations themselves. Delective circuits may be
identified both by visual inspection under high magnification
and by electrical tests. Once defective integrated circuits have
been i1dentified, 1t 1s desired to take steps to decrease the
number of defective integrated circuits produced 1n the manu-
facturing process, thus increasing the yield of the integrated
circuits meeting specifications.

[0006] In the present state of the art, accurate yield predic-
tion for an integrated circuit design based on critical area
analysis can be performed only after design of the integrated
circuit design 1s complete, while relatively simple and 1nac-
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curate die size models are used to predict yield prior to the
design being completed. As integrated circuits become
increasingly more complex, 1t 1s found that the pre and post
design yield predictions often do not agree. Financial consid-
erations require a more accurate method for predicating yield
(and thus cost) at the time a new integrated circuit 1s under
consideration.

[0007] Logic library elements 1n current technologies have
very different circuit packing density. In a conventional
“equivalent gate count” modeling approach, it 1s assumed that
all logic circuits are equally susceptible to defects. In prac-
tice, large differences are seen between different library ele-
ments. In addition, the presently used equivalent gate count
prediction method assumes that circuits of a given type (e.g.,
logic circuits) are uniformly distributed over the entire sur-
face of the die, when 1n fact this 1s not the case. Rather, many
complex products contain areas of different circuit density.
Thus, complex cores impact the yield of semiconductor parts
that use these cores. Accordingly, there 1s a need for a further
improved method for integrated circuit product yield predic-
tion, as inaccurately predicted vyields often result 1in poor
business decisions when the product 1s quoted (e.g., lost busi-
ness opportunity or lower than planned gross margin).

SUMMARY

[0008] A storage medium includes a computer readable
computer program code including instructions that, when
executed by a computer, implement a method of modeling
yield for semiconductor products. The method includes deter-
mining expected faults for each of a plurality of library ele-
ments by running a critical area analysis on each of the library
clements, and assessing, from the critical area analysis, an
expected number of faults per unit area, and comparing the
same to actual observed faults on previously manufactured
semiconductor products. Thereafter, the expected number of
faults for each library element i1s updated in response to
observed yield. A database 1s established, which includes the
die size and expected faults for each of the library elements.
Integrated circuit product die size 1s estimated, and library
clements to be used to create the integrated circuit die are
selected. Fault and size data for each of the selected library
clements are obtained, the adjusted estimated faults for each
of the library elements are summed, and estimated yield 1s
calculated.

[0009] In one embodiment, the expected total number of
faults for an integrated circuit die having N different library
clement types 1s determined by the expression:

N
A= ) mrdiwiF();

=1

i

[0010] wherein

[0011] t=time for which yield estimate 1s needed;

[0012] A(t)=total number of faults per chip at time t;
[0013] n,~=total number of library elements of type 1 present

on the mtegrated circuit die;

[0014] r~=redundancy factor for library element 1;
[0015] X =estimated number of faults for the i” library ele-
ment,

[0016] T,=adjustment factor for the i” library element,
determined by comparing the yield data for that library ele-
ment with the estimated value A ;; and

[0017] F(t)=learning factor at time t.
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[0018] In another embodiment, the calculated yield 1is
determined by the expression:

Y(1) = Y(1)- Yo (1)

T+ A0 )y
[0019] wherein
[0020] Y(t)=waler test yield for the integrated circuit die;
[0021] Y, (t)=gross systematic test yield for technology 1;
[0022] Y ~(t)=chip custom circuit-limited yield (CLY) fac-
tor;
[0023] A(t)=total average number of faults per chip; and
[0024] a~=cluster factor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Referring to the exemplary drawings wherein like
clements are numbered alike in the several Figures:

[0026] FIG. 1 1s a process flow diagram illustrating a
method for modeling vield for semiconductor devices, in
accordance with an embodiment of the invention;

[0027] FIG. 2 1s a process tlow diagram further 1llustrating
an example of updating expected faults 1 response to
observed yield, 1n accordance with a further embodiment of
the invention;

[0028] FIG. 3 1s simplified example of a database of pre-
dicted faults for each library element using the method of
FIGS. 1 and 2; and

[0029] FIG. 4 1s schematic block diagram of a general-

purpose computing device suitable for practicing the method
illustrated 1n FIGS. 1 and 2.

DETAILED DESCRIPTION

[0030] Disclosed herein 1s an improved method for model-
ing yield for semiconductor devices, in which the area density
of a particular library element 1s assessed for fault sensitivity,
with this information then used to predict yield by summing,
the faults for each library element in a product. In contrast to
more conventional yield estimation approaches that assume
uniform circuit density over the area of a die, the present
method provides a more accurate yield (and cost) estimate
through consideration of localized fault density difierences.

[0031] Referring to FIG. 1, there 1s shown a process flow
diagram 1illustrating a method 100 for modeling yield for
semiconductor devices, 1n accordance with an embodiment of
the invention. As 1s shown 1n block 102, the die size 1s esti-
mated, followed by selecting the library elements (e.g., cells)
planned for use 1 a product design as shown in block 104.
Then, for each individual library element, the number of
predicted faults for each library element 1s determined from a
database, as shown 1n block 106.

[0032] In an exemplary embodiment, the database 1s gen-
erated through a parallel process, which also depicted in FIG.
1. As shown 1n block 108, an expected number of faults for
cach of a plurality of library elements is first determined by
running a critical area analysis on each of the library ele-
ments. Then, i block 110, an expected number of faults per
unit area 1s assessed from the critical area analysis. This
expected number 1s then compared to actual observed faults
on previously manufactured semiconductor products, and the
expected number faults for each library element 1s thus
updated 1n response to observed yield. Upon updating the
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expected faults based on observed vyield, a database of pre-
dicted faults for each library element 1s established, as shown
in block 112.

[0033] The total number of faults for an integrated circuit
die consisting of N library element types may be determined
as follows:

[0034] wherein

[0035] t=time for which yield estimate 1s needed;

[0036] A(t)y=total number of faults per chip at time f;
[0037] n~=total number of library elements of type 1 present

on the itegrated circuit die;

[0038] r.~=redundancy factor for library element 1;

[0039] A, =estimated number of faults for the i library ele-
ment;

[0040] A, =adjustment factor for the i” library element,

determined by comparing the yield data for that library ele-
ment with the estimated value A ; and

[0041] F(t)=learning factor at time t.

[0042] The learning factor represents a reduction 1n manu-
facturing faults over time, and is the rate at which process
engineers can reduce manufacturing faults through process
improvements. Once the predicted number of faults for each
library 1s obtained from the database (block 106) and summed
as 1n the equation above to produce the total number of faults

for a given integrated circuit chip (block 114), the yield can be
predicted. This 1s shown 1n block 116 and may be expressed

as:
Y(1) = Yclr)- Yo (1) T a

[0043] wherein

[0044] Y (t)=waler test yield for the integrated circuit die;

[0045] Y, (t)=gross systematic test yield for technology 1;

[0046] Y (t)=chip custom circuit-limited vield (CLY) fac-

tor;

[0047] A(t)y=total average number of faults per chip; and

[0048] a—=cluster factor.

[0049] Because the present methodology takes into consid-

cration the fault contribution of a particular library element,
there 1s a resulting improvement in correlation between the
observed yield and the predicted yield. Finally, as shown 1n
block 116, the estimated yield i1s calculated from the sum of
the faults for each of the library elements. Because the present
methodology takes mto consideration the fault contribution
for a particular library element, there 1s a resulting improve-
ment 1n correlation between the observed yield and the pre-
dicted vield.

[0050] Referring now to FIG. 2, there 1s shown another
process tlow diagram that expands upon block 110 of FI1G. 1,
with regard to updating expected faults based on observed
yield. As shown 1n block 202, specific semiconductor prod-
ucts exceeding or not meeting expected yield are 1dentified.
Then, specific library element(s) causing the yield deviation
are 1dentified, as shown 1n block 204. With this information,
any fault entries 1n the database are modified to retlect the
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observed yield, as illustrated in block 206. In block 208, the
revised fault entries are used for any subsequent product yield
estimates.

[0051] FIG. 3 illustrates simplified example of a database
of predicted faults for each of a plurality of library elements
(1, 2, 3) using the method of FIGS. 1 and 2. As 1s shown, the
revised predicted yield for library element 1 1s unchanged
from the critical area analysis as a result of observed yield;
however, the revised predicted yield for library elements 2
and 3 are different from the critical area analysis.

[0052] Generally, the method for modeling integrated cir-
cuit yield described herein 1s practiced with a general-pur-
pose computer and the method may be coded as a set of
instructions on removable or hard media for use by the gen-
eral-purpose computer. FIG. 4 1s a schematic block diagram
of a general-purpose computer for practicing the present
invention. In FIG. 4, computer system 300 has at least one
microprocessor or central processing unit (CPU) 305. CPU
305 1s interconnected via a system bus 310 to arandom access
memory (RAM) 315, a read-only memory (ROM) 320, an
input/output (I/0) adapter 325 for a connecting a removable
data and/or program storage device 330 and a mass data
and/or program storage device 333, a user interface adapter
340 for connecting a keyboard 345 and a mouse 350, a port
adapter 355 for connecting a data port 360 and a display
adapter 365 for connecting a display device 370.

[0053] ROM 320 contains the basic operating system for
computer system 300. The operating system may alterna-
tively reside in RAM 315 or elsewhere as 1s known 1n the art.
Examples of removable data and/or program storage device
330 include magnetic media such as floppy drives and tape
drives and optical media such as CD ROM drives. Examples
of mass data and/or program storage device 335 include hard
disk drives and non-volatile memory such as flash memory. In
addition to keyboard 345 and mouse 350, other user mput
devices such as trackballs, writing tablets, pressure pads,
microphones, light pens and position-sensing screen displays
may be connected to user interface 340. Examples of display
devices include cathode-ray tubes (CRT) and liquid crystal
displays (LCD).

[0054] A computer program with an appropriate applica-
tion interface may be created by one of skill in the art and
stored on the system or a data and/or program storage device
to simplily the practicing of this invention. In operation,
information for or the computer program created to run the
present invention 1s loaded on the appropriate removable data
and/or program storage device 330, fed through data port 360
or typed 1n using keyboard 345.

[0055] In view of the above, the present method embodi-
ments may therefore take the form of computer or controller
implemented processes and apparatuses for practicing those
processes. The disclosure can also be embodied 1n the form of
computer program code containing instructions embodied 1n
tangible media, such as floppy diskettes, CD-ROMs, hard
drives, or any other computer-readable storage medium,
wherein, when the computer program code 1s loaded into and
executed by a computer or controller, the computer becomes
an apparatus for practicing the invention. The disclosure may
also be embodied 1n the form of computer program code or
signal, for example, whether stored 1n a storage medium,
loaded into and/or executed by a computer or controller, or
transmitted over some transmission medium, such as over
clectrical wiring or cabling, through fiber optics, or via elec-
tromagnetic radiation, wherein, when the computer program
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code 1s loaded into and executed by a computer, the computer
becomes an apparatus for practicing the invention. When
implemented on a general-purpose microprocessor, the com-
puter program code segments configure the microprocessor
to create specific logic circuits. A technical effect of the
executable instructions 1s to i1mplement the exemplary

method described above and illustrated in FIGS. 1 and 2.

[0056] While the imnvention has been described with refer-
ence to a preferred embodiment or embodiments, 1t will be
understood by those skilled in the art that various changes
may be made and equivalents may be substituted for elements
thereof without departing from the scope of the invention. In
addition, many modifications may be made to adapt a par-
ticular situation or material to the teachings of the invention
without departing from the essential scope thereof. There-
fore, 1t 1s intended that the invention not be limited to the
particular embodiment disclosed as the best mode contem-
plated for carrying out this invention, but that the mnvention
will include all embodiments falling within the scope of the
appended claims.

What 1s claimed 1s:
1. A storage medium, comprising;
a computer readable computer program code including
instructions that, when executed by a computer, imple-
ment a method of modeling yield for semiconductor
products, wherein the method comprises:
determining expected faults for each of a plurality of
library elements by running a critical area analysis on
cach of the library elements;

assessing, from the critical area analysis, an expected
number of faults per unit area, and comparing the
same to actual observed faults on previously manu-
factured semiconductor products, and thereafter
updating the expected number of faults for each
library element in response to observed yield;

establishing a database, the database including the die
s1ize and expected faults for each of the library ele-
ments,

estimating integrated circuit product die size;

selecting library elements to be used to create the inte-
grated circuit die;

obtaining fault and size data for each of the selected
library elements;

summing the adjusted estimated faults for each of the
library elements; and

calculating estimated yield;

wherein the expected total number of faults for an inte-
grated circuit die having N different library element
types 1s determined by the expression:

N
AlD) = ) mri AT F(1);
-

]

wherein
t=time for which yield estimate 1s needed;
A(t)=total number of faults per chip at time t;

n, total number of library elements of type 1 present on the
integrated circuit die;

r, redundancy factor for library element 1;
A, —estimated number of faults for the i’ library element;
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4
1,~adjustment factor for the i’ library element, determined establishing a database, the database including the die
by comparing the yield data for that library element with s1ize and expected faults for each of the library ele-
the estimated value A ; and ments;

F(t)=learning factor at time t. estimating integrated circuit product die size;

2. The storage medium of claim 1, wherein updating the Sagf;g(% ililié'ig;fments (0 be used to create the inte-
expected f:aults for each lll?rary clement in response to obtaining fault and size data for each of the selected
ob.serve.d Xleld Ijurther Comprises: S | library elements;

identifying yield loss associated with individual library summing the adjusted estimated faults for each of the

clements; library elements; and

modifying faults for the library element in the database; calculating estimated yield, wherein the calculated yield

and 1s determined by the expression:

using revised fault entry for subsequent product yield esti-

mates.
3. A storage medium, comprising; Y{t)=Yc(n)- Yo (2) Tr a0 /ar

a computer readable computer program code including
instructions that, when executed by a computer, imple-

ment a method of modeling vield for semiconductor wherein

products, wherein the method comprises: Y (t)=waler test yield for the integrated circuit die;
’ Y ., (t)=gross systematic test yield for technology 1;

Y ~(t)=chip custom circuit-limited yield (CLY) factor;
A(t)=total average number of faults per chip; and
a =cluster factor.

determining expected faults for each of a plurality of
library elements by running a critical area analysis on
cach of the library elements;

assessing, from the critical area analysis, an expected 4. The storage medium of claim 3, wherein the wafer test
number of faults per unit area, and comparing the yield for each library element 1s determined by accessing
same to actual observed faults on previously manu- equivalent gate count information for each library element,
tactured semiconductor products, and thereatter the predicted fault information stored 1n a database.

updating the expected number of faults for each
library element in response to observed yield; ko ko kK
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