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Abstract This paper reéiews present day test struc-
tures and illustrates hothey haveevdved to a con-
tinuously changing technology&tructures for mea-
suring resistiity, contact resistance, feature dimen-
sions and werlay errors are presentedest struc-
tures for helping to predict yield andafér Relia-
bility Measurements (WLR) are also discussed.

1. Introduction

Microelectronic test structures are used for a wide
variety of tasks which include equipment characteri-
sation, reliability ®aluations, defect monitoring,
transistor parametexeaction and procesvifica-
tion and deelopment. Inmanufcturing a small
subset of these structures are normally used to con-
firm that the vafers hae been successfully pro-
cessed and can be passed ¢or functional test.If
there are problems, then pided the appropriate
test structures arevalable then their measurements
can also be used to help identify the problem.

Early Process Control Chips PCCs consisted of test
structures on small die with the contact pads situ-
ated around the edge of the chip in a similar manner
to that found on product circuitdVith the trend to
larger circuits, and hence the opportunity to include
more test structures, it became no longer feasible to
access all the deces with just peripheral contact
pads. Vith the increase in the number of test struc-

tures a point can be reached where, it becomes not

only very expensve o make o the probe cardsub
also plysically impossible.This has made it neces-
sary for exkample, to dride the chip into four identi-
cal probing patterns and step the probes internally
A more fleible approach is to use a matrix of
equally spaced pads with the testvides con-
structed around them [1]A 2 x N probe card can
then be used to probeyadevice on the chip.While
the use of the 2 x N type structure eywgood from
the point of viev of flexbility it does sufer from
increased testing times due to thetr& prober
movement required within the chiplt is for this
reason that manPCCs used as drop ins do not use
this approach.

Pat of the text of this paper has been presented at Semicon
97, Genea

However, in recent years there has been a trend to
use test structures located within the scribe channel
[2]. Thisapproach has been as a direct result of the
introduction of vafer stepper technology which in
most cases requires a mask change Xposing the
PCC. Thetime talen changing wer masks reduces
throughput and as a result the use of dropins
becomes less attraeti This approach has some
adwantages. lenables w&fer mapping of measure-
ments which can be used tovéstigate uniformity
across wafers which is not possible with the
dropins. Secondlyn mary cases it prees possible

to incorporate test structures withouydass of sil-
icon real estate thereby maximising the number of
product circuits per afer

2. Resistivity Measurements

Resistance type measurements ar@apgarameter

for most test structures and this section discusses
the measurement of layer sheet resistanvas.der
Pauw [3] developed a theory enabling the measure-
ment of the resistity of a continuous suatce of
arbitrary shape. The Greek cross [4] structure
shavn in figure 1 is a refinement and is ideally
suited to the xdraction of sheet resistanc&urther
more it is an easy structure to layout and define pho-
tolithographically The measured sheet resistance is
at the heart of the cross and an acoumafcbetter
than 0.1% can be ackisl in practice.
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Figure 1. The Greek cross



To use the Greek cross to obtain an approximate
sheet resistance (within 1%) current is passed
between contacts A and BE) and the potential
different between pads D and \¢;¢) measured
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The assumptions used aveetly the same as those
detailed in [3]. However, in this case the current is
not forced and the otage not measured at an
infinitely small point. This proves ot to be a prob-
lem provided that the length of the arms is greater
than or equal to the size of the heart of the crirss.
this case the error from this approximation will be
less than 0.1%A more accurate measurement is to
force | .5 and measur&/pc, and then reerse the
current and measure theltage V. The resis-
tance is then calculated as folla
Ry = VIDC :\I/CD 3)
AB BA
Current is then forced between B and C and the pro-
cess repeated tovgi
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The average resistance is
s + Rorr
R= RO 90 (5)
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from which the sheet resistance can bevedri
7R
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* In2 - (©)

It is possible towsluate parameters which illustrate
the dgree of asymmetry of the structure, thgree

of offset in the measuring equipment and the linear
ity of the current wltage characteristic of the con-
ductor [5]. The Greek cross can be used with a
wafer mapping technique to allothe uniformity of
an implant dose to be assessed to within Meéa-
surement currents must bepk lov especially for
diffused structures (<0.ImA) or silicon will sivats
positve TCR and sudce leakage currents may
affect the measurement [5].

3. Overlay and Dimensional Measure-
ments

A design [6] which may be used for the measure-
ment of conductor lingidth is shevn in figure 2.

may be galuated.

R
W = AB
R.L

This technique can be used to measure the etch uni-
formity of polysilicon, metal, as well as sidays
diffusion. Itis sensitve  changes in dimension of
+0.1 um provided that the width of theoltage taps
are not greater than the trackwidthhis, of course,
assumes that etching is uniform and tretation of
sheet resistity with position is ngligible. A vari-

ant on this structure is the split cross-bridge struc-
ture [7] shovn in figure 3. Although this requires a
larger number of pads it has the adtage that it
also atracts the pitch and so the measurement
integrity can be chedd.

()

Figure 2. The cross-bridge resistor

The masks which are used in igtated circuit &b-
rication are aligned to one another using special pat-
terns which are present on each maskgnment
errors can result from incorrect stepping on the
mask, aulty lithograply equipment or vafer distor
tion. A close analysis of the spatial distrilon of
these errors can lead to the isolation of their source.

The Greek cross at one end of the structure is used With the reduction in déce dimensions impsed

to evaluate the resistity of the conducting layer

alignment is required and hence this type of mea-

Current is then passed between C and D and the surementis becoming more important.

voltage measured between A and Bhe resistance
Rag can then calculated from which the kividth

A structure [8] which can be used for measuring the
overlay error between a conductor and contacts is



Figure 3. The split cross-bridge resistor

shawn in figure 4. A current is passed between the
contact pads; andl,. The \oltage taps are spaced
equal distances apart with, V, andV, defined by
the conductor mask an} by the contact maskBy
measuring theseoltages the erlay error can be
calculated in the direction of the long axis of the
conducting bar For no misalignment

(V4 —V3)=(V3-Vy) =(Vo - Vy) (8)

The diference in vltageAV is given by
AV = (V1 = V3) = (V2= V3) 9)
AV = (V1 = V3) = (V3= Vy) (10)

The sign of AV resulting from equations (9) and
(10) will depend upon the direction of theeday
error. If the spacing between the taps is S the error
in alignment is gien by

AVS
(V4 = Vs)
A similar structure at 90will give the other compo-
nent of the werlay error

e= (11)

One of the errors associated with this structure is
the efect that the taps kia ypon the dective dec-
trical "width" of the measurement.o minimise this

the tracks hee taditionally been designedery
much longer than the tap widtithe disadantage

of this approach is that wmon-uniformity in the
track sheet resistance becomes incorporated in the
extracted misalignmentlt has been demonstrated
that the resolution of the measurement can be
improved dgnificantly if the efect of the taps is
accounted for [9-14].If this is the case then the
track length can beevy much reduced while at the
same time resistance uniformity across the structure
is improved. An example of such a structure is
shawn in figure 5 and measurement

precision better than 10nmveateen reported.

In the case of figure 5 the electrical line shortening
due to the taps is\ggn by

_0O V3=V, &

1

Sl=———
[AV3 +(V3—Vy

(12)
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Figure 5. Structure for measuringverlay error
with tap error correction.

This is then used tog the misalignment

_DVi-Voml-26L0
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Figure 6 shws a schematic structure that can be
adapted for measuring the misalignment between
polysilicon and difusion for a self aligned process
[15]. Thisconsists of tw diffused resistors whose
widths are dependent upon theydee of polysilicon
misalignment (mask 2).The ratio of these tw
resistances ges the dgree of misalignment with
once agin two dructures at 90being required to
give loth components.

X

(13)

Another test structure that can be used to electri-
cally measure misalignment areraier structures
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Figure 6. Schematic of structure that can be adapt-
ed for measuring the misalignment between polysil-
icon and difusion for a self aligned process.

[16, 17]. These structures consist of dveets of
teeth, the separation of which is based on the
vernier principle. Electrical connections between
them are tested, from which misalignment can be
determined. Thelisadwantage of the ernier struc-
ture is that lage numbers of pads are required [18].
Active drcuits can be used to reduce the pad count
in which case the structure can only function if a
full process is @ilable [16].

In-line measurements of misalignment are routinely
made using optical techniques when the test struc-
ture is a box in box structurdRecently it has been
proposed that holographic structures might be used
to extract dimensional information [19]Figure 7
shavs the test structure pattern used to create the
image of the Greek letterwhich is shavn in figure

8 [20]. Researcls ongoing to help select appropri-
ate layouts to accentuate changes in the resulting
image as either feature dimensions and/or miste
tration between twlayers change.

4. Planarisation

As Chemical Mechanical Polishing (CMP) has
become more important as a planarisation technique
S0 test structures @ been introduced to help mon-
itor uniformity. For example structures ka been
developed that can be used to monitor the percent-
age planarisation of dielectric layers [21, 22].
These use a set of capacitors with incrementafly of
set electrodes.Examination of the ariation of
capacitance with electrodeveslap enables the
degree of planarisation to be determin&tructures
have dso been proposed for monitoring CMP based
Damascene process since it is widely predicted that
this process will become more important in the
future. To this end test structures based on the
cross-bridge resistor ta keen used to help charac-
terise the uniformity of CMP Damascene alu-
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Figure 7. Holographic test structure for creating the

image of the Greek lettet. (a) Theoretical image,
(b) Pattern on vafer.

Figure 8. Image produced by layout sko in fig-
ure 7(b).

minium interconnect [23]This set of structures can
be used to monitor conductor limglth as well as
conductor thickness in order to characterise both
erosion and dishing.



5. Contact Resistance

One of the first structures to be used to measure
contact resistance betweenctwaterials vas pro-
posed by Beager [24]. One of the disadantages of
this structure is that the measuremenRgfiepends
upon the subtraction of twlarge numbers which
can lead to inaccuratexteactions of contact resis-
tance. Thevalue of R- extracted also includes the
effect of parasitic resistances and cannot tao
account the change of residty in the difused
layer underneath the contact.

The four terminal structure of figure Yeocomes
some of these problems [25RA current is forced
between pads 1 and 3 and thaltage measured
between pads 2 and Zhe current is then versed
and the measurement performedaiag Thevoltage
and current pads are then interchanged and the
abore measurements repeatetihese four &lues of
resistance are thenataged. ThiKelvin type mea-
surement gies the interfcial contact resistance
(R.) from which the specific contact residy can
be derved.

pc=R A (14)

where A is the area of the contact [26, 2This
assumes that the contact resistance is uniform
across the whole contact area which may nosyd

be the case [25].References [28-31] g&¢ ome
details that should be considered when designing
and using the Klvin structure for measuring contact
resistance.

4 3
. Contacts
[0 Dpiffusion
L] Metal

Figure 9. Kelvin structure used to measure contact
resistance

6. Yield Measurements

As part of standard yield imprement programmes

it is of importance to kne the defect size distrnib

tion. Thereare mag instruments\ailable that can
detect particulates on the saré of vafers. This
equipment is perfectly suited to real-time measure-
ments [32] bt unfortunately it cannot dérentiate
between benign particulates and killer defects.
Memory is ideally suited to the correlation of partic-
ulates detected by afer scanners with those that
cause electrically detectable defec®ne obsera-

tion from this work is that the leel of correlation
between defects detected during the process with
killer electrical defects [32, 33] is not highThe
best correlation recordedas 38% with maybeing
about 20%. These figures are wiously very pro-
cess dependent and this approach is neilable
when random logic déces are beingabricated.
Test structures hee been long used to helyauate
yield. For example, contact chains V& keen used
[34]. Theseare designed to try and ensure that if
they fail it is due to the contactsifing and not the
interconnect between thenWhen an open circuit

is detected there is no informatioma#able as to
the size of the defect causingjlfire unless optical
inspection is also empfed. If an tra material
defect were present thisowld manifest itself in a
slightly reduced measured resistance and hence is
unlikely to be detected.The first really serious
attempt at electrically measuring the size of defects
was by Maly [35] who used a double bridge struc-
ture layout that couldx¢ract both the type, size and
density of defects landing on itSince then Hess
has used chequerboards structures in association
with digital testers todract defect data [36-40].
Satya [41] has also presented details of test struc-
tures that can be used by an adapted SEM to mea-
sure defect densitiedf the yield of an IC is to be
predicted then it is also essential that the Critical
Area (CA) [42, 43] for each layer can be calculated
together with the defect size distitibn. Thelatest
approach is to use the CA concept with test struc-
ture in an attempt to predict yield [44].

7. Wafer Level Réliability Measure-
ments

Wafer Level Reliability (WLR) has receied
increasing interest in recent yearghis has been a
result of the requirement taltt in reliability rather
that using testing to remae potentially faulty
devices. Thishas been lgely achiged by using
DFM techniques and SPQutbthis does not totally
prevent rogue batches with wer reliability levels
getting through to the end of the proce3hie pur
pose of WLR is to detect theseafer and ensure
that potentially unreliable d&es do not get deh



ered to the customerThis requires that measure-
ments must be botlasgt, so potentiallyvery wafer

can be tested, and also ensure that the measurement

does not damage the adjacent producticds.
Hence, a feature of WLR dees is a source of
local heat and a method of monitoring the tempera-
ture [45-47].

Examples of the types cdst WLR tests include hot
carrier measurements, pastion and interconnect
dielectrics, @te oxide intgrity [48], in-process
chaging [49], mobile ions [50], SWER (Standard
Wafer-level Electromigration €st) [51], stress
migration, via widing, current crevding and junc-
tion spiking. Accelerated tests are best suited to
monitor the rate of dgadation of the materials used
to huild the IC. With mature processes it may then
be possible to correlate these measurements with
lifetime predictions. It should havever be remem-
bered that if this link is to be acki then it must

mentation is remote from the measurement stations.
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Figure 10. Traditional architecture for parametric
test equipment.

be ensured that the tests are not accelerated to such This obviously males lav leve measurements dif

a degee that the WLR structuraifs from a difer-
ent mechanism than that whichowd normally
cause a dilure. Thisis especially the case for
SWEAT tests if the wafer temperature of current
levels are too high [45].

WLR structures must ofiously be well charac-
terised and may be located in the scribe channel or a
PCC when used to monitor productiorvides. The
normal procedure is to first qualify the process
using traditional lifetime testsThen WRL fst tests
can be used to pvide a so called statistical signa-
ture of the process reliabilityf the WLR measure-
ments on product afers shav a milar distribution

to those obseed on the qualification lots then it
can be assumed that the reliability of theices on
the wafer will be statistically similar to those
obsened during the qualification testslowever, if
this is not the case then some othalufe mecha-
nism is probably present and the onlgynof ensur
ing reliability is to re-test using traditional reliabil-
ity measurementsAs reliability levels are pushed
belov 10 HTs it is expected that the use of WLR
testing will become more important in ensuring the
quality of derices reaching customers is of the
desired lgel.

8. Equipment

The pressure on measurement equipment has
increased in recent years as IC geometries and their
supply wltages hee reduced. Sub-pA&urrents and
subV voltages are n@ requiring routine measure-
ment and the this hasvislved a change in the archi-
tecture of parametric test equipmeMost &isting
parametric test equipment has an architecture based
upon that illustrated in figure 10 where the instru-

cult and in addition the capacitance associated with
the matrix and the relays significantly increases the
measurement timeApproximate capacitances are
shavn in the schematic st in figure 11.
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Figure 11. Schematic architecture for traditional
parametric test equipment which indicates lead
lengths and parasitic capacitances.

Parasitics, dielectric absorption and
leakage limit the performance of
testers currently used

To reduce noise &l and parasitic capacitances and
hence speed up measurement times it is necessary to
locate relays and the measurement equipment in the
test head ery close to the probe carddnother
solution is to use pre-amplifiers in the test head to
raise the signal lel which has the added aaivtage

that solid state relays can then be used for switch-
ing. Thisapproach is illustrated in figure 12 This
approach gies a 210 times imprgement in mea-
surement throughput since the reduce settling time
resulting from the decreased capacitandasaddi-

tion the closer proximity of the measurement instru-
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Amplifying the signal close to the
device minimises the parasitics and
boosts throughput performance

2to 10times. It also enables lower level
current and capacitance measurements
to be performed

mentation to the afer males laver level measure-
ments feasible. This together with impneed
screening on automatic probers msakhese types
of measurements a reality in a productioniem-
ment.

9. Conclusions

The performance of test structures has hadegpk

pace with technology delopments as déce
geometries hae geadily reduced.For example in

2001 feature sizes are predicted to be 180nm. 7.
Assuming that this dimension will be controlled to
within 10% then a test structure will be required
that has a measurement capability of at least 6nm.
This paper has presented a historical perspecti

to hav structures for measuring dimensions and g
overlay errors hee devdoped to meet these require-
ments. Othesstructures that can be used for mea-
suring layer sheet resistance, contact resistance and
defectvity measurements ha been reiewed.
Wafer Level Reliability (WLR) measurements &
been highlighted as a gwing area as there is a
great desire to identify reliability problems well
before deices are shipped.Test structures hee
developed as ne processes h& lkeen established

as demonstrated by the structures introduced to help
monitor planarisation such as Chemical Mechanical
Polishing (CMP) of oxides and damascene intercon-
nect. Structurethat can be measured using of non-
contact techniques for measuring Width varia-

9.

tions, misalignment and defedty have dso been 10.

presented and it is predicted that in the future this
type of measurement will become more common.
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