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Abstract—Complexity of integrated circuits has led to millions
of contacts and vias on every chip. To allow accurate yield evalua-
tion, it is required to determine fail rates of 10 faults per billion,
which requires test structures with huge chains of 1 million or more
contacts and vias. At the same time, contacts and vias are getting
smaller, and thus their resistance is increasing for every new tech-
nology node. Consequently, the resistance of such chains becomes
impossible to measure. To overcome this limit without increasing
the number of measurement pads, we are proposing a passive mul-
tiplexer array of via chains, which breaks up a huge contact–via
chain in many individually measurable subchains. Accuracy of fail
rates will be increased since the fail rate can be determined based
on many subchains, instead of being determined based on only one
huge chain. Furthermore, this test structure better supports failure
analysis since it is faster to locate a faulty contact or via. No addi-
tional devices or process steps are required which allows imple-
mentation as short flows for fast process problem debugging.

Index Terms—Multiplexing, testing, test structure, yield.

I. INTRODUCTION

T HE FABRICATION of integrated circuits is an extremely
complex process that may involve hundreds of individual

operations. Each step has to work without any errors to pro-
duce an integrated circuit that is working toward its specifi-
cation without errors. A typical completed integrated circuit
may have millions of transistors and interconnecting routing el-
ements over many layers that will define its function. The elec-
trical connections from one interconnect layer to another inter-
connect layer are called vias while layers which connect an in-
terconnect layer to a transistor are called contacts. Typically, a
large complete integrated circuit may have anywhere from 1 to
100 million vias and contacts. A failure of any one of these usu-
ally means a complete failure of the circuit. Thus, exceptionally
high yields are required for vias and contacts—usually better
than five failures per billion vias or contacts [1].

Traditionally, via and contact yields are measured by fabri-
cating test structures composed of chains of vias or contacts con-
nected end to end in a serial fashion, such as shown in Fig. 1 [2].
Optical inspection equipment is usually not reliable or useful
especially for current process technologies. These chains need
to be long enough to permit measurement of very small failure
rates using commonly used yield prediction methods [1]. Unfor-
tunately, overly long via or contact chains cannot be measured
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Fig. 1. Traditional serial via–contact chain [2].

because the resistance becomes too high. If there is a failure
in a huge via chain containing 1 000 000 or more vias, there is
no easy way of knowing exactly which via or contact failed. A
via chain could be taped at multiple places to overcome some
of these limitation, but in this case many extra pads would be
needed, which will significantly reduces the chip area available
for the via chains themselves. Extra pads also cause increased
test times.

There have been methods proposed using a diode or tran-
sistor array to allow smaller subchains by keeping the number
of pads low, but additional process steps needed to implement
such techniques slow down the process debugging feedback
loop [3], [4]. References [5] and [6] have proposed a method
that works without additional devices. However, the number of
implemented vias is demonstrated too small for today’s yield
prediction purposes and this paper will extend this approach to
much larger via numbers and faster test methods. The following
presents a methodology that will:

• permit determination and modeling of the effect of neigh-
borhood and via attributes on yield;

• allow spatial or systematic failures within a die to be ob-
served and modeled;

• permit the measurement and modeling of via or metal
shorts independently from via opens;

• enable a procedure for measuring the test structures using
digital testers as well as analog testers;

For ease of reference, we refer to the test structure as a passive
multiplexer configuration.
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Fig. 2. Passive multiplexer configuration (layout on the left and schematic on
the right).

Fig. 3. Examples of different block configurations for the passive multiplexer
structure.

II. TEST STRUCTUREDESIGN

The passive multiplexer, as shown in Fig. 2, is composed of
horizontal word lines and vertical bit lines, which connect to
the probe pads. Each region inside of a word line and bit line is
called a bit. The word lines and bit lines are purposely drawn
wide to prevent the introduction of any opens in these tracks
and to permit a low resistance path to each bit. Any vias used to
connect the word lines or bit lines to the pads are also doubled
up to insure that any opens are due from the bit cells themselves
and not any parasitic opens in the vias–contacts used in the bit
lines or word lines. Inside each bit, a traditional serial via or
contact chain is placed. One end is routed to the word line while
the other end is connected to a bit line.

Fig. 2 shows a passive multiplexer in a 44 configuration;
that is, each block is composed of 44 or 16 individual bit
cells. Many variants of the passive multiplexer are possible such
as the 16 16 and 8 8 configurations shown in Fig. 3. The
size of each block in a passive multiplexer configuration is at
the discretion of the designer, but each block can be no more
than in size where is the number of pads
in each pad frame (32 in this example). The breakdown of a
passive multiplexer into a 4 4, 8 8, or other configuration
is critical for allowing testing using digital testers, for allowing
independent measurement of via–metal shorts from via opens,
and for modeling the effect of via attributes on via open and
metal–via shorts.

The structure inside each bit of the passive multiplexer is
also central for successful yield prediction. So, for instance the
density of vias should be varied, to better copy the via den-
sity variation that occurs in regular product chips. In addition,

Fig. 4. (a) Examples of different block configurations for the passive
multiplexer structure. (b) Passive multiplexer with neighboring patterns failure
bitmap.

process-related issues such as variation of via size or metal over-
laps can be explored as documented in [7]. Since no diodes
or other active devices are needed, the passive multiplexer can
be run as a short-flow; i.e., only METAL1-VIA-METAL2 (in
the case of via) or POLY-CONTACT-METAL1 or AA-CON-
TACT-METAL1 (in the case of contacts) need to be fabricated.
Even though an entire passive multiplexer structure may con-
tain 100 000 vias or contacts, a 1616 configuration implies
that each bit would have 100 000/256 400 vias. Thus, fail-
ures can be localized down to 400 vias. Hence, it is far easier to
perform failure analysis rather than on 100 000 vias, for which
failure analysis is practically impossible without prolonged use
of special tools such as voltage contrast testers.

Finally, by looking at the yield of each bit in a multiplexer,
spatial dependencies within a die can be observed and corre-
lated to various process effects. For example, consider the two
sample structures shown in Figs. 4 and 5. Fig. 4(a) shows the
multiplexer with neighboring structures placed very close to
the multiplexer while Fig. 5(a) shows the multiplexer which
has been isolated from neighboring structures by several hun-
dred micrometer. Dummy metal lines have been used as neigh-
boring structures, which are drawn at the nominal metal den-
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Fig. 5. (a) Isolated passive multiplexer structure. (b) Isolated passive
multiplexer structure failure bitmap.

sity as recommended in the design rules. The resulting example
yield maps by bit for Figs. 4(a) and 5(a) are shown in Figs. 4(b)
and 5(b), respectively. Clearly, the number of failures around
the edge of the multiplexer structure is significantly higher for
Fig. 5(b) compared with Fig. 4(b). This is because of the uniform
density around the edge of the multiplexer in Fig. 4(a) while
Fig. 5(a) has a very different and much lower density around the
edge of the multiplexer. Thus, one can conclude that there are
systematic failure mechanisms owing to differences in density
of neighboring structures or lack of proximity of neighboring
metal–vias. The difference in fail rates with and without neigh-
boring structures maybe more or less significant for different via
pitches due to the chemical mechanical polishing (CMP) recipe
being used as well as mechanical stress which is dependent on
the interlayer dielectric material being used.

III. T EST PROCEDURE

Unfortunately, measuring the yield of each bit in the pas-
sive multiplexer is not simply a matter of measuring the current

Fig. 6. Even though the bit in the upper left corner is open, a current still flows
from the bit line to the word line associated with this bit in the upper left corner.
A sample path is highlighted.

Fig. 7. Correct method for measuring the upper left corner bit. Other bits are
measured by measuring the current on the word line connected to the bit and
grounding the bit line connected to the bit. All other bit lines are left floating.

flowing between the bit line and word line connected to each bit.
This is because the passive multiplexer has multiple connection
paths. Even if the bit under test is truly open, a current will still
be measured because it can flow from the word line to the bit
line using any of the other surrounding bit or word lines. Fig. 6
shows that if the bit in the upper left corner is open, a current
can still flow through the word line and bit lines attached to this
particular bit.

In order to test a particular bit, a different approach is needed.
All of the word lines should be attached to the power supply and
only the bit line related to the bit of interest should be connected
to ground. All of the other bit lines should be left unconnected.
The current flowing from the word line connected to the bit line
of interest to the grounded bit line is the measurement of con-
cern. The “sneak” path as described in Fig. 6 is blocked, since
no current can flow between different word lines if they are set
to the same voltage. Fig. 7 shows this procedure for measuring
the bit in upper left of a 4 4 configuration. By measuring the
current flowing through each word line with the required bit line
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TABLE I
MEASUREMENTVECTORS FORPARAMETRIC TESTING ON A 4� 4 PASSIVE MULTIPLEXER

Fig. 8. Arrangement of two passive 8� 8 multiplexers in a 32 pad frame
configuration.

grounded and then cycling through all the bit lines, each indi-
vidual bit can be measured. If the measured current is below
some predefined threshold, the bit is considered to have failed.
Table I shows an example for a complete set of 16 test vectors
for 4 passive 4 4 multiplexer within a 2 by 16 padframe.

The method of testing listed above is similar to that discussed
by Walton,et al. in [5] and [6]; however, it is very slow and
requires careful programming of the tester. For rapid measure-
ment, a digital test approach is needed. Based on methods de-
scribed in [8], Fig. 8 shows the setup for measurement using a
digital tester for a 4 4 multiplexer. In each case, a terminating
resistor must be attached to each row of the multiplexer (ide-
ally, but not necessarily, ). The rows of the multiplexer
are attached to the measurement channels of the digital tester.
Using a measurement channel, the terminating resistor can be
set to any reasonable value. A “1” or “ ” is attached to one
of the columns of the multiplexer as shown in Fig. 7 and the
remaining columns are attached to “0” or “ .” As far as the
measurement channel is concerned, the multiplexer looks like

a voltage divider with one end connected to a resistor of value
through and the other end connected to ground through

( ) resistors [ ] connected in parallel to the termi-
nating resistor. If we assume , then the measurement
channel sees a voltage of approximately ( ) if there are
no opens in the structure or a voltage of nearly “0” if there is an
open in the chain (see Table I). If we assume any voltage sig-
nificantly 0 is a pass and any voltage approximately equal to
zero is a fail, then we can measure the yield of each chain. The
pass–fail criteria should not be set to exactly zero since some
noise will always be present in the system. Since the digital
tester has many measurement channels, we can also measure
the yield of each chain in the column simultaneously and then
repeat the measurement method on the next column, etc. Since
a digital tester can make each measurement in microseconds,
the entire passive multiplexer can be tested in less than 1 s. Al-
though we make mention of this method toward digital testers,
the use of this method can be equally replicated using an analog
or parametric measurement method.

IV. EXPERIMENTAL RESULTS

Many passive multiplexer via and contact arrays have been
manufactured at Philips Semiconductor in San Antonio, TX.
The primary features of the 0.20-m five-layer metal comple-
mentary metal–oxide–semiconductor process are:

• Shallow trench isolation (STI).
• High density plasma (HDP) oxide for trench fill.
• CMP.
• Dual gate oxide.
• Dual doped (N P ) poly gates.
• Titanium salicide.
• TiN–AlCu–TiN metal stack.

The process employs STI with HDP oxide for gap fill,
dual-gate oxide, complementary (N P ) polysilicon gate
electrodes, inorganic (SiON) bottom antireflective coating to
facilitate gate lithography, titanium salicide to cover diffusion
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Fig. 9. Measurement setup for using a digital tester.

Fig. 10. Contact fail rate dependent on contact density (pitch), layer, and
neighborhood.

and gate regions, CMP for planarization of trench and inter-
metal dielectrics, and a TiN–AlCu–TiN stack for each of the
five metal layers. Fig. 9 shows a 2 by 16 padframe with two
passive 8 8 multiplexers.

Contact and via short flows using passive multiplexers have
consistently shown high failure rates as they can be seen in
Fig. 10 dependent on contact density (pitch), layer, and neigh-
borhood. A clear trend of failure rate versus contact pitch can be
seen, which is caused by a tungsten CMP loading effect where
less dishing (plug recess) occurs for dense area contacts. In addi-
tion, the extensive forced-air-cooled transformer (FA) analysis
has shown these failures are from missing tungsten in the plug,
as can be seen in Fig. 11. It is caused by corrosion, which is an
electrochemical reaction between charged metal structures, the
exposed tungsten plug, and the polymer solvent applied after
metal etch. More detailed experimental results using a passive
multiplexer test structure are described in [9].

Fig. 11. FA analysis indicates that contact–via failures are from missing
tungsten in the plug.

V. CONCLUSION

The passive multiplexer test structure, which has been pre-
sented, allows breaking up large contact and via chains into
smaller subchains, without increasing the number of pads to
measure them. No additional process steps or active devices are
needed to implement this concept which supports fast manu-
facturing as short flows. Thus, process problem debugging will
be faster which will further be enhanced by better support of
failure analysis within the subchains. In addition, the described
measurement procedure for measuring the test structures using
digital testers as well as analog testers will further allow wide
usage within a given fab–measurement environment. Using con-
tact and via chains within the passive multiplexer enables deter-
mination and modeling of the effect of neighborhood and via
attributes on yield. Spatial or systematic failures within a die
can be observed and modeled. The passive multiplexer design,
in conjunction with the proposed test procedures, allows the
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measurement and modeling of via or metal shorts independently
from via opens. Although serial via chains are often placed in-
side each bit, any type of structure can be used where measuring
open yield is important.

ACKNOWLEDGMENT

The authors like to thank J. Davis for many fruitful technical
discussions and the anonymous reviewers for their constructive
comments that improved the presentation of the paper.

REFERENCES

[1] C. H. Staper and R. J. Rosner, “Integrated circuit yield management and
yield analysis: Development and implementation,”IEEE Trans. Semi-
conduct. Manufact., vol. 8, pp. 95–102, May 1995.

[2] A. C. Ipri and J. C. Sarace, “Integrated circuit process and design rule
evaluation techniques,”RCA Rev., vol. 38, no. 3, pp. 323–350, Sept.
1977.

[3] A. J. Walton, D. Ward, J. M. Robertson, and R. J. Holwill, “A novel
approach for an electrical vernier to measure mask misalignment,” in
Proc. 19th ESSDERC ’89, Berlin, Germany, 1989, pp. 950–953.

[4] D. Ward, A. J. Walton, W. G. Gammie, and R. J. Holwill, “The use of a
digital multiplexer to reduce process control chip pad count,” presented
at the Int. Conf. Microelectronic Test Structures, San Diego, CA, 1992.

[5] A. J. Walton, W. Gammie, D. Marrow, J. T. M Stevenson, and R. J. Hol-
will, “A novel approach for reducing the area occupied by contact pads
on process control chips,” inInt. Conf. Microelectronic Test Structures,
San Diego, CA, 1990, pp. 75–80.

[6] A. J. Walton, W. Gammie, M. Fallon, J. T. M. Stevenson, and J. Holwill,
“An interconnect scheme for reducing the number of contact pads on
process control chips,”IEEE Trans. Semiconduct. Manufact., vol. 4, pp.
233–240, Aug. 1991.

[7] C. Hess and L. H. Weiland, “Influence of short circuits on data of contact
& via open circuits determined by a novel weave test structure,”IEEE
Trans. Semiconduct. Manufact., vol. 9, pp. 27–34, Feb. 1996.

[8] , “A digital tester based measurement methodology for process con-
trol in multilevel metallization systems,” inProc. 1995 SPIE’s Micro-
electronic Manufacturing: Process, Equipment and Materials Control
in Integrated Circuit Manufacturing, vol. 2637, Austin, TX, 1995, pp.
125–136.

[9] X. Tao, K. Reis, B. Haby, M. Karnett, N. White, C. Watts, M. Delgado,
K. Gardner, and K. Harris, “Failure rate and yield-limiting tungsten plug
corrosion diagnosis using characterization test vehicles,” presented at
the ASMC, Boston, MA, 2002.

Christopher Hess (S’94–A’98–M’00–SM’01)
was born in Wiesbaden, Germany. He received the
diploma degree in electrical engineering from the
University of Karlsruhe, Germany in 1992 and the
Dr.-Ing. (Ph.D.) degree in computer science from
the University of Karlsruhe, Germany in 1998.

In 1992, he joined the Institute of Computer De-
sign and Fault Tolerance at the University of Karl-
sruhe as a Founding Member of the Defect Diagnosis
Group. In 1998, he moved to the U.S. and joined PDF
Solutions in San Jose, CA. As a Fellow, he is cur-

rently responsible for Yield & Performance Characterization. His research in-
terests include defect detection and localization techniques as well as defect
analysis in semiconductor manufacturing processes. Since 1992, he has been
involved in the design of more than 50 test chips for the microelectronics in-
dustry in several areas which include copper metallization processing, yield and
performance enhancement, as well as microelectronic test structures for the ex-
traction of defect size distributions and the characterization of failure modes in
integrated circuits. He has developed yield ramp test structures that allow fast
and efficient testing which is key to wafer-level and lot-level data acquisition and
analysis that is required for statistical process control targeting yield and perfor-
mance improvements. He has published more than 30 conference and journal
papers.

Dr. Hess is a member of the IEEE Electron Device Society. He is a tech-
nical committee member of several semiconductor manufacturing related con-
ferences. He has served as Technical Chairman of the 2000 International Con-
ference on Microelectronic Test Structures (ICMTS) and General Chairman of
ICMTS in 2003.

Brian E. Stine received the B.S. degree (summa cum
laude) and the M.S. degree in electrical engineering
from the University of Pennsylvania, Philadelphia
and the Ph.D. degree in electrical engineering and
computer science from the Massachusetts Institute of
Technology, Cambridge. His dissertation dealt with
assessing and modeling spatial variation in semicon-
ductor processes and with estimating their impact on
circuit performance and manufacturability. Most of
this work focused on CMP.

He was an Intel Graduate Fellow in 1997. He
is currently a Director in the client services organization of PDF Solutions,
Inc., San Jose, CA. His work mostly focuses on accelerating yield ramps of
system-on-chip products for 0.18, 0.13�m, and below technology nodes for
key clients in the Japanese semiconductor market.

Larg H. Weiland (S’94–M’98) was born in Kon-
stanz, Germany. He received the diploma degree in
physics from the University of Karlsruhe, Germany,
in 1992, and the Dr.-Ing. (Ph.D.) degree in computer
science from the University of Karlsruhe, Germany,
in 1998.

In 1993, he joined the Institute of Computer De-
sign and Fault Tolerance at the University of Karl-
sruhe. There, he was co-founder of the Defect Diag-
nosis Group. In 1998, he joined PDF Solutions, Inc.
in San Jose, CA. Since 2000, he has been managing

the test structure design automation group at PDF. He has authored or coau-
thored over 30 journal and conference papers. His research interests include
physics of defect mechanisms in semiconductor manufacturing processes. He
is involved with the microelectronics industry in several areas, which include
metallization processing, test structure design automation, digital and optical
measurements on test chips, and fast defect diagnosis from digital tester data.

Dr. Weiland has been a member of the IEEE Electron Device Society since
1993. In 1998, he joined the organizing committee of the SPIE Microelectronic
and MEMS Technologies conference. He has chaired a number of test structure
and manufacturing related conferences like ICMTS, ASMC, and SPIE’s Micro-
electronic Manufacturing.

Todd Mitchell (M’81) received the B.S. in physics
from the University of Arizona, Tucson, in 1980.

In 1980, he joined Motorola Semiconductor as
an Implant/Metals Process Engineer working on
dRAMS. In 1985, he joined VLSI Technologies as a
Device Engineer. He was involved in ASIC yield and
process optimization until 1997 when he assumed
the position of Site Technology Development
Manager. His duties included process transfers for
both internal as well as to external foundries. In
1999, Philips Semiconductor assumed ownership

and he became a Design Manufacturing Engineer. His duties involved design
attribute extraction, design guidelines, yield analysis, and testchip design. His
interests include CAD tool support and analog guidelines for optimum yield.

Mr. Mitchell is a member of Sigma Pi Sigma.

Martin P. Karnett (M’88–SM’01) received the B.S.
degree in chemistry from the State University of
New York (SUNY), Stony Brook, in 1977, and the
Masters and Doctorate degrees in physical chemistry
from Yale University, New Haven, CT, in 1978 and
1981, respectively.

He is currently Technology Enhancement and
Yield Improvement Manager for Philips Semicon-
ductor in San Antonio, TX, where he has been
with the company for more than seven years. Prior
to joining Philips, he enjoyed employment over a

period of eleven years at both Raytheon Company and the Department of
Defense where his positions included Photolithography Engineer, Device
Engineering Manager, and Wafer Fab Manager.



HESSet al.: PASSIVE MULTIPLEXER TEST STRUCTURE FOR FAST AND ACCURATE CONTACT 265

Keith Gardner received the B.Sc. in chemical engi-
neering from Arizona State University, Tempe, AZ,
in 1986.

He spent ten years working in manufacturing and
device engineering with VLSI Technology, Inc. and
has contributed for the past four years as a Yield En-
gineer at Philips Semiconductors, San Antonio, TX.


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


