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Chapter 1

Introduction

1.1 Background and Motivation

Over the years, the minimum feature size of typical CMOS integrated circuits has been
decreasing at a rapid pace. This has lead to increasingly dense, complex circuits. The complexity
of these product circuits makes them virtually useless for monitoring or debugging a fabrication
process. As a result, ancillary test devices are often fabricated along with a product. These
devices, or test structures, are measured in a much more timely manner to yield specific informa-
tion regarding either the product circuit or the fabrication process. This information can then be
used to predict circuit performance and yield, to monitor and control a process, or to provide
debugging information when a process yields unacceptable results. The devices are often placed
in the scribe lanes of a wafer, which are those areas between die that are later cut through to sepa-
rate the die. For a more complete characterization, test structures are also included in the area

between the scribe lanes.

This use of test structures is of particular interest to the Berkeley Computer-Aided Manufac-
turing (BCAM) group. In particular, an effort is underway to maintain a baseline process in the
Berkeley Microfabrication Laboratory. This facility services research customers with a wide
range of needs and recipes. As a result, careful attention must be paid to providing some form of
control to the process. This control comes in the form of a baseline process run monthly. Test
structures fabricated during this baseline run, along with scribe-lane test structures manufactured
alongside product circuits, will be measured and the resulting data will be statistically analyzed.
Analysis results will be used to determine whether or not the process is in control, and if not what

particular part of the process needs attention.



Although the primary use of the test structures will initially come in the form of monitoring
the baseline process, a broader use of the test chip is expected. The structures lend themselves
well to use in other BCAM areas of emphasis, such as performance and yield prediction, and
modeling the manufacturability of circuit designs. As the research in these areas mature, the set of

test structures proposed in this project will be available for process and device characterization.

1.2 Approach

The first step taken in designing the test structures was to survey currently used structures in
both production and in research and development environments [4]-[15]. This provided an under-
standing of the various types of structures used, as well as the important issues in test structure
design. The needs of the BCAM test chip were identified, and an appropriate set of test structures
was designed and fabricated. Details of the layout and fabrication of the structures were deter-
mined with regard to the particular characterization required, along with adherence to certain
standards defined for ease of probing. Furthermore, particular attention was paid to the organiza-
tion of the test chip as a whole, especially with regard to the scribe lane. Software routines were
written and organized within an automated probing system to further ease data gathering. The sys-
tem was used to collect the characterization data, and the data was in turn verified against

expected test structure results.

1.3 Thesis Organization

The work described in this document can be divided into four parts. The first part, described in
Chapter 2, includes the survey of test structures and their various applications. Details of the
structure designs chosen, including motivation for the structure’s use and verification results, are
presented in Chapter 3. The third part, organization of the scribe lane and test chip as a whole, is
described in Chapter 4. The automated probing system and accompanying software is described
in Chapter 5, with a sample results and analyses following in Chapter 6. Finally, a conclusion is

included in Chapter 7.



Chapter 2

Types of Electrical Test Structures

Test structures are used for a variety of purposes in the fabrication of integrated circuits. Test
structures are used for device, circuit and process parameter extraction, as well as random fault

and reliability testing. These five categories will be described in further detail in this chapter.

2.1 Test Structures for Device Characterization

Device parameters are those used to model devices for circuit simulation purposes. The most
obvious example of such parameters are those that are used by SPICE to model transistor opera-
tion. One of two approaches may be taken when extracting device parameters. The first approach,
direct parameter extraction, concentrates on designing test structures and parameter extraction
routines such that a parameter can be extracted independently from the influence of other parame-
ters. Contrary to extracting device parameters individually, the optimization method of parameter
extraction involves collecting a general set of data representing all parameters. The device
model’s various parameters are then fitted to the measurements by an optimization routine, such
that the extracted parameters can be used by the model to reproduce the measured data during

simulation.

The choice of using direct extraction versus optimization is one which involves a number of
trade-offs, and considerable time should be spent in studying this issue. For this reason, test struc-
tures for device parameter extraction, namely MOSFETs and capacitors, where designed such that

either method could be used. The method of parameter extraction is then left to the user.



2.2 Test Structures for Process Characterization

In semiconductor fabrication considerable emphasis is placed on the spatial uniformity, adher-
ence to specifications, and lot to lot consistency of parameters which define a process. Monitoring
process parameters such as doping concentration, contact and sheet resistance, critical dimension,

oxide thickness, etc., play a key role in maintaining a process under control.

Measurements can be performed either optically or electrically. As the name suggests, optical
measurements make use of optical information in extracting parameters, such as the width of a
polysilicon line. Electrical measurements, on the other hand, make use of probing equipment to
force a set of electrical inputs to the structure, and to measure the response. The test structure is
designed such that according to basic electrical principles, the measured response can be trans-
lated to a single process parameter. Note that great care must be taken in designing the device,

such that measurements depend on a single process parameter.

Although optical measurements are at times more accurate and revealing, their use is rather
time consuming relative to automated, electrical measurements. As stated previously, one of the
primary uses for these test structures will be to collect statistical information about a process. This
necessitates a reasonably large set of measurements be performed in a short amount of time. It is

for this reason that the primary emphasis of this thesis concerns electrical measurements.

2.3 Test Structures for Capturing Catastrophic Faults

The lack of uniformity in processing across a stepper field and wafer, and the impurity of the
fabrication process often lead to the introduction of physical faults on a wafer. These faults come
in a variety of forms, but generally result in loss of function prior to significant stressing of
affected devices. Several examples of defects contributing to random faults are: breaks in metal
lines due to the interaction of a contaminating particle and photoresist, shorts in metal lines
caused by solid particles deposited on metal layers, oxide pinhole defects, and broken lines due to

insufficient metal step coverage. Test structures were designed to electrically determine if shorting



or breaking of metal lines appear on a wafer, and if so provide the approximate defect location for

visual inspection, if desired.

2.4 Test Structures for Reliability Analysis

Reliability failures are those which occur after a significant amount of stress is placed on the
structures of interest. This stress can come in a variety of forms, including overvoltage, current
density, temperature, humidity, and radiation. The subsequent failure results from atomic motion

or changes in ionic charge states [1].

As an example, consider perhaps the simplest and most common occurrence of reliability fail-
ure, electromigration. Electromigration is defined as the displacement of metal ions through a
conductor resulting from the passage of direct current. This shift is caused by a modification of
the normally random diffusion process to a directional one caused by charged carriers [2]. The
greatest concern of electromigration is that over time sections of metal wire carrying a high cur-
rent density become thinner, and eventually disconnect. A simple reliability test would then con-
sist of stressing a long, thin metal line with a high current density over some time and checking

for an open circuit.

Additional failures which may occur due to other forms of stressing include dielectric break-
down, charge injection, and corrosion [1]. In most cases, these failures can be monitored by
stressing structures used for device and process parameter extraction and reliability failure. For
this reason, separate structures used exclusively for reliability failure analysis were not necessary,
except for the case of monitoring oxide damage due to plasma etching. Therefore, random fault

and reliability structures were included in the same category of test structure design in Chapter 3.

2.5 Test Structures for Circuit Characterization
Circuit parameters are those which characterize the performance of a complete integrated cir-

cuit (IC). A subset of such parameters are maximum operating frequency, average power dissipa-



tion, and drive capability. Since measuring these parameters from the product circuit is usually
much too complex and time intensive, special test structures that mimic the behavior of the IC are
introduced. These test structures, however, yield values which may be difficult to relate directly to
some processing step. Nonetheless, they provide a reasonable estimate of the expected perfor-

mance of the product circuit.

A common example of the type of test structure used to characterize an integrated circuit is
the ring oscillator. Measuring the oscillation frequency of ring oscillators can provide a reason-
able frequency range within which the process can be expected to provide functional product cir-

Ccuits.

It is obvious that test structures for circuit parameter extraction are fairly dependent on the
product circuits to be characterized. Since the concern of this project was broader in scope than a
specific circuit, test structures for circuit parameter extraction were not built. However, those
structures designed for device parameter extraction can be used, along with circuit simulation, in

order to obtain an estimate of a circuit’s performance on the process of interest.



Chapter 3

Test Structure Design

This chapter provides the details concerning individual test structure design. In particular,
each section will contain a general description of the test structure and its usage, along with
design details and measured results. This chapter is organized according to the types of test struc-
tures defined in Chapter 2. Note, however, that as mentioned in the previous chapter test structures
for characterizing ICs are not included, and structures used for reliability and catastrophic fault

analysis are combined since they differ only in measurement technique.

Of particular interest to the BCAM group is characterizinga?CMOS n-well process, this
being the minimum size reliable device that can be produced by the CMOS baseline. Furthermore
the process provides two metal layers, metal 1 and metal 2, with design rule metal linewidth and
pitch of 3um and @um, respectively, on each layer. Design rules for contacts requimex33um
contact cuts. All test structures described here can be easily scaled to accommodate finer features

when they become available.

Common to all electrically measurable test structures designed is the array of pads used for
probing. Each pad is a 1péhx10Qum square of metal 2 over metal 1, with the appropriate vias.
Ten pads are placed in a 2x5 array, with all pad spacings set {11,060 order to form the set of
pads contacted with each drop of the probes onto the wafer. See Figure 1 for an example of the
2x5 pad set. The pad labels refer to the numbering scheme used by the autoprober, which is dis-
cussed further in Chapter 5. All test structures were labelled in polysilicon, metal 1 and metal 2, to
aid in locating structures when using a microscope. Labels were made as large as possible within

the 10Qum spacing between pads, given approximatelyr@a&pacing between the labels and the



Figure 1 Configuration of standard pad set used for all electrical, DC measurements.

pads. The layers of the n-well, CMOS process are labelled as listed in Table 1. Furthermore, all
numeric labels have units of microns, unless otherwise labelled. Finally, tables in this chapter
which list measured data contain columns labelled “die X” and “die Y”, which refer to the integer
coordinates of the die within the wafer. Die configuration within the wafer will be discussed in
detail in Chapter 4, but can be previewed by studying Figure 21.

Table 1 : Labels Used For Test Structure Layers

Label layer Label layer
PO polysilicon NW n-well
N+ n+ diffusion M1 metal 1
P+ p+ diffusion M2 metal 2

3.1 Test Structures for Device Characterization

3.1.1 Individual MOSFETSs

The primary objective of device characterization is to extract enough physical information for
modeling the electrical behavior of a transistor. Therefore, the prominent test structure in this cat-
egory is the basic transistor. As mentioned previously, decisions concerning the specifics of
device parameter extraction have been left for the potential users of these structures. Nonetheless,

an attempt has been made to provide a thorough set of structures to be used for that research.



Based on our gm CMOS process, and on device requirements for existing methods of direct
parameter extraction and parameter optimization, a number of transistors were included. The tran-
sistor set consists of devices with drawn gate lengths of 1, 1.3, 1.5, 2, 3, 5, 10 pnd E6r each
length listed, both an NMOS and a PMOS device of drawn width of 5, 10 andnb@vere
included. Each pad set can be used to individually probe three devices, each with the same gate

length but a different width, resulting in a total of 16 pad sets.

With the exception of the body contact, there are no common terminals for any of these
devices, in order to eliminate problems associated with parasitic leakage currents distorting
results when probing a single device. The devices may be redesigned to share terminals if further
research determines that this would not pose a problem. The layout of one subset of MOSFETSs is

shown in Figure 2.

3.1.2 4 x 4 MOSFET Arrays

Integrated circuit designers, particularly in the analog domain, often require electrically
matched device parameters in a very localized area. In order to measure electrical device mis-
match, tightly coupled arrays of transistors were designed and fabricated. Both PMOS and NMOS

transistors arrays have been included.

Figure 2 One subset of individually probed MOSFETS.



Figure 3 shows the MOSFET array in detail. Each transistor has a gate lengimadrid a
width of 1Qum, with 5um horizontal spacing and i, vertical spacing between source and drain
regions of nearby transistors. All gates share a common lead while each of the remaining pads
connects to four transistor sources or drains. Transistor drains are connected vertically via metal 2
connections, and share a common leads labdlli&dD2, D3 and D4 where the numbers 1
through 4 represent the array column number from left to right. Similarly, common sources are
connected horizontally in metal 1, labell&d, S2, S3 and Swhere the numbers 1 through 4 rep-

resent the array row number from top to bottom.

Probing a single transistor within the array is accomplished by contacting and applying inputs
to the appropriate source and drain leads, while leaving the other leads floating. As a simple
example, consider collecting data for gy&V ggcurve on the transistor in the lower right corner
of the array, at g set to 5V. The first step would be to apply a ground to I84dand a voltage of

5V onto leadD4. The gate lead is appropriately swept in voltage while current readings are taken

1 D2

1 S2
1 D3

] S3
1 D4

1 S 4

S1

Figure 3 Close view of 4x4 array. Metal 2 connects drains in each row.
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Figure 4 4 x 4 NMOS array within pad set. (W/L) = 20/2)

betweenD4 andS4 All of the transistors in the array can be measured in a similar fashion, by

simply asserting the appropriate source and drain leads.

Finally, Figure 4 shows the NMOS array within a pad set. The leads shown in Figure 3 are
simply connected to pads, with an additional pad available as a contact to the substrate or well.
The label “NA” indicates that the device is an NMOS array, while label “20/2” indicates that the

transistors have gate lengths ofid®and widths of gm.

3.1.3 Capacitors

The final set of test structures included for device parameter extraction consists of two large

capacitors, illustrated in Figure 5. Capacitors have been reliably used for some time in character-

CPISUE  CPI
&0 300 &O0300

Figure 5 30fm x 30Qum oxide capacitors between substrate and well.



izing gate oxide. Two 3Q@m x 30Qum capacitors have been included to perform this character-
ization. Frequency dependent C-V measurements can be applied to these capacitors to extract gate
oxide thickness and analyze oxide integrity by monitoring trapped charge, oxide to substrate
interface charge, and mobile ions in the oxide itself. These high-frequency measurement tech-
niques fall outside the realm of the DC measurement techniques emphasized in this thesis, and as
such will not be discussed here. Note that this structure has pads mM0A0QumM, which are

spaced 100m apart. However, this is the only structure which does not adhere to the standard 2x5

pad set.

3.2 Test Structures for Process Characterization

3.2.1 Contact Resistors

Previous studies have found that in a well-controlled CMOS process, contact resistance has a
relatively large percentage variation [4]. This variation is not of great concern assuming that con-
tact resistance is substantially less than a transistor’s “on” resistance. However, sustained
advances in manufacturing are resulting in smaller and thus more resistive contacts. The variation
of contact resistance is then of growing concern, as contact resistance approaches that of a transis-

tor’'s “on” resistance.

The basic structures used in the evaluation of contacts are contact chains and 4 terminal and 6
terminal contact resistors. Contact chains do not isolate the variability of the contacts themselves,
and are therefore left for catastrophic fault analysis, to be discussed later. Contact resistors, how-
ever, are used to measure the interfacial resistance, or the resistance between the layers being con-
tacted, as well as misalignment between the masks used to form the contact. The choice of using 4
versus 6 terminal contacts was a trade off between complexity of design and probing, and granu-

larity of results.

For a better understanding of this trade off, consider the true, interfacial resistgnegthR

respect to measured resistancg, Bd a factor called flange resistance,[B]. Note in the four



terminal contact resistor in Figure 6 that the voltage and current taps of the contact resistor are
wider than the contact. This is necessary in order to account for misalignment between each layer
and the contact cut. A simple Kelvin measurement [17] will result in a resistance higher than that
of the true interfacial resistance, due to the parasitic current flow in the voltage taps. The flange
resistance is a measure of this additional resistance. The following equations describe this rela-

tionship:
Rk = (V1-V)ll 1)

and
Rq =R +Re. (2)

The problem of extracting Rand R- from (2) from perfectly aligned contacts has been solved
by what is known as the Thin-Film Model [5], which uses heuristics to predict the flange effect
resistance. In a later study, Lieneweg and Sayah [6] propose a similar method of extracting R
from misaligned four and six terminal contacts. The method includes procedures for estimating
the actual misalignment in both horizontal, x, and vertical, y, directions. According to the study,
four terminal contacts provide for the extraction of the average of two contacts’ interfacial resis-
tance, and can also calculate the sum of the x and y misalignment components. Six terminal con-
tacts isolate the x and y misalignment components and provide a single interfacial resistance.

Finally, Lieneweg and Sayah state that ¢an be treated as constant across a wafer, aaggR

Vi

I I
. -

Vs,

Figure 6 Four terminal contact resistor.



left GND
contact

Figure 7 Cross contact resistor chain.

the average of a “right” and “left” contact, then reflects the variationof IReft” and “right” con-

tacts simply differ in the position of the contact relative to the voltage taps. Figure 7 illustrates the
two types of contact in a cross contact resistor chain. Note that the left contact has its n+ diffusion
voltage tap extending upward, where n+ diffusion is illustrated by a darker line, and the right con-
tact has its n+ diffusion voltage tap extending downward. Therefore, any vertical misalignment
would draw the contact closer to one of the n+ diffusion voltage taps, but further from the other,

causing a difference in voltage readings and therefore in resistance measurements.

A drawback of using six terminal contacts is that they cannot be chained as efficiently as four
terminal contacts. Furthermore, they need an entire pad set per contact and require about twice as
many measurements. Since the primary concern here is that of process control, the ability to accu-
rately monitor contact resistance variation with four terminal contacts made it the test structure of
choice. Using the four terminal contact also allowed for faster data collection by including four
contacts per pad set. Figure 7 shows the final test structure design. The label “CR” indicates that
the test structure is a cross-contact resistor chain. Labels “M1”, “N+” and “2” indicate that con-
tacts are between metal 1 and n-diffusion, and g ®n each side of the contact cut. The con-
tact chains designed include bothr and 3tim contacts between metal 1 and metal 2, n-

diffusion, p-diffusion and polysilicon. Smaller contacts were also included to test the limits of the



process, but were not chained in order to save area. See Figure 8 for an example of how these con-
tacts are placed in a pad set. This smaller contact set contajms tdntacts between metal 1 and
n-diffusion, p-diffusion and poly, and 2}&m contacts between metal 1 and metal 2. The labels in
Figure 8 indicate that the contact on the left is between metal 1 and polysilicon, anguis &rb

each side. Similarly, the contact on the right is between metal 1 and metal 2 andris @¥&each

side.

Taking contact resistance measurements on the cross-contact chain of Figure 7 is rather
straightforward. Simply supply a current, I, which passes from pathtough the ground pad,

and measure the voltage between the voltage taps of each contact.

Measurement error is introduced into equation (1) due to the resolution limit of voltage and
current measurement units used during probing. Error is introduced to the contact resistance by
both a voltage measurement resolution lid¥, and a current measurement resolution lirit,

These limits for the equipment used are described in more detail in section 6.2 of this report. Of
these two resolution limits, only that of voltage measurements was found to be a significant con-
tributor to resistance measurements, and was found to be 0.1mV. The following analysis calcu-
lates the measurement error for contact resistance measurements. Using equation (1) as a basis,

then:

EE ViRl ¥ I T Vi
. PO M2 !
|5 2.5

Figure 8 Unchained contact resistors used for small contact sizes.




AV|oR
AR, = BY|9R«| 3
i @
and
AR, = &Y. (4)

As an example, consider contact resistance measurements taken with a test current of I=3mA.
Assuming that the resulting voltage measurements were approximately 1V in magnitudsy'then
= (0.01%)*1V = 0.1mV. The expected resolution of contact resistance measurements is:

AR, = %“Z\/ - 0030 . 5)

Table 2 lists sample data from six die. The columng,fg’ and “Rrayg represent the average
of the two left and two right contacts, respectively, in a single n+ diffusion to metal 1cross-contact
resistor chain. The columns labeled “die X” and “die Y” contain the x and y integer coordinates of

the die within the wafer, and Ry’ is the average of “R,g" and “Rrayg-

Table 2 : Sample Measurement Data from Metal 1 to N-Diffusion,|8n x 3um Cross-
Contact Chains.

die X die Y Rag(Q) | Rrag(@) | Rayg(Q)
4 5 36.98 19.59 28.28
1 5 36.97 21.39 29.18
4 7 37.97 27.98 32.98
3 2 37.98 15.89 26.93
6 4 31.98 15.19 23.58
3 4 39.97 18.69 29.33

3.2.2 Split Cross Bridge Resistors
Monitoring sheet resistance and linewidth variation are of great concern in semiconductor
manufacturing. Sheet resistance is a direct reflection of the resistivity of interconnect, which can

produce undesirable effects on the performance of CMOS circuits due to unwanted voltage drops



and RC delay. It is also a direct measure of the doping process, which can effect a great deal of
CMOS parameters, from source and drain contact resistance to threshold voltage. Linewidth vari-
ation has perhaps an even greater influence on circuit performance because it defines channel
length, and therefore current drive capability of CMOS devices. Furthermore, the minimum
allowable pitch of interconnect influences the overall size of a fabricated circuit, since it often dic-

tates the area required by the routing channels in a circuit.

A single test structure can be used to measure sheet resistance, linewidth, and line pitch for a
particular layer. This structure, the split-cross-bridge-resistor [8]-[10], is shown in Figure 9. The
measurements are divided into three distinct sections. The cross part of the structure is used to
perform the sheet resistance measuremegtusing the very well established van der Pauw rela-
tion [7]:

_ nYi—Von

where kis the current flowing from pad, Ithrough pad 4. The middle part of the structure, the
bridge resistor, is used to measure linewidth variation. Given the measured value of sheet resis-

tance, the linewidth of the bridge, s calculated from the relationship:

RsLply
W, = =22, (7)
Vi

FD E q E !
|— I-S(top
L s(bot)
. 5

Cross (RS) Bridge (W) Split-Bridge (W, Pitch)

Figure 9 Spllt-Cross-Brldge Resistor in ponS|I|con wifin2line width and spacing.



where L, is the length between voltage pad &nd pad \j of the bridge resistor,lis the current
flowing from pad | through pad4, and \4 is the voltage (\4-V,). Note that the line length will
also vary from its designed value, but the variation is negligible as compared to the considerably

long drawn length. Finally, the width of the thinner, split-bridge elements are measured in a simi-

lar manner:
RsL s top!b
W = =P -
0D T T2Vgop (8)
and
S(bo —ZVS( bo '

where W top) Ls(topy@nd We(pot) Ls(hotyare the widths of the split-bridges and lengths between
voltage taps, of the top and bottom split-bridges, respectively. Similagly,yand Vs o are the
voltages (\4-Vs) and (Vg-V+), respectively. The factor of two in the denominator is based on the
assumption that current is divided equally between the top and bottom split-bridges. Finally, the

spacing, S, and pitch, P, are calculated from measured data:

S = Wo=Wgtop=Ws(hoy (10)
and
W +W
P =S+ 5(“3@2 S(boy (11)

Obviously, the dimensions of the bridge resistors are of considerable importance when
extracting parameters. Table 3 lists the split-cross-bridge resistors designed, along with specifics
about the bridge resistor dimensions. Note that those cross-bridges made in diffusion, illustrated
in Figure 10, do not contain a split-bridge but rather an elongated middle bridge, since pitch is not
a concern for diffusion. The elongated bridge further reduces any error introduced into (7) from

variation in line length.



Table 3 : Split-Cross-Bridge Resistors Included in BCAM Design

Layer W, Ly, Wstopboty| Ls(op) | Lsot) S
(um) (um) (um) (km) (um) (um)
Polysilicon 6 219 2 204.5 247 2
Metal 1 6 218 2 206 247 2
Metal 2 9 218 3 205 247 3
n+ diffusion 4.5 647.5 N/A N/A N/A N/A
p+ diffusion 2 645 N/A N/A N/A N/A

Labels on the resistors, in order from left to right, refer to layer, split-bridge drawn width in

microns, and split-bridge drawn spacing in microns. The drawn bridge width is simply:
Whdrawn)= 2*Ws(drawn)* Sdrawn) (12)

where W5grawn)is the drawn width of both the top and bottom split bridges.

For example, the structure shown in Figure 9 is a polysilicon split-cross-bridge resistor with
Ws(drawn)=™ 2UM, Sdrawn)= 2HM, and Wagrawn)= 6UM. The labels for cross-bridges with no split
consist of the layer name first, followed by the bridge width to the right. Therefore, Figure 10 is

labeled as a n+ diffusion cross-bridge with drawn width gfi#h.5

The electrical measurement technique for the cross-bridge and split-cross-bridge resistors fol-

lows the analysis described previously. First, the values necessary to calcgiéaterReasured by

Figure 10 Cross-bridge resistor used for n+ diff. layer. P+ diff. cross-bridge is similar.



passing a current from pagl to pad b, while the voltages at pads,;\and \, are measured. For
line width calculations, the current is directed from padd pad k, and voltages at pads,V
through V4, are measured for the split-cross-bridge pictured in Figure 9, or voltages at padslV

V3 are measured for the cross-bridge pictured in Figure 10.

Measurement error is introduced by both a voltage measurement resolution IlEvtand a
current measurement resolution limit,. Of these two resolution limits, only the voltage mea-
surement was considered to be a significant contributor to resistance measurements. The follow-
ing analysis calculates the measurement error for the various extracted parameters for the split-
cross-bridge resistor. First, consider the sheet resistance measuregm&tarig with the sheet

resistance, equation (6), the error is calculated as follows:

ARg = SY|9Ry (13)
Ir oV,
and
_Avom g
ARg = I Cnal (14)
For the W, measurement:
AW, = Av‘awb + ARg|—_" oWy (15)
and
Lolb s
AW, = LY bAV +AR3] (16)
Similarly, for the Wopyand W5,y measurements:
AW LS(top bo)IS(top boj[] RS AV + AR O 17
S(top boy = 57 - 17)

2VS(top boj D‘/S(top boj
The form of this equation differs from that &#V,, by the factor of 2 in the denominator, which is
due to only half of the bridge current passing through each element of the split-bridge. The error

in the measurement of spacing, S, by differentiating equation (10):



0S

AS = AW,| IS |+ AW o, + AW ool 05 ‘ (18)
b W top OWg hop
and
AS = AWy, + AWg oy + AWg 0y = AW+ 2AWg 50 oy - (19)
Finally, for the pitch measurement, P, of equation (11):
AP = AS%P] + Aw 0P | +aAw oP (20)
S(top boj
and 1 1
AP = AS+ EAWS(tOQ + EAWS( bOD = AS+ AWS( tOp bO) . (21)

Table 4 lists sample data collected from polysilicon, split-cross-bridge resistors, identical in
drawn dimensions to the structure in Figure 9. The data was collected from six separate die, all on

the same wafer.

Table 4 : Sample Measured Data from Polysilicon, Split-Cross-Bridge Resistor

Wh Wh Ws | Wapot | Wetop

die | die Rg | drawn | meas.| drawn | meas.| meas. S P

X [Y | (o) | (um) (hm) (hm) (hm) (hm) (km) (hm)

4 5 17.9 6.0 5.53 2.0 1.80 1.79 1.94 3.74
1 5 19.1 6.0 5.88 2.0 1.87 1.88 2.13 4.01
4 7 18.0 6.0 5.79 2.0 1.86 1.88 2.06 3.92
3 2 19.8 6.0 5.89 2.0 1.87 1.87 2.15 4.02
6 4 18.3 6.0 5.82 2.0 1.85 1.86 2.10 3.96
3 4 19.0 6.0 5.75 2.0 1.85 1.85 2.06 3.91

3.2.3 Fallon Ladder

While cross-bridge resistors are used to measure line width variation, they do so only at a

given drawn width. It is also desirable to assess the lithography and etching capability of a process



by determining the minimum resolvable line width. Testing this with cross-bridge resistors would
require a large number of structures, and therefore considerable die area. M. Fallon and A.J. Wal-
ton [11] recently proposed an electrical test structure to determine the minimum resolvable line
width that can be resolved by a process, given a relatively small die area. The design of this struc-
ture, the Fallon ladder, is based on calculated step changes in resistance that occur when a line is

not resolved.

Figure 11 shows the implementation of the Fallon ladders used for the BCAM test chip. Each
rung of each ladder is Ouin smaller than the previous rung, when traversing the ladder from right
to left. Furthermore, the resistance of the rails between each pair of rungs is kept constant by mak-
ing all rails the same length and width. Resistance measurements are taken on the ladders by pass-
ing a current from pad | through pad GND, and measuring the voltage difference between pads V
and \,. The premise of using this ladder structure is that each rung of the ladder, if resolved, will
decrease the total resistance by some incremental amount. A linear function then exists between

measured resistance and minimum resolved line width.
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Figure 11 Fallon Ladders, used for determining minimum resolvable line width.

The bottom two ladders of Figure 11 are used to calibrate this function. The left and right lad-
ders are drawn with minimum rung widths of fr8 and 3.7um, respectively. Assuming that the
process can reliably resolve at least gBm3metal line, resistance measurements on both ladders
provide the data necessary to determine the linear function relating minimum line width resolved
and resistance measured. Note that the top two ladders have minimum rung widthgrof 1.4
although the process is only expected to reliably resolwra Bnes. Given the calibrated function,
and a resistance measurement on one of the top ladders in Figure 11, the line width of the smallest

rung resolved on that ladder can now be determined.

This technique was verified on the CMOS process at Berkeley, using polysilicon ladders.
Rather than the minimum set of ladders, 24 ladders were included, each with a different number
of rungs. Starting with a ladder which had a minimum rung width ofitn7each ladder had an
additional rung which was Opin narrower than the minimum rung width of the previous ladder.

The ladder with the most rungs had a minimum rung width ofith4A plot of resistance mea-



surements taken on these ladders, versus their minimum drawn rung width, should then show the
linearity in the relationship. Figure 12 illustrates the results of the experiment, which show that
indeed a linear relationship holds. Note that for very small rung widths, namejyOahd

0.5um, the resistance no longer drops as with the ladders with larger sized minimum rungs. This

shows that 0)6m was the last line width resolved.

Given the successful verification of the Fallon ladder on our process, the test structure as

shown in Figure 11 could now be included on the test die. First, the linear function,

IWheas = Slopex Riqast b : (22)

is calibrated with the following equations:

R —
slope = 17 % : (23)
lWldrawn_ IWodrawn
and
b = Ry—slopex W0y, qun (24)

where R and R, are resistances measured from the calibration ladders, with minimum drawn
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Figure 12 Results from Fallon Ladder experiment showing linear relationship.



rung widths of lwly,awnand IWQyawn respectively. Now, the ladder complete with all rung widths
is measured, yielding the valug,R,s Which can be used in conjunction with equations (22)-(24)

to find the minimum linewidth resolved, Wz

Measurement error again results from the limitations in voltage and current measurement.
As before, the error due to the current measurement’s resolution limit is considered negligible.
The expected error for resistance measuremamsis first calculated by considering the follow-

ing resistance equation, based on two voltage measurements:

v
R = —Il—z (25)
where
Vi12=Vi-V,. (26)
Therefore,
AR = BY| 0R 27)
v, ,
and
AR = Al—V(l) - AI—V (28)

Now, considering equations (22)-(24), the error in linewidth measureibnt,.,5 Can be calcu-

lated as follows:

Aslope = AR as")pj , (29)
Ry o
where
Ri10=Ri-Ry. (30)
and
Aslope = AR‘ 1 (32)
IWldrawn_ IWodrawn
substituting (28) into (31) and simplifying:
Aslope = AV (32)

I (Iw 1drawn_ IWodrawn) '



A similar analysis yields the expected error for b:

Ab = AR, 90 +As|op# db J , (33)
0 oslop
and
Ab = ARy + WOy, ,wn(Aslope) . (34)

The expected measurement error on minimum rung width resolved can now be calculated from

(22) as follows:

Alw, . = Aslop%%f+ARmea IMWmeq +Ab‘alwﬂ# (35)
oslope meas db
and
AW, 0as = Rpeaddslope+ slopAR, . s+ AD. (36)

Fallon ladders were designed for polysilicon, metal 1, and metal 2 layers. As shown in Figure
11, the set of test structures for each layer consists of two calibration ladders, occupying one pad
set, and two characterization ladders, occupying another pad set. Note that in the calibration pad
set there is a metal line extending between the top and bottom, rightmost pads of the set. This line
has the width of the most narrow calibration rung. A continuity check should be performed on this
line to ensure that the process can resolve the line widths necessary for the calibration. The labels
on the top of each pad set describe the test structure, and the layer characterized. The labels along
the bottom of the pad sets describe the minimum, and maximum rung widths drawn. For example,
in the bottom pad set of Figure 9, the labels “FL”, “M1, “3.3” and “4.0” refer to a Fallon Ladder
in metal 1, with minimum rung width of 318n and maximum rung width of 4.0n. Table 5 lists
the results of resolution measurements taken on polysilicon Fallon ladders. The data was collected

from six separate die, all on a single wafer.



Table 5 : Sample Measurement Data from Fabricated, Polysilicon Fallon Ladders

die | die | WO Ro lwl Ry w2 R, w3 Rs
X v drawn drawn meas. meas
(k) Q) (km) Q) (km) Q) (um) Q)
4 5 2.3 | 1841.9 2.7 2231.4 0.8 425.46 0.8 394/86
1 5 2.3 | 1865.2 2.7 2248.2 0.7 368.46 0.7 417/96
4 7 23 | 1782.8 2.7 2151.9 0.7 338.47 0.r 335|67
3 2 2.3 | 1924.2 2.7 2329.8 0.7 361.%6 0.f 367|26
6 4 23 | 1817.0 2.7 2205.8 0.8 363.36 0.8 358(56
3 4 2.3 | 1914.9 2.7 2291.4 0.7 449.05 0.7 438/26

3.2.4 Self-aligned n+ Bridges

Another limiting factor in the shrinking of fabrication processes is the misalignment between
the various layers of integrated circuits. The accuracy and precision of overlaying these successive
patterns is often monitored optically. These structures provide early feedback in the process, but
are often costly or time consuming. An electrical test structure has been included in the BCAM
test chip to provide a quick, low cost, post-processing assessment of the misalignment between

polysilicon and active area.

The structure is based on using the polysilicon gate of a transistor to separate the source and
drain regions in a self-aligned process. The structure is designed as two, very wide transistors,
with a short polysilicon gate perfectly centered over each active area region, as illustrated in Fig-
ure 13. The gate is left unconnected, and serves to create two long, thin resistors per transistor.
Depending on the amount and direction of misalignment during fabrication, the resistors will vary

in width, and thus in resistance.






Figure 13 Self aligned n+ bridges to test misalignment between poly and nitride.



Figure 14 Model of self-aligned n+ bridge.

Four such resistors are connected as a Wheatstone bridge, illustrated in Figure 14, to deter-
mine the difference between the two values of resistance. Note that the labels in Figure 14 directly

correspond to the sections of the layout referenced in Figure 13 by the identical labels.

In order to understand how the bridge structure works, consider the two devices with resis-
tance labels in Figure 13. Due to the symmetry of the two devices, and the same degree and direc-
tion of polysilicon misalignment, resistors,fRRnd R, will match in value, as will R and R;.
Therefore, a reasonable assumption can be made that the current through each branch of the

bridge will be equal. Given that assumption, the following analysis is used to determine misalign-

ment:
_ o | _ ol , (37)
and
(V1-V,)
R,—R3 = 2I— ) (38)
We also know that
L, Ly (39)
R, = Re— = Re— '’
2 SW2 R3 RSw3

where L and W are the length and width, respectively, of the resistor. Combining these equations



results in:

1 1
RZ_ R3 = RS%/\_/Z_V\_/E% . (40)
Rearranging (40) yields:
R,—R W, -W
= Re=R) _ (Ws—Wy) (41)

RsL W, W,
We now defineW, = Wy ,unt MX , andV; = Wy, ..,—mX , whermX is the misalignment
in the upward direction as we look at the structure as shown in Figure 14. Substituting these equa-

tion into (41) results in:

_ —2AX
(Wdrawn_ mX) (Wdrawn+ mX) -

1 1 2
mX = =+ /k—2+Wdrawn : (43)

Finally, combining (38) and (41) results in the following definition for k:

k (42)

Solving (42) formX yields:

= —— 44

IRgL (44)
Equations (43) and (44) can now be used to electrically measure misalignment. Note that (44) is
dependent on the value ogRvhich can be extracted from a cross-bridge resistor, as described in

section 3.2.2.

Measurement error again results from the limitations in voltage and current measurement. As
before, the error due to the current measurement’s resolution limit is considered negligible. The
expected error for misalignment measuremefutsy, is first calculated by recalling from equa-

tion (28) the expected error in resistance measurements:



AR = T (45)
Recalling from equation (41) that:
_Rys
k = R_SL : (46)
where
Ry 3=R,—R3 47)
Then,
Ak = AR 9K | + AR 9K | | (48)
and
(R, 30
Ak = ER 4 ARE2I (49)
ReL 0RO

Finally, the misalignment measurement error can be derived from (28) as follows:

Amx:Ak‘aalk (50)
and
!
1 10 2 2
AmX = Ak|- 25 3%(2 wdrawﬂ‘ . (51)

Simplifying (51) results in the following equation #hmX:

AmX = Akl-L + 1 . (52)

2
k 3 /1
k k_2 +Wdrawn

Equations (43) and (44) were used to extract the misalignment values in the X and Y direction

on six separate die, all on the same wafer. The values §awdte extracted from cross-bridge
resistors, while remaining measurements were taken on the self-aligned n+ bridges. The drawn
values of L and W are 128un and um, respectively. Table 6 lists the results of the extraction

process from six die on a single wafer.



Table 6 : Sample Extracted Results of Polysilicon-to-N+ Misalignment.

die X dieY | V4-Vo (V) lin (MA) Rs mX (um) | mY (um)
4 5 -0.0103 1.00 55.5 0.117 0.094
1 5 -0.0176 1.00 55.5 0.200 0.187
4 7 0.0017 1.00 55.5 -0.019 0.101
3 2 -0.0273 1.00 55.5 0.310 0.166
6 4 -0.0102 1.00 55.5 0.116 0.063
3 4 -0.0196 1.00 56.6 0.218 0.153

3.3 Catastrophic Fault and Reliability Analysis

3.3.1 Contact Chains

Current VLSI processes require the fabrication of a great deal of contacts per die. There exists
then a need to monitor the susceptibility of these contacts to random fault and reliability failures,
since failure in a single contact can be catastrophic to the circuit functionality. Mitchell, Huang,
and Forner [12] state four primary ways in which the electrical continuity of contacts can be inter-
rupted: 1. Contacts are omitted during layout, 2. Contact resistance can become very large due to
process variations, 3. Random defects can fall at locations during wafer processing, and 4. Con-
tact discontinuity can occur due to a reliability failure during the operation of a circuit. The first,
that of improper layout, is not a processing error, and can be virtually eliminated by the use of
CAD verification tools. The next item, contact resistance variation, is of great concern in the fab-
rication process, and is handled by the analysis of contact resistors as described in section 3.2.1.
The remaining issues about catastrophic defects and reliability failures will be addressed here,

through the use of contact chains.

Contact chains are simply long serpentines of contacts connected to each other by two alter-
nating layers of interconnect. Figure 15 shows five such contact chains within a single pad set.

Each of the chains consists of 10448 x 3um contacts between metal 1 and n+ diffusion.



Figure 15 Metal 1 to n+ diffusion contact chains. Five chains are included per pad set.

Defects are monitored by attaching a current source to one of the five current pads, and measuring
the resistance between the source and ground pad. An abnormally high resistance will signal a
defect in the chain. Note that metal lines connect all of the ground pads together. A continuity

check is first performed on these pads to avoid incorrectly reporting defects when probes are mis-

aligned on the pad set.

Examination of this structure reveals why it is unsuitable for measuring contact resistance
variation. Consider the subset of a chain built on p-substrate, which contains two contacts and a
strip of metal contacted at each end to two strips of n+ silicon. As current flows through the chain,
one of the diffusion links will be at a higher voltage than the other, resulting in a leakage path
through both a reverse-biased junction and a forward-biased junction between the two links. This
leakage prevents accurate interfacial contact resistance measurements from being extracted from
structure [13]. In addition, the resistance of diffusion and poly links can be rather high, making
small changes in contact variation resistance undetectable. Finally, even if the resistance of the
links was not substantially high, their variation could not be distinguished from contact resistance
variation. For these reasons, contact resistors are dedicated to measuring interfacial contact resis-

tance, while contact chains are valuable tools in monitoring contact defects.



Contact chains were designed for botim2x 2um and 3im x 3um contacts between metal 1
and polysilicon, metal 1 and p+ diffusion, metal 1 and n+ diffusion, metal 1 and n-well, and metal
1 and metal 2. Note that all chains contain 104 contacts, with the exception of those between
metal 1 and n-well, which have 54 contacts. For an example of how these test structures are
labelled consider Figure 15, where the labels “CC”, “M1”, “N+” and “3” refer to the pad set con-

taining contact chains ofuBn x 3um contacts between metal 1 and n+ diffusion.

3.3.2 Comb Resistors

The lack of uniformity and the impurity of the fabrication process often lead to the introduc-
tion of physical faults on a wafer, referred to as spot defects. These defects are regions of either
missing or extra material, or material with drastically changed physical characteristics, that may
occur in any layer of a fabricated IC [14]. Several methods are available to monitor such defects,
including in-situ particle monitors and electrical test structures. In-situ particle monitors have the
advantage of short loop feedback for process control. Post-processing testing, however, alleviates
the cost of having a dedicated in-situ particle monitor. A specially designed resistor structure, the
comb resistor, is used to electrically monitor the density of spot defects which cause intralayer

shorts in metal and polysilicon lines.

Figure 16 shows the layout of five, individually probed comb structures in a single pad set.
Defects are monitored by attaching a current source to one of the five current pads, and measuring
the current flowing into the ground pad. Measuring any appreciable current in the ground pad sig-
nifies a short circuit, and therefore the presence of a spot defect. Note that metal lines connect all
of the ground pads together. A continuity check is first performed on these pads to ensure proper
alignment before testing. Reliability analysis may also be performed on this structure, by stressing

the structure with high humidity, temperature and voltage.
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Figure 16 Comb resistor used to monitor spot defects.

Combs were designed in metal 1, metal 2 and polysilicon. The spacing between metal lines,
and the width of the lines themselves are bgiim3The spacing and width for polysilicon resistor
combs are both|2m. These spacings were chosen in order to evaluate defect sizes equal to or
greater than the design rules for the process. Finally, the labels simply identify the structure as an
interdigitated comb in a particular layer. For example, Figure 16 is labeled with “IC” and “M1”,

which corresponds to an interdigitated comb in the metal 1 layer.

3.3.3 Serpentine/Comb Resistors

Another type of spot defect involves missing material in a particular layer. Generally, this
results in broken lines, which will more than likely result in a loss of functionality for the fabri-
cated circuit. A simple structure is often used in process monitoring to evaluate the occurrence of
such defects. The structure is a long serpentine of wire in the layer being characterized. The ser-
pentine’s resistance is measured, and an abnormally high resistance is interpreted as a break in the
metal line. A serpentine/comb structure is simply a combination of a serpentine resistor and a

comb resistor, which can be used to assess both opens and shorts in various layers.

Figure 17 illustrates the layout of a serpentine/comb structure. Defects which create broken

lines are monitored by attaching a current source to padr®l measuring the resistance between



pads $ and S. An abnormally high resistance will signal a break, or defect, in the serpentine.
Defects which create short circuits are monitored by attaching a current source to the pad labeled
S, while leaving $ unconnected, and grounding padsadd G;. Measuring any appreciable cur-
rentin G or C; signifies a short circuit, and therefore the presence of a spot defect. Note that pol-
ysilicon lines connect pads;@nd G; together. A continuity check is first performed on these

pads to ensure proper alignment before testing.

Note that this defect monitor can measure both shorts and opens, while dedicated combs and
serpentines measure only a short or an open, respectively. It then appears that the serpentine/comb
combination is a preferable structure due to better area utilization. While the combination does
detect both types of faults, the serpentine/comb structure requires at least four pads, while a dedi-
cated comb or serpentine requires only two. Given that the pad set being used is a 2 x 5 set of
pads, this results in only two detectable defects per pad set when using a serpentine/comb combi-
nation, while the dedicated combs and dedicated serpentines can detect up to five defects per pad
set. Since the expected defect density of our fabrication process is presently undetermined, both
structures have been included in the BCAM design. If future studies determine that defect density
and clustering analyses can be performed to a satisfactory degree with only two defects detectable

per pad set, then serpentine/combs can be used exclusively to minimize the total die area required.

Figure 17 Serpentine/Comb structure for defect monitoring.



Serpentine/comb structures were designed in metal 1, metal 2 and polysilicon. The spacing
between metal lines, and the width of the lines themselves are phath Bhe spacing and width
for polysilicon resistor combs isp@n. These spacings were chosen in order to evaluate defects
sizes equal to or greater than the design rules. Finally, the labels simply identify the structure as a
serpentine/comb in a particular layer. For example, Figure 17 is labeled with “SC” and “M1”,

which corresponds to a serpentine/comb in the metal 1 layer.

3.3.4 Serpentines Over Topography

While serpentines are used to detect spot defects, they may also be used to evaluate metal step
coverage. In some cases, metal lines laid over a flat surface may be resolved to an acceptable
degree, but may not be acceptable when placed over topology. For example, oxide grown over a
relatively large area of substrate should have a reasonably level topology. However, oxide grown
over a series of polysilicon lines will develop uneven steps as the oxide conforms to the polysili-
con lines which rise above the substrate. Metal lines deposited on such a surface may be consider-
ably reduced in width, or in some cases may not be completely resolved, again creating a problem
with circuit functionality. Evaluating the ability of the process to resolve metal lines placed above

a topology can be determined with metal step coverage analysis.

The analysis of metal step coverage is performed through the use of two test structures. First,
simple resistance measurements are taken on each of the serpentines shown in Figure 18, estab-
lishing an expected average resistance for metal lines resolved over a flat topology. This resistance

is evaluated against the same measurements taken on metal serpentines laid over a topology of
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Figure 18 Metal 1 serpentine with no topography, used for metal step coverage analysis

many polysilicon lines, such as those shown in Figure 19. The serpentine structure is the same as

that shown in Figure 18, with horizontal polysilicon lines creating the topology.

Polysilicon lines were deleted for clarity in Figure 19. The actual layout contains 23 polysili-
con lines placed|2m apart, each with a width ofi@n. The labeling is consistent with the labeling
of other defect monitors. For example, the labels “S” and “M1” in Figure 18 refer to a serpentine
of metal 1, while the additional label “PO” in Figure 19 refers to the metal 1 serpentine being

placed over polysilicon lines.

Finally, Table 7 lists data measured from both serpentines and serpentines over topography,

from six die on a single wafer. In each die, the resistance of the metal serpentine nearly doubled,

Figure 19 Metal 1 serpentine over topography.



with the exception of the final die in the table, in which a break in the metal line is illustrated by

the extremely high resistance value.

Table 7 : Sample Measured Values for Serpentines With and Without Topography

diex | diey | Ravg <“(gz ;cgfgraphw Ravg (wi(tglt;;;ography)
4 5 0.078 0.141
1 5 0.073 0.124
4 7 0.073 0.132
3 2 0.080 0.140
6 4 0.079 0.151
3 4 0.077 2.52E+26

3.3.5 MOSFET With Antenna

The use of plasma etching has gained widespread use in the semiconductor industry. During
the plasma etching process, significant charge can accumulate on the aluminum lines connected to
polysilicon gates, and on the gates themselves. As a result of this charge, the gate oxide of the
devices are damaged. Y. Uraoka, K. Eriguchi, T. Tamaki and K. Tsuji propose a quantitative eval-
uation method of plasma damage [15]. This method involves the use of MOSFETs with long, alu-
minum serpentines attached to their gate, coupled with charge-to-breakdown measurements. The
aluminum serpentines act as antenna in picking up ions from the plasma. This accumulated charge
stresses the gate. Later, charge to breakdown measurements evaluate the effect of this in-process

electrical stress on gate oxide integrity.

The pair of test structures used for evaluation of plasma damage are shown in Figure 20. The
device on the left is a transistor with a width off#@l, and a gate length of2n. The device on the
right is of the same size, but has an 11mm long serpentine antenna, attached to its gate. Charge to
breakdown measurements are performed on both devices, and can be compared to evaluate the

effect of the plasma process on the device with the antenna.



| lmm HNT.

D

Figure 20 MOSFETSs used for evaluation of gate oxide damage due to plasma process.

The details of charge to breakdown measurements are left for future study. Extensive testing
of similar devices are presented in [15], which also provides a comprehensive evaluation method
of plasma damage. The method includes photo emission analysis to detect the breakdown spot in
gate oxide, which was found to occur at LOCOS edge. The devices were included here to provide

preliminary results for a more comprehensive study.



Chapter 4

Test Chip Organization

This chapter presents the organization of the BCAM test chip. The test chip is divided into
two distinct parts. The first part involves organization of the scribe lane which will accompany
product circuits in the “drop-in” section of the die, used by any of a number of research groups
using the Berkeley Microfabrication Laboratory. The scribe lane contains both structures used to
characterize, monitor and debug the process, as well as tools such as alignment marks required for
fabrication of the die. Aside from the scribe lane, an additional, BCAM “drop-in” die is fabricated

for a more comprehensive study of the stepper field.

Test structures fabricated during this baseline run, along with scribe-lane test structures manu-
factured alongside product circuits, will be measured and the resulting data will be statistically
analyzed. Analysis results will be used to determine whether or not the process is in control, and if

not what particular part of the process needs attention.

The remainder of this chapter outlines the organization of the wafer and stepper field, and
includes a description of how the scribe lane is created within the field. Additionally, the test
structure subsets used for the scribe lane and drop-in area are reported, including the locations of

the structures within the field.



4.1 Scribe Lane

The implementation of the scribe lane is illustrated in Figure 21. The horizontal and vertical
lines represent the scribe lanes, which are the areas that are cut through during physical separation
of the die for individual packaging. The scribe lanes can be used for characterization test struc-

tures prior to die separation, without a loss of area for the product circuit in the drop-in area.

Figure 22 shows how the scribe lane is created with respect to the stepper field, including
dimensions of the total printed area and drop-in area. Area is used near the perimeter on the left
and top sides of the field, with the drop-in completing the square. These squares are abutted in all
directions to form the printed area across the entire wafer. The remainder of this section describes

the structures placed in the shaded area which forms the scribe lane.

dieY

Figure 21 Die configuration and labellinga4 inch wafer used in the baseline process.
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Figure 22 Configuration of scribe lane and drop-in die within the stepper field.



The configuration of structures in the scribe lane is shown in Figure 23. Two types of struc-
tures exist on the scribe lane. The first set of structures includes those which are necessary in order
to fabricate the die, while the second set includes those used for process characterization and
debugging. The former set includes marks for mask alignment, verniers to further assist in the

alignment process, and elbows in various layers for optical inspection of linewidth resolution.

Of greater concern here is the set test structures used for device and process characterization
and for process debugging, which in the scribe lane represents a subset of those structures
described in Chapter 3. Device characterization is accomplished through the use of the individu-
ally probed MOSFETSs described in section 3.1.1. The transistor set consists of devices with gate

lengths 1, 1.3, 1.5, 2, 3, 5, 10 and @gb. For each length listed, both an NMOS and a PMOS

|la. bridge serp/cmb large

- 4x4 |serplcmb caps | Xxtrs | elbows
contact chains . :
MOSFETS align. marks | verniers

contact
resistors

split-cross
bridge
resistors

Drop-In

Individual MOSFETSs

Figure 23 Arrangement of test structures within the scribe lane.



device of width 5, 10 and 5Qm exists. Each pad set can be used to individually probe three
devices, each with the same gate length but a different width, resulting in a total of 16 pad sets.
These MOSFETSs were placed in the lower left hand area of the scribe lane. Tjiva 3BDQUM
capacitors mentioned in section 3.1.3 were included for characterization of thin oxide, and were
placed in the upper right-hand section of the scribe lane. Finally, toward the center of the top sec-

tion of the scribe, 4x4 MOSFET arrays are also included for device characterization.

The next set of test structures included in the scribe involve process characterization. The
split-cross-bridge resistors described in section 3.2.2 are included to characterize sheet resistance,
line width variation, and pitch. They are located just above the individually probed MOSFETSs on
the vertical part of the scribe. Just above those resistors are contact resistors, used to monitor con-
tact resistance variation. These cross-contact chains hawex3um contacts between metal 1
and polysilicon, p+ and n+ diffusion, and metal 2. The final test structure used for process charac-
terization is the self-aligned n+ bridge, labeled “a.bridge” in Figure 23, which is used to extract

the misalignment between polysilicon and active area layers.

Finally, test structures included in the scribe lane for random fault and reliability analysis
include contact chains and serpentine/comb resistors, described in sections 3.3.1 and 3.3.3,
respectively. These structures are located left of center, on the top portion of the scribe. The con-
tact chains containgn x 3um contacts between metal 1 and polysilicon, p+ and n+ diffusion,
nwell, and metal 2, while the two serpentine/comb structures included are those made of polysili-

con and metal 1.

4.2 Drop-In Die

The entire BCAM test chip includes both the scribe lane and a drop-in die, which provides for
a more comprehensive study of the stepper field. The drop-in die includes replications of all the
test structures described in Chapter 3, and its layout is illustrated in Figure 24. This figure shows

the instance of each test structure, replicated several times over the die. The smallest instance



shown corresponds to the approximate size of a single pad set, while larger boxes are drawn to
scale and contain a proportionate amount of pad sets. For example, the metal 2 Fallon ladder
instance shown in the upper left corner is twice the size of the serpentine shown immediately to its

right. The Fallon ladder instance can then be expected to have two pad sets, which indeed corre-

sponds to the Fallon ladder combination shown in Figure 11.

The primary objective of the layout was to provide adequate coverage of the die in order to
measure spatial variation of parameters across the stepper field. Since defect monitors are not
affected by location within the field, they were placed along the bottom and right sides of the
drop-in (the scribe lane already occupies the left and top sides of the field.) These defect monitors
include serpentines and serpentine/comb combinations in metal 1, metal 2 and polysilicon, posi-

tioned as shown in Figure 24.

The remainder of the die is partitioned into three sections, each with the same test structures.
The sections are two pad sets wide, and run vertically through the drop-in area. The first section

corresponds to the shaded area of Figure 24. The remaining two sections are identical in size, and



located immediately to the right of the first section. The structure placement within each section

was different, in order to provide a comprehensive coverage of the die.

4.3 Complete Test Chip

While sections 4.1 and 4.2 described the organization of test structures within the scribe lane

and drop in areas, this section provides an overview of the test chip fabricated with both areas
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Figure 24 Configuration of test structures within the drop-in area.




included. This test chip provides complete coverage of the stepper field, which is particularly use-

ful in analyzing intra-die variation.

The summary of the available test structures, and the parameters and layers that they charac-
terize, can be seen by reviewing Table 8 through Table 10. These tables include references to the

detailed descriptions available in Chapter 3.

Table 8 : Test Structures for Device Characterization

Test Structure Parameters Device Type and Size Ref_.
Section
Individual MOSFETSs SPICE Parametersf L=1,1.3,1.5, 2, 3,5, 10, 26n 311
Inter-die variation W =5, 10, 5Qum
(both PMOS & NMOS)
4x4 MOSFET arrays Intra-die variation 1 NMOS array (W/L u@02um) 3.1.2
1 PMOS array (W/L = 20m/2um)
300pm x 300um capacitors| Jy gate oxide 3.13
Table 9 : Test Structures for Process Characterization
. Ref.
Test Structure Parameters Layers Characterized .
Section
4 terminal contact resistors|  Contact Resistan¢eM1-M2, M1-poly, M1-n+, M1-p+ 3.2.1
& Misalignment (Contact sizes: 1.5, 2, 3)
Split-cross-bridge resistors| gRlinewidth, line- | M1, M2, poly, n+, p+ 3.2.2
spacing, line-pitch
Fallon Ladder Minimum linewidth | poly, M1, M2 3.2.3
determination
Self aligned poly-n+ bridge| Misalignment poly-diffusion 3.2.4




Table 10 : Test Structures for Catastrophic Faults and Reliability Analysis

Test Structure Parameters Layers Characterized Ref.
Section
contact chains Contact Defects M1-n+,M1-p+,M-nwell,M1-poly,M]1- 3.3.1
M2 (Contact sizes: 24#m and 3x3im)

comb structures Defect Monitoring | poly, M1, M2 3.3.2
(shorts only)

serpentine/comb resistors  Defect Monitoring| poly, M1, M2 3.33
(shorts & opens)

serpentines over topogrg- Metal Step Coveragg M1, M1 over poly 3.34

phy

CapacitorssMOSFETS | Dielectric Break- gate oxide 3.1

(from Table 8) down

MOSFET w/"antenna” Gate Oxide Damage gate oxide 3.35
from Plasma Process

Figure 25 shows the test structures within the entire scribe line and drop in area, including the
details within the test structure instances in Figure 24. Special note should be taken regarding pad
set placement. Pad sets were placed on a grid pattern for ease of probing, with a spacing of 20
between pad sets. Each 2x5 pad set has a horizontal dimensionpgh9@60d a vertical dimen-
sion of 30Qum. Therefore, moving one pad set in a horizontal direction requires a step j@of920
and moving one pad set in a vertical direction requires gu@26tep. The only exception here
involves the MOSFET with antenna, since the antenna uses area above the pad set. In order to
maintain the grid spacing, a structure placed above a MOSFET with antenna is spaced such that a
vertical jump between the two structures is twice the normal step, qurdBigure 25 shows the
distance required to move to each test structure, relative to the shaded structure in the lower left
corner of the die. This structure is referred to as the “home device” for probing purposes, and indi-
cates the location where the probes should be placed at the outset of probing. Details concerning

probing will be further discussed in Chapter 5.



Cont. Tesist
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Chapter 5

Automated Testing System

5.1 Introduction

In order to provide an efficient means of collecting large amounts of data for monitoring the
baseline process, an automated testing system was developed in conjunction with the BCAM test
chip. This system, referred to herein as the autoprober, provides a means of operating probing
hardware from a Unix workstation, through a software interface. The user may simply utilize a set
of existing measurement subroutines by configuring two text files, or may add additional subrou-

tines to the current library. Each subroutine is designed to perform a specific set of measurements.

A diagram of the autoprobing system is shown in Figure 26. The shell of the autoprober, a

program called Sunbase, was developed by Vadim Gutnik of the Berkeley Microfabrication Labo-
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Figure 26 Hardware and software configuration of autoprobing system.



ratory. This shell serves as an interpreter of the text files, which direct the movement of the x-y
wafer stage and define the measurement routines to be used. The measurement routines define the
appropriate voltage and current sources and monitors to be attached to the probes by the switching
matrix, collect the results, and perform parameter extraction by applying the analyses described in
Chapter 3. The subroutines then output the data to a text file, which includes the name of the
structure, position of the die, position of the structure within the die, and measurement and
extracted results. An example of this text file will be illustrated in section 5.3. Communication

between the probing hardware and the Unix workstation is directed by Sunbase.

5.2 Using Sunbase

This section provides an overview of the steps required to use Sunbase for measuring test
structures. A detailed explanation of the automated testing system, including specifics on using
the hardware, adding subroutines, and understanding the Sunbase code, can be found in Chapter
8.18 of the Microfabrication Laboratory Manual [16]. Only excerpts of this chapter are included

in this section. The complete chapter is included as Appendix | of this thesis.

Specifying a set of measurements on a wafer is performed by using two user-defined text files,
die.map and prober.text. The file die.map contains specifics about the test structures on the die
being used, while prober.text is used to specify the tests required by the user. Details concerning
these files, and a sample Sunbase run will be presented in the remainder of this chapter. Sunbase
should be run from the directory “~eglas” on the machine “lead”, an Argon client in the Device
Characterization Laboratory. The files “die.map” and “prober.text” must also be placed in the

“~eglas” directory. These files are described in the following two sections.

5.2.1 “die.map”
The file “die.map” contains specifics about the test structures on the die being probed, includ-
ing the name of the test structure, its location within the die, and the configuration of the pads

used to probe it. The format of a test structure description in “die.map” is as follows:



Struct_name x,y terminall ... terminalx parameterl ... parameterx
Struct_name is a simple, unique, alphanumeric name given to the structure by the user, while x
and y correspond to the horizontal and vertical coordinates, respectively, of the structure within
the die. The x and y coordinates are with respect to the origi®xand y=0. Prior to initiating
Sunbase, the user must place the probes on the structure defined with x=0 and y=0 coordinates,
herein referred to as the home device. The suggested home device is the pad set in the scribe lane
containing individually probed transistors of gate lengthspohlThis pad set is in the lower, left
corner of the scribe lane, as illustrated by the shaded device in Figure 25. Using this structure as
the home device results in positive x and y coordinates for all test structures. All coordinates in
“die.map” and the output files are listed in microns. The items labeled padl, pad2, and so on,
communicate to the measurement subroutine which pads correspond to particular terminals of the
test structure. Finally, parameters such as designed lengths and widths or layer names can also be
passed to the measurement subroutines. As an example, consider the generic test structure

description of the split-cross-bridge resistor:

scbrl x,y i1i2i3vlv2v3v4av5v6 V7L bWhL seop) L spoy Wslayer_nm
Where the variables il through v7 refer to the labels of the pads in Figure 9, ghdough W,
refer to the dimensions of the split-cross-bridge in microns, as listed in Table 4. Pad numbers are
used to identify which pad in th2 x 5 padarray is being referenced. Pads are numbered from 1 to
10, starting with the upper leftmost pad in the array and proceeding clockwise, as illustrated in
Figure 1. With this fact in mind and referring to both Figure 9 and Table 4, a polysilicon split-
cross-bridge resistor at location x=3#26 and y= 64@Qm, with respect to the home device, would

be defined in the file die.map as follows:



schrPO 320,640 10951287 6 3 4219.0 6.0 204.5 247.0 2.0 poly
The software measurement routine SCBR, to be discussed later, will parse this line and use the
information appropriately. The generic formats for test structure descriptions currently pro-

grammed into Sunbase are as follows:

mosfetN x,y drain gate source bulk

4ptprb x,y lin gnd v1 v2

conrM1po3 x,y lin gnd

fallonPO1 x,y lin gnd v1 v2 min._rung_width

scbrl x,yil1i2i3 vl v2v3v4v5v6 v7 L bWhL stop) L spoy Wslayer_nm
serpM1 x,y

cchainPO2 x,y

The pad names listed above correspond directly to those shown in the test structure layouts in
Chapter 3. Note that the names used above are examples. It is suggested that the names be
descriptive, such as the device name conrM1po3 indicating the third metal 1 to polysilicon contact

resistor structure on the die.

Finally, lines beginning with an asterisk and blank lines are ignored by Sunbase. Furthermore,
“die.map” must contain the line “@home 0,0”, which serves to send the probes back to the origin
of the die when probing of each die is complete. A complete example of a “die.map” file is

included later, in section 5.3.

5.2.2 “prober.text”

The file “prober.text” is used to specify the various die to be probed on the wafer, and the spe-

cific measurements to be taken on those die. The format of “prober.text” is as follows:

000000000
001111000
011111100
111111110
111111110
1111x1110
111111110
011111100
001111000



Routine_name
structure_namel
structure_name2

The 9x9 array of ones and zeros above represent the mapping of die on the wafer, with a “1” indi-
cating that the die is to be measured, and a “0” indicating that it is not to be measured. The “x”
indicates the first die probed, and the die on which the probes must initially be placed. Note also
that the probes should be placed on the user defined home device specified in “die.map”. The “X”
should be placed somewhere near the center of the wafer to alleviate probe to wafer misalignment
errors. The above example would probe all the die on a wafer, but by replacing the ones with zeros
the array can be changed to measure only several, or even a single die. The line “Routine_name”,
chosen by the user from the existing set of routines names listed in Table 11, defines the measure-
ment routine to be used. The routine will take measurements on the test structures named in die
map as “structure_namel” and “structure_name2”. The period after the structure names indicates
the end of the parameter list being sent to the measurement routine. There is no limit on the
amount of devices which can appear in the parameter list, nor is there a limit to the number or

order of measurement routines included in the “prober.text”.

Section 6.1 discusses the measurement routines currently included in the autoprober system.
As a simple example of how a structure measurement can be defined in “prober.text”, consider the

following lin:

SCBR
scbrPO1
scbrn+2

These lines define a split-cross-bridge measurement (SCBR) to be performed on polysilicon and



n+ diffusion split-cross-bridge resistors (scbrPO1 and scbrn+2), which must be defined in the file
“die.map”. Assuming that the wafer map illustrated at the beginning of this section is used, the
system will first probe the die marked with an “x”, and then will step through the five die marked

with 1's. On each die, the same polysilicon and n+ diffusion cross-bridges will be probed.

5.2.3 Measurement Subroutines

Table 11 lists the measurement routines currently available for the autoprober. The table
includes the name of the measurement, the case-sensitive name of the routine to be used in
“prober.text”, and the output, which always appears in table form. An explanation of these rou-

tines, and the parameters required by them, follow in this section.

The first two routines shown in Table 11 provide |-V characteristics for MOSFETs. Along
with the structure name, these routines require additional parameters in order to define the sweep.
These values, VGSstart, VGSstop, VGSstep, VDSstart, VDSstop, and VDSstep, are passed along

with the device name, as shown in this example:

Table 11 : Currently Available Measurement Subroutines for Autoprober.

Measurement Routine Author Output
name
|4V gscurve ldVds V. Gutnik ld-Vds characteristic
lg-Vgcurve ldVg V. Gutnik }V 4 characteristic
Four Point Probe 4ptprb V. Gutnik Resistance
Van Der Pauw VDP V. Gutnik Sheet resistancg)(R
Split-Cross-Bridge SCBR D. Rodrigugz  gRAW, Spacing, Pitch
Fallon Ladder Fallon D. Rodriguez Ladder resistance,
min. linewidth resolved
Contact Resistance Conr D. Rodriguez Contact resistances
(left, right, avg.)




Table 11 : Currently Available Measurement Subroutines for Autoprober.

Routine

Measurement Author Output
name
Comb Defect Comb D. Rodrigugz 5 Binary result showing
shorts (defects)
Serpentine Resistance Serp D. Rodriguez Resistances for

5 serpentines in pad set

Serpentine/Comb Defegt SerpComb D. Rodriguez 2 Binary result showing
opens/shorts (defects)

IdVvds
+VDSstart=0.1
+VDSstop=2
mosfetl

As is the case with all of these subroutines, the output will appear in tab delimited, table format.

The four point probe routine simply applies a current between two terminals of a structure,
measures the voltage at another two terminals, and outputs the resistance. The van der Pauw rou-
tine performs the same measurement, but applies the van der Pauw resistancﬁ‘—zfactor shown in
equation (6), in order to output the sheet resistangelRe only argument necessary for these

subroutines is the name of the structure as defined in “die.map”.

The split-cross-bridge subroutine performs the measurements described in section 3.2.2, and
outputs the sheet resistance, drawn line widths, extracted variation of line widths and extracted

spacing and pitch. This subroutine requires only structure names, as defined in “die.map”.

The Fallon ladder subroutine also requires only test structure names, but requires four per
measurement, in a particular order. Recalling from section 3.2.3, the process of extracting mini-
mum line width resolved involves first calibrating the measurement with two Fallon ladders.
These two devices must be listed first, followed by the two ladders to be characterized. For exam-
ple, the following example measures two calibration ladders first, followed by two ladders from

which the minimum line width resolved will be extracted:



Fallon
fallonPOcall
fallonPOcal2
fallonPO1
fallonPO2

The resulting output will list the resistances of all four ladders, accompanied by the minimum line

width resolved, calculated by the equations (22)-(24) in section 3.2.3.

The contact resistance subroutine passes a current through the cross contact chain shown in
Figure 7, and measures the voltages at each contact. The output lists the average resistance values
for the two left and two right contacts, along with the average of all contacts. Again, the only

parameter required by the subroutine is the name of the contact resistors, as defined in “die.map”.

The subroutine used for measuring shorts between comb structures follows the procedure
described in 3.3.2. Defects are monitored by attaching a current source to one of the five current
pads, and measuring the current flowing into the ground pad. Measuring any appreciable current
in the ground pad signifies a short circuit, and therefore the presence of a spot defect. The subrou-
tine outputs a 1 if a short was found,cha O oherwise. This is repeated for all five combs of the
pad set, so the output shows five binary values. The only parameter required by the subroutine is

the name of the combs, as defined in “die.map”.

The serpentine subroutine is for measuring resistance of serpentines, of serpentines over
topography, and of contact chains. In all cases, the routine measures the resistance of each of five
structures in a pad set, and outputs the values accordingly. The only parameters required by the

subroutine are the names of the test structures.

The final routine available extracts defect information from serpentine/comb structures. The
first test checks the continuity of the serpentine, and outputs the result as a “1” if open circuited,
or a “0” otherwise. Similarly, another column in the table lists a “1” if a short occurred between a

comb and the nearby serpentine, or a “0” otherwise. Since two serpentine/comb structures are



contained in each pad set, this data is repeated twice per measurement. Once again, the only

parameter required by the subroutine is the name of the serpentine/comb.

Although these are the only routines currently available with the autoprober, additional rou-
tines can be written if desired. The subroutines are written in “C” language, with subroutine calls
to Sunbase providing control of the autoprober. The process of adding subroutines to the system is
described in detail in Chapter 8.18 of the Microfabrication Laboratory Manual [16], which is
included in Appendix | of this thesis. The code for measurement subroutines named in this chap-

ter have been included in Appendix Il of this thesis.

5.3 Sample Run
This section outlines a simple run of the autoprober, so that the entire process of using the
autoprober can be viewed. For this example, we shall take measurements on a split-cross-bridge

resistor and a polysilicon Fallon Ladder. The entire contents of the file “die.map” is as follows:

@home 0,0

m10,01295

scbrPO 2760,64010951287634219.06.0204.5 247.0 2.0 poly
scbrn+0,010951268686647.54.5429.0429.0 2.25 n+
fallonPOcall 920,192011029 2.3

fallonPOcal2 920,19203847 2.7

fallonPO1 920,2240110290.4

fallonPO2 920,224038470.4

Now, the following “prober.text” file will probe the above structures on six die, placed as shown:

0000000O0O
0000000O0O
000100000
0000000O0O
000100100
0100x0000
0000000O0O
000010000
000000000

SCBR
scbrPO
scbrn+



Fallon
fallonPOcall
fallonPOcal2
fallonPO1
fallonPO2

The probes should now be placed on the home device, on the die corresponding to the one marked
with an “x” above. In this example, the home device is the n+ diffusion split-cross bridge, named
“scbrn+” in “die.map”. Sunbase can be executed by simply typing “sunbase” from the Unix shell
prompt. When finished, a file named “output.text” will contain the results. The data in the output
file is in an intermediate format listed in the order that structures were probed, and can now be
sorted into tables according the types of measurements taken by running a script on “output.text”,
creating the file “final.out”. The script is run by typing “postproc output.text” at the Unix shell

prompt.

The file “final.out” now contains the following:

dieX dieY name Rs  WbDrawn DeltaWb WsDrawn DelWsbot DelWstop S P

4 5 schrPO 17.88 6 0.47 2 0.205 0.206 1.9453.739

1 5 schrPO 19.13 6 0.116 2 0.132 0.117 2.133 4.009

4 7 schrPO 18.00 6 0.211 2 0.144 0.124 2.058 3.924

3 2 schrPO 19.81 6 0.105 2 0.128 0.130 2.1524.024
6 4 scbrPO 18.34 6 0.182 2 0.147 0.138 2.103 3.960

3 4  scbhrPO 19.01 6 0.247 2 0.154 0.153 2.060 3.907

dieX dieY name lwOo(d) RO Iwl(d) R1 Iw2(d) w2(m) R2 Iw3(d) Iw3(m) R3

4 5fallonPO2 2.3 1841 2.7 2231 04 .8 4255 04 .8 394.9
1 5fallonPO2 2.3 1865 2.7 2248 0.4 .7 3685 04 8 418.0
4 7 fallonPO2 2.3 1782 2.7 2152 04 .7 3385 04 .7 336.0
3 2 fallonPO2 2.3 1924 2.7 2330 04 .8 3616 04 8 367.3
6 4 fallonPO2 2.3 1817 2.7 2206 04 .8 3634 04 .8 358.6
3 4 fallonPO2 2.3 1914 2.7 2291 04 g7 4491 04 7 438.3

The table columns are tab delimited, which is useful for importing the tables into various statisti-

cal packages for further analysis. The column labels for the results correspond to the characteriza-



tion parameters described in Chapter 3. For example, the split-cross-bridge results table list
columns for WsDrawn, DelWsbot, and DelWstop. Referring to section 3.2.2 reveals that these
values refer to the drawn width of the split-bridge and the variation of the bottom and top split-

bridge resistors, respectively.

Again, this section was intended to provide only an overview of the steps required to use Sun-
base for measuring test structures. A detailed explanation of the automated testing system, includ-
ing specifics on using the hardware, adding subroutines, and understanding the Sunbase code, can
be found in Chapter 8.18 of the Microfabrication Laboratory Manual [16]. This reference is

included as Appendix | of this report.



Chapter 6

Sample Results and Analyses

6.1 Introduction

As illustrated in Figure 26, the final use of the set of test structures presented in this report is
to produce a statistical summary. Although further study by potential users will dictate the type of
statistical summary required, some examples are presented in this chapter. In particular, data
extracted from scribe lane test structures will illustrate how they can be used to provide informa-

tion about the process and about the measurement techniques used.

The remainder of this chapter describes the statistical analyses performed. A resolution analy-
sis for voltage and current measurements has already been presented in Chapter 3. Here we use a
repeatability test of sheet resistance in order to also estimate the standard deviation of voltage
measurements. Additionally, scatter plots and wafer contour maps are used to understand the cor-

relation between sheet resistance and linewidth variation on a split-cross-bridge resistor.

6.2 Resolution Tests

In performing electrical measurements using the autoprober, some degree of round-off mea-
surement error can be expected due to resolution limits of the voltage and current measurement
units. Repeatability tests were performed in order to also estimate the standard deviation of the

measurement.

The tests were performed by measuring a polysilicon split-cross-bridge resistor 100 times
with the same input current values, and recording the measured voltage and current values from

the cross-bridge.



The resolution of voltage measurement&is=0.1mV. However, our experiments show that

the standard deviatiow,, is not constant. A dependence was found to exist between the standard
deviation of the measurement, and the value being measured. As the voltage being measured
increased, the voltage measurements’ standard deviation became worse, as is listed in Table 12.
The data for Table 12 was collected by probing a bridge resistor 100 times, given the same input
current for each measurement. Each time voltage measurements were performed at the various
positions along the bridge resistor, thus yielding a range of voltages each time the bridge was
probed. The “Voltage Measured” column in Table 12 then represents the mean of values mea-

Table 12 : Percent Error as a Function of Voltage Measured, 100 Replications

Average \oltage 0 as % of the
Measured (V) average
0.4368 0.0090
0.5955 0.0099
0.8712 0.0111
0.9680 0.0100
1.2739 0.0100
1.3834 0.0073

sured for a particular point along the bridge, while ti@e “ " column represents the estimated stan-
dard deviation divided by the average. As an example, the trend plot for the voltages at a point
along the bridge is shown in Figure 27, and has a mean of 0.4368@and a  of 0.0090%. These val-

ues were listed in the first row of Table 12. The percent error was relatively constant for the range
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0.43685

0.43680

\Voltage Measured (V)

0.43675

0.43670

40 60 80 100
Sample Number

Figure 27 Trend plot showing voltage resolution for a measured voltage of 0.43680 V.

of voltages measured, and remained at about 0.01% of the voltage measured. Therefore, this is the

assumed percent error for all probing of voltages in the 0 to 1.5V range.

Recall from Chapter 3 that error analyses were performed for characterization routines. These
error analyses can be verified experimentally, as the following examplesfore@surement error
illustrates. A test currenglof 8.0mA was used for the resistance measurement on a polysilicon
split-cross-bridge resistor, which resulted in a voltage measurements of approximately 1.38V. We
will first calculate the resolution for sheet resistance measurem&Rtg,from equation (14)

given the voltage measurement resolutioA\¢£0.1mV:

_Avonpo_ 0dmvom g _

ARs = T On20 = BomalnzD - 0037 /o (53)



We can also estimate the standard deviation of sheet resistance measurege@isen that

the percent error of voltage measurements is 0.01%, the expected error is calculated as follows:
6, =0.01% *1.38V =0.138mV, (54)

n
and . _ovompo_ 0.438nvom _

Ors = T_Onz0 ~ 8.00amAln20 - 0078 @0 (59)

These values were verified by performing repeatability tests on the cross part of a polysilicon
split-cross-bridge resistor, with same test currentof B.0mA, used in the calculations above.
The same structure was probed 300 times, resulting in the sheet resistance values plotted in Figure
28. The average of these sheet resistance values issd7210dith a G of 0.05. Given these val-
ues, and the values in Figure 28, the predi&®d of 0.060/0 and G, of 0.07&/ o seem to pro-
vide reasonable estimates of expected measurement error, therefore verifying the calculations of

equations (14) and (55).

17.10 17.15

RS Q/ O
17.05
H
<
b1
"
?
11
N
[]
[ ]
LY
[ ]
$
$
?
3
:
]
1]
]
!

17.00

o e PeCe 0 "W OEN, g o ‘el cANSe P W  CWO NP O BAYN B BE 0% oF IS TYVWO, o PO B B g™ o o o - .

16.95

0] 50 100 150 200 250
Sample Number

Figure 28 Trend plot showing 300 measureddsults a single polysilicon cross-brédg



6.3 Analysis of the Split-Cross-Bridge Resistor

The autoprober was used to characterize the sheet resistance and linewidth variation of poly-
silicon lines. Data was extracted from the scribe lanes of two wafers from the same lot. A polysil-
icon split-cross-bridge resistor was probed on each of 52 die for each wafer. The polysilicon split-
cross-bridge resistors used are identical to those illustrated in Figure 9, and described in Table 3.
The data from the autoprober was imported into a statistical software analysis package, S-plus,

and analyzed.

An unexpected correlation was found to exist between the sheet resistance and linewidth vari-
ation for wafer 1 of the lot. A scatter plot of the two parameters is illustrated in Figure 29, which
shows that a moderate correlation exists. The correlation coefficient was calculated to be -0.63, a

significant value for 52 samples.

Alinewidth (m)

Rs(Q/0)

Figure 29 Scatter plot dflinewidth versus Rfor wafer 1.  =-0.63)



In order to gain greater insight into this correlation, wafer contour maps were created for the
two parameters, as illustrated in Figure 30 and Figure 31. Points marked by the symbol “ *
denote measurements which did not produce results upon probing, indicating a catastrophic fail-
ure for that structure. Note that the correlation is also evident from these maps, since each has
similar contours. It is also evident from these maps that some processing error occurred during
fabrication of the wafer, since there is a region near the right edge of the wafer where the sheet
resistance and linewidth change significantly. The sheet resistance, for example, is approximately
16 o/ throughout most of the wafer, and drops down todl4 in a region constituting a rela-
tively small area of the wafer. Similarly, the linewidth variation is highest at this point. Since the
linewidth variation is defined as the measured minus the drawn width, this indicates wider lines in

the region of lower sheet resistance.

A likely contributor to this correlation is the thickness of the polysilicon lines, as increasing
the thickness of polysilicon line reduces its sheet resistance, while also increasing the fabricated
linewidth above the drawn linewidth. Consider the illustration in Figure 32, which is an exagger-
ated example of increased polysilicon thickness on two lines of the same drawn width. Since the
slope of the line edges are considered independent of the poly thickness, the thicker line 2 will
result in a larger measured linewidth than for line 1. Furthermore, the thicker line results in a

lower current density for current passing through line 2, and therefore a lower sheet resistance.

The same wafer contour maps were created for a second wafer of the same lot, and are illus-
trated in Figure 33 and Figure 34. Note that changes in sheet resistance are not as significant as
those from wafer 1. The correlation betweegdtdAlinewidth dropped from 0.63 to 0.44, indi-
cating that there is indeed a contribution from the process to the correlation between these param-

eters.



Figure 30 Wafer contour map of sheet resistance values on wafer 1.



6.4 Conclusion

This chapter presented an example of the types of statistical analyses which can be performed
on the BCAM test structures. Many other types of analyses provide considerable insight into both
the process and the test structures. For example, statistical process control charts can be used to
monitor a process, and generate alarms when process parameters drift beyond control limits.
Additional analyses, such as the contour map example of section 6.3, can provide insight into the

processing error which caused the shift in parameters. Statistical methods may also be used to

Figure 31 Wafer contour map Afinewidth values on wafer 1.



provide parameter characterization for both the process and devices. These and other analysis

methods will be the subject of future studies.

Figure 32 lllustration showing that increased poly line thickness increases linewidth.



Figure 33 Wafer contour map of sheet resistance values on wafer 2.

Figure 34 Wafer contour map Afinewidth values on wafer 2.



Chapter 7

Conclusion

A comprehensive set of test structures has been designed to provide process and device char-
acterization, and to detect catastrophic failures and reliability problems. These structures have
been arranged in such a manner that a comprehensive coverage of both stepper field and wafer
area is provided. Furthermore, the organization is such that a subset of the entire test structure set
can be used in the scribe lanes of all wafers fabricated in the Berkeley Microfabrication Labora-
tory. As illustrated in Chapter 6, the scribe lane provides a sufficient coverage of the die such that
process characterization and debugging can be performed, thus providing a consistent method of

process control and device characterization from lot to lot.

Furthermore, the BCAM test structure set has been designed in conjunction with the develop-
ment of an automated probing system, which has provided for an efficient means of collecting the
large amount of data usually required for characterization. This includes data results written in a
form which is both human readable, and readable by a number of statistical analysis packages.
The examples of statistical analyses in Chapter 6 show that the test structures and autoprobing

system can be used to provide practical results in an efficient manner.

Further study remains concerning the specific statistical analyses necessary to provide both
process and device characterization, and process control. Nonetheless, the necessary test struc-

tures and characterization routines are available for that use.
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Appendix |

The remaining pages of this appendix contain Chapter 8.18 of the Microfabrication Labora-
tory Manual [16], which was written by Vadim Gutnik of the Berkeley Microfabrication Labora-
tory. The text contains a detailed explanation of the automated testing system, including specifics

on using the hardware, adding subroutines, and understanding the Sunbase code.



Appendix II

This appendix contains a listing of each measurement subroutine currently programmed into

Sunbase. The code is available on the Argon cluster, and is contained in the “~gutnik/dcl/code”

directory. The following table lists the subroutines currently available, their file names, author,

and output. The actual code listing follows in the remainder of this appendix.

Currently Available Measurement
Subroutines for Autoprober.

[2)

Measurement File name Author Output
l4-Vgscurve idvds.c V. Gutnik ld-Vds characteristic
lg-Vgcurve idvg.c V. Gutnik &V characteristic

Four Point Probe FPP.c V. Gutnik Resistance

Van Der Pauw vdp.c V. Gutnik Sheet resistancg (R

Split-Cross-Bridge schr.2.c D. Rodriguez 5 RW, Spacing, Pitch
Fallon Ladder Fallon.c | D. Rodrigugz Ladder resistance,
min. linewidth resolved
Contact Resistance conr.c D. Rodriguez Contact resistance
(left, right, avg.)
Comb Defect comb.c D. Rodriguez 5 Binary result showin
shorts (defects)
Serpentine Resistance serp.c D. Rodriguez Resistances for
5 serpentines in pad set
Serpentine/Comb Defegt serpcomb.c D. Rodriguez 2 Binary result show

opens/shorts (defects)

ing




idvds.h

#define MODULE “IDVDS”
#define FORMAT STDFORM “VDS\tvgs\tID”

#include “modtools.h”

#define VGSstart_def 0
#define VGSstop_def 6
#define VGSstep_def 1
#define VDSstart_def 0
#define VDSstop_def 6
#define VDSstep_def .1

module_function ID_VDS;

idvds.c

#include “idvds.h”

void *ID_VDS (char **paramlist, FILE *output) {
FetType *dut;
int numpoints,j;
float i;
float vgsstart = VGSstart_def;
float vgsstop = VGSstop_def;
float vgsstep = VGSstep_def;
float vdsstart = VDSstart_def;
float vdsstop = VDSstop_def;
float vdsstep = VDSstep_def;
char *result;
DatArrType datarray;
D(printf (“< IDVDS\n");)
PARSEBEGIN;
while (*++paramlist) {
if (**paramlist =='+") {
sscanf (*paramlist,”+ VGSstart = %g”,&vgsstart);
sscanf (*paramlist,”+ VGSstop = %g",&vgsstop);
sscanf (*paramlist,”+ VGSstep = %g",&vgsstep);
sscanf (*paramlist,”+ VDSstart = %g”,&vdsstart);
sscanf (*paramlist,”+ VDSstop = %g”,&vdsstop);
sscanf (*paramlist,”+ VDSstep = %g”,&vdsstep);
continue;
}
dut = FindDev (*paramlist);
MoveTo (dut);
DCSturnoff(0);
connect (4,dut->source);
connect (3,dut->bulk);
connect (2,dut->gate);
connect (1,dut->drain);
DCsShold (4,'V',0,.1);
DCShold (3,'V',0,.1);
for (i=vgsstart; i<= vgsstop; i+=vgsstep) {
DCShold (2,'V’,i,.01);
DCSsweep (1,VOLTAGE,LINEAR,vdsstart,vdsstop,vdsstep,.01);



result = DCStrack (“1");

numpoints=DatFormat (&datarray,result,1);

free (result);

for (j=0;j<numpoints;j++) {
fprintf (output,”%s\t%s\t%d\t%d\t”, Pdie(),dut->Name,dut->X,dut->Y);
fprintf (output,”%g\t%g\t”,datarray[j][1]->value,i);
fprintf (output,”%g\n” ,datarray[j][0]->value);

}

}

DCSturnoff (0);
}
PARSEEND;
return NULL;



idvg.h

#define MODULE “IDVGS”
#define FORMAT STDFORM “VGS\tID\tvbs”
#include “modtools.h”

#define VGstart 0
#define VGstop 7
#define VGstep .1
#define VBstart 0
#define VBstep -1
#define VBstop -4
#define VDS 50e-3

module_function IDVG;

idvg.c

#include “idvg.h”

void *ID_VG (char **paramlist, FILE *output) {

}

FetType *dut;
int numpoints;
float i;
int j;
char *result;
DatArrType datarray;
D(printf (“< IDVG\n”);)
PARSEBEGIN;
while (*++paramlist) {
dut = FindDev (*paramlist);
MoveTo (dut);
DCSturnoff(0);
connect (4,dut->source);
connect (3,dut->bulk);
connect (2,dut->gate);
connect (1,dut->drain);
DCShold (1,'V’,VDS,.1);
DCShold (4,'V',0,.1);
for (i=VBstart; i>= VBstop; i+=VBstep) {
DCsShold (3,'V’,i,.01);
DCSsweep (2,VOLTAGE,LINEAR,VGstart,VGstop,VGstep,.01);
result = DCStrack (“1");
numpoints=DatFormat (&datarray,result,1);
free (result);
for (j=0;j<numpoints;j++) {
fprintf (output,”%s\t%s\t%d\t%d\t", Pdie(),dut->Name,dut->X,dut->Y);
fprintf (output,”%g\t",datarray/[j][1]->value);
fprintf (output,”%g\t%g\n” ,datarray[j][0]->value,i);
}
}
DCSturnoff (0);
}
PARSEEND;
return NULL;



FPP.h

#define MODULE “four_point_probe”
#define FORMAT STDFORM *“v3\tvdiffitiout(mA)\tRESISTANCE”

#include “modtools.h”

module_function FPP_meas;
#define RSCURRENT 0.006
#define GVLT O
#define DLAY O

/* CRID'S FUNKY NUMBERS */
/* #define RSCURRENT 0.010 */
/* #define GVLT -1.50 */

/* #define DLAY 200 */

FPP.c

#include “FPP.h”

void *FPP_meas (char **paramlist, FILE *output) {

}

double vdiff,v3,iout;
inti;
static float Resistance;
FPPType *dut;
D(printf (“< FPP\n");)
PARSEBEGIN;
while (*++paramlist) {
dut = FindDev (*paramlist);
MoveTo (dut);

connect (1,dut->GND); [* connect sources 1&2 to */
connect (2,dut->iin); [* the right pads. */

DCShold (1,'V’, GVLT, .05); [* set up a ground */
DCShold (2,'", RSCURRENT ,8); /* source the current */

for (i=0;i<=DLAY;i++)

printf(“delay %d\n”,i);

vdiff = V_diff (dut->v2, dut->v1)->value;

v3 = dmake (DCSMeasure (2,'V’))->value;

iout = -1.0*dmake(DCSMeasure (1,'I'))->value;

Resistance = vdiff/iout;

fprintf (output,”%s\t%s\t%d\t%d\t%g\t%g\t%7.4f\t%g\n", \
Pdie(),dut->Name,dut->X,dut->Y,v3,vdiff,1000.0*iout, Resistance);

DCSturnoff (0); /* Disconnect all the pins, */
/* set all sources to Zero */
/* Output */
}
PARSEEND;

return &Resistance;



vdp.h

#define MODULE “Van Der Paw”
#include “modtools.h”

#define P1 3.14
module_function Van_der_Pauw;
module_function FPP_meas;

vdp.c

#include “vdp.h”

void *Van_der_Pauw (char **paramlist, FILE *output) {
float *R1;
R1 = FPP_meas(paramlist,output);
fprintf (output,”The VdP sheet resistance is %g\n”,*R1*Pl/log(2.0));
return NULL,;

}



scbr.2.h

#define MODULE “SCBR”

/* #define FORMAT STDFORM *“Layer\tRs\tWbDrawn\tDeltaWb\tWsDrawn\tDelWsbot\tdelW-
stop\tS\tP” */

#define FORMAT STDFORM “irs\tibridge\tv1Rs\tv2Rs\tv2Iw\tv3Iw\tv4 Iw\tv5Iw\tv6 w\tv 7Iw”
#include “modtools.h”

#define TestCurrent 0.0005
#define RSCURRENT 0.008
#define P1 3.14159

#define DLAY 800

/* double strtoval(char *spastring); */
double pad_voltage (int source, int pad);
module_function SCBR_meas;

schr.2.c

#include “scbr.2.h”

/* This will need a bit more processing to strip the N (or T,...) and the
comma’s from the string. The HP manual has a section on what the output
looks like. It may be easiest to just use that format. ?? */

double pad_voltage (int source, int pad) {
double result;
connect (source,0); /* Be sure not to short
different pads. */
connect (source,pad);
result = dmake(DCSMeasure (source,’V’))->value; /* get the result */
return (result);

}

void *SCBR_meas (char **paramlist, FILE *output) {
SCBRType *dut;
char *result;
double v1Rs,v2Rs,v2Iw,v3lw,v4lw,v5lw,v6lw,v7Iw,Rs,S;
double Whb,deltaWb,Wstop,deltaWstop,Wsbot,deltaWsbot;
double P, ignd,ignd2;
double WBDRAWN, LStop,LSbot, WSDRAWN,LB;
inti;

D(printf (“< SCBR_meas\n”);)
PARSEBEGIN;
result = (char *) calloc (200, sizeof(char));
while (*++paramlist) {

[* probe first device */

dut = FindDev (*paramlist);

MoveTo (dut);

WBDRAWN= dut->WBDRAWN;
LStop= dut->LStop;

LSbot= dut->LSbot;



WSDRAWN= dut->WSDRAWN;
LB= dut->LB;

/* Measure voltages for Rs calculations */

connect (1,dut->il); /* connect sources 1&2 to */
/* the right pads. */
connect (2,dut->i2);

DCShold (2,'V',0,.1); /* set up a ground */
DCShold (1,'",RSCURRENT,10); /* source the current */

v1Rs = pad_voltage (5,dut->v1); /* Use the routine above to */
[* get the appropriate voltage */
V2Rs = pad_voltage (5,dut->v2);

ignd = -1*dmake(DCSMeasure (2,'I))->value;
/* Measure voltages for linewidth calculations */
DCShold (1, TestCurrent,10);  /* source the current */

connect (2,dut->i3); /* CONNECT GROUND to another */
/* pad of the device */

connect (0,dut->i2); /* DISCONNECT GROUND from the */
[* first pad. */
/*v2lw=dmake(DCSMeasure (5,’V"))->value;*/

v2lw = pad_voltage (5,dut->v2);

v3lw = pad_voltage (5,dut->v3);

v4lw = pad_voltage (5,dut->v4);

v5lw = pad_voltage (5,dut->v5);

v6lw = pad_voltage (5,dut->v6);

v7lw = pad_voltage (5,dut->v7);

ignd2 = -1*dmake(DCSMeasure (2,'I'))->value;

DCSturnoff (0); /* Disconnect all the pins, */
/* set all sources to “Zero */
/* Output” */

/**** Ca|C RS ****/
Rs = (v1Rs-v2Rs)*(Pl/log(2.0))/(ignd);

[** \\idth of Bridge (Whb) ****/
Wb = Rs*LB*ignd2/(v2lw-v3lw);
deltaWwb = WBDRAWN-Whb;

/* Width of bottom split-bridge */
Wsbot = .5*Rs*LSbot*ignd2/(v4lw-v5Iw);
deltaWsbot = WSDRAWN-Wsbot;

/* Width of top split-bridge */
Wstop = .5*Rs*LStop*ignd2/(v6lw-v7Iw);
deltaWstop = WSDRAWN-Wstop;



[**** Line Spacing (S) ****/
S = Wb-WSstop-Wsbot;

[**** Pitch (P) ****/
P = .5*(Wsbot+Wstop) + S;

fprintf (output,”%s\t%s\t%d\t%d\t%s\t”,Pdie(),dut->Name,dut->X, dut->Y,dut->Layer);
[* fprintf (output,”%g\t%g\t%g\t%g\t%g\t%g\t%g\t%g\n”,
Rs,WBDRAWN,deltaWwb,WSDRAWN,deltaWsbot,deltaWstop,S,P); */

I* D(fprintf (output, “i1: %g, i2: %g V1Rs: %g V2Rs: %g v2:%g v3:%g v4:%g v5:%g v6:%g
v7:%g\n”,ignd,
ignd2,v1Rs,v2Rs,v2Iw,v3Iw,v4lw, v5lw, vblw, v7Iw);) */
fprintf (output, “%g\t%g\t%g\t%g\t%g\t%g\t%g\t%g\t%g\t%g\n”,ignd,
ignd2,v1Rs,v2Rs,v2Iw,v3Iw,v4lw, v5lw, vblw, v7Iw);

for (i=0;i<=DLAY;i++)
printf(“delay %d\n”,i);

}
PARSEEND;

return NULL;
}



Fallon.h

#define MODULE “fallon”
#define FORMAT STDFORM
“IwO(d)\tRO\tlw1 (d)tR1\tiw2(d)\tlw2 (m)\tR2\tlw3(d)\tiw3(m)\tR3”

#include “modtools.h”

module_function Fallon_meas;
float FallonR (FILE *output, FallonType *NextDev);

Fallon.c

#include “Fallon.h”

float FallonR (FILE *output, FallonType *NextDev) {
double vdiff, v3, iout;
double NextR;
MoveTo (NextDev);
connect (1,NextDev->GND);
connect (2,NextDev->iin);
DCSshold (1,'V’,0,.05);
DCShold (2,'1",.001,5);
vdiff = V_diff (NextDev->v1,NextDev->v2)->value;
v3 = dmake(DCSMeasure (2,'V"))->value;
iout = -1.0*dmake(DCSMeasure (1,'I))->value;
NextR = vdiff/iout;

[* fprintf (output,”vdiff=%g v3=%g iout=%2g",vdiff, v3,1000*iout); */
DCSturnoff (0);
return NextR;

}

void *Fallon_meas (char **paramlist, FILE *output) {
double R[5];
double Iwdrawn[5];
double lw2,lw3,slope,b;
inti;
FallonType *dut;
D(printf (“< Fallon_meas\n”);)
PARSEBEGIN;
while (*++paramlist) {
for (i=0; i < 4; i++) {
/* PROBE Ith DEVICE */
dut = FindDev (*paramlist++);
R[i]= (double) FallonR (output,dut);
Ilwdrawn[i] = dut->lw;
/¥ fprintf (output,’r%d= %g Iw%d= %g\n”,i, R[i], i,lwdrawn[i]); */
}

/* CALCULATE MIN. LINEWIDTH RESOLVED */

/* Calculate equation for Resistance vs. Linewidth */
slope = (R[1]-R[0])/(Iwdrawn[1]-lwdrawn][0]);

b = R[0] - slope*(lwdrawn[0]);

/* Use line to estimate min. linewidth resolved. */



w2 = (R[2]-b)/slope;
w3 = (R[3]-b)/slope;

fprintf (output,"%s\t%s\t%d\t%d\t”, Pdie(),dut->Name,dut->X, dut->Y);
fprintf (output,”%g\t%g\t%g\t%g\t%g\t%1.4A\t%g\t%g\t%1.4\t%g\n", \
Ilwdrawn[0],R[0],lwdrawn[1],R[1],lwdrawn[2],Iw2,R[2],Iwdrawn[3],Iw3,R[3]);

}
PARSEEND;

return NULL;
}



conr.h

#define MODULE “CONR”
#define FORMAT STDFORM *“v3\tiout(mA)\tRLavg\tRRavg\tRavg”

#include “modtools.h”

module_function Conr_meas;

conr.c

#include “conr.h”

void *Conr_meas (char **paramlist, FILE *output)

{

}

double v3,iout,Rleftl,Rleft2, Rrightl,Rright2;
double RLavg,RRavg,Ravg;

ConrType *dut;

D(printf (“< conr\n™);)

PARSEBEGIN;

while (*++paramlist) {
[* probe first device */
dut = FindDev (*paramlist);
MoveTo (dut);
/* Measure voltages for contact resistance calculations */
connect (1,dut->GND); /* connect sources 1&2 to */
/* the right pads. */
connect (2,dut->iin);
DCShold (1,'V’,0,.05); /* set up a ground */
DCshold (2,'1",.003,8); /* source the current */
v3 = dmake (DCSMeasure (2,'V"))->value;
iout = -1.0*dmake(DCSMeasure (1,'I))->value;
Rleftl = (V_diff (10,2)->value)/iout;
Rrightl = (V_diff (9,3)->value)/iout;
Rleft2 = (V_diff (8,4)->value)/iout;
Rright2 = (V_diff (7,5)->value)/iout;

RLavg = (Rleftl+Rleft2)/2;

RRavg = (Rrightl + Rright2)/2;

Ravg = (RLavg + RRavg)/2;

fprintf (output,”%s\t%s\t%d\t%d\t",Pdie(),dut->Name,dut->X, dut->Y);

fprintf (output,”%3.41\t%3.41\t%g\t%g\t%g\n",v3,1000.*iout, RLavg, RRavg,Ravg);

DCSturnoff (0); /* Disconnect all the pins, */
/* set all sources to Zero */
/* Output */
}
PARSEEND;
return NULL;



comb.h

#define MODULE
#include “instruments.h”
#include “hash.h”

module_function Comb_meas;

comb.c

#include “comb.h”
#define IHOLD .0001

void *Comb_meas (char **paramlist, FILE *output)
{

double vi,iout;

GenericDev *dut;

int x,aligned=1,shrt[6];

D(printf (“< comb\n”);)

while (*++paramlist) {
[* probe first device */
dut = FindDev (*paramlist);
MoveTo (dut);

/* check for proper alignment using pads 1 & 5 */
connect (1,5);

connect (2,1);

DCShold (1,'V',0,.05);

DCShold (2,'I’,IHOLD,8);

iout = dmake(DCSMeasure (1,'1'))->value;
connect (2,0);

connect (1,0);

/* IF NOT aligned properly then skip measurements */

if ( -1*(iout) < (.2*IHOLD)) {
shrt[0]=shrt[1]=shrt[2]=shrt[3]=shrt[4]=shrt[5]=-10;
aligned=0;
}
else {
aligned =1;
for (x=1;x<6; x++) {
/* Measure voltages for contact resistance calculations */
connect (1,x);
connect (2,10-x+1);
DCShold (1,'V’,0,.05); [* set up a ground */
DCShold (2,'T,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,'V’))->value;
iout = dmake(DCSMeasure (1,'1))->value;
if ( (-1.0*iout) < (.1*IHOLD))
shrt[x]=0;
else
shrt[x] = 1;
DCSturnoff fprintf (output,”%s (ALIGNED=%d):DEFECT[1..5]= “,dut->Name,aligned);
for (X=1;x<6;x++)
fprintf (output,”%d”,shrt[x]);



fprintf (output,”\n");

return NULL,;
}
0); /* Disconnect all the pins, */
}
}



serp.h

#define MODULE “Serp”
#define FORMAT STDFORM “iout(mA)\talign.\tX\tR1\tR2\tR3\tR4\tR5”
#include “modtools.h”

module_function Serp_meas;

serp.c

#include “serp.h”
#define IHOLD .0001

void *Serp_meas (char **paramlist, FILE *output)
{

double v1,iout,R[6];

GenericDev *dut;

int x,aligned=1;

FILE *Soutput;

Soutput=fopen(“Soutput.text”,"a”);
D(printf (“< serp\n”);)
PARSEBEGIN;
while (*++paramlist) {
[* probe first device */
dut = FindDev (*paramlist);
MoveTo (dut);
[* check for proper alignment */
connect (1,6);
connect (2,10);
DCShold (1,'V',0,.05);
DCShold (2,'I’,IHOLD,8);
iout = dmake(DCSMeasure (1,'1))->value;
connect (2,0);
connect (1,0);
/¥ D(fprintf (output,”-1*iout = %g\n”,-1.0%iout);) */
if ( -1*(iout) < (.8*IHOLD)) {
R[0]=R[1]=R[2]=R[3]=R[4]=R[5]=9€10;
aligned=0;
}
else {
for (x=1;x<6; x++) {
aligned=1;
/* Measure voltages for contact resistance calculations */
connect (1,9);
connect (2,x);
DCShold (1,'V’,0,.05); [* set up a ground */
DCShold (2,'T,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,'V’))->value;
iout = dmake(DCSMeasure (1,'1))->value;
if ( (-1.0*iout) < (.8*IHOLD))
R[x]=1e30;
else
R[x] = (-1*v1)/iout;
DCSturnoff (0); [* Disconnect all the pins, */

/¥ D(fprintf (output,”%s: v1 %g iout %2g R[%d]= %g\n”, \



dut->Name,v1,1000%*out,x, R[X]);) */
}

}
fprintf (output,"%s\t%s\t%d\t%d\t”,Pdie(),dut->Name,dut->X, dut->Y);

fprintf (output,”%1.3A\t%d\t%d\t%g\t%g\t%g\t%g\t%g\n”, \
1000.0%*iout,aligned,x,R[1],R[2],R[3],R[4],R[5]);

/* OUTPUT Human-readable FILE output.text */
/¥ for (x=1; X < 6; X++)
fprintf (output,”%2g\t%d\t%d\t%g\n”,1000.0%*out,aligned,x, R[x]);
fprintf (output,™\n”); */

[* OUTPUT S-readable FILE Soutput.text */
/* if (aligned) { */
/* OUTPUT Values for Splus */
I* fprintf (Soutput,”’Resistance.%s = ¢(%g”,dut->Name,R[1]);
for (x=2; x < 6; x++)
fprintf (Soutput,”,%g”, R[X]);
fprintf (Soutput,”)\n");
I
}
fclose(Soutput);
PARSEEND;
return NULL;

}



serpcomb.h

#define MODULE
#include “instruments.h”
#include “hash.h”

module_function Serpcomb_meas;

serpcomb.c

#include “serpcomb.h”
#define IHOLD .00005

void *Serpcomb_meas (char **paramlist, FILE *output)
{

double v1, iout,ioutl,iout2;

GenericDev *dut;

int x,aligned=1,open[3],shrt[3];

FILE *Soutput;

Soutput=fopen(“Soutput.text”,"a”);
D(printf (“< serpcomb\n”);)
while (*++paramlist) {
[* probe first device */
dut = FindDev (*paramlist);
MoveTo (dut);
/* check for proper alignment using pads 10 & 9 */
connect (1,9);
connect (2,10);
DCShold (1,'V',0,.05);
DCShold (2,'I’,IHOLD,8);
ioutl = dmake(DCSMeasure (1,'I))->value;
connect (2,0);
connect (1,0);
[* check for proper alignment using pads 4 & 5 */
connect (1,5);
connect (2,4);
DCsShold (1,'V’,0,.05);
DCShold (2,'I',IHOLD,8);
iout2 = dmake(DCSMeasure (1,'I'))->value;
connect (2,0);
connect (1,0);
D(fprintf (output,”-1*ioutl = %g\n”,-1.0*iout1*1000);)
D(fprintf (output,”-1*iout2 = %g\n”,-1.0*iout2*1000);)
[* IF NOT aligned properly then skip measurements */
if (( -1*(ioutl) < (.2*IHOLD)) || ( -1*(iout2) < (.2*IHOLD))) {
open[1]=open[2]=shrt[1]=shrt[2]=-10;
aligned=0;
}
else {
for (x=1;x<3; x++) {
/* CONTINUITY CHECK FOR SERPENTINE ONLY */

connect (2,2*x-1);



connect (1,10-2*x);
DCShold (1,'V’,0,.05); [* set up a ground */
DCShold (2,'T',IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,'V’))->value;
iout = dmake(DCSMeasure (1,'l"))->value;
if ( (-1.0*iout) < (.2*IHOLD))
open[x] = 1;
else
open[x] = 0;
DCSturnoff (0); [* Disconnect all the pins, */
D(fprintf (output,”%s: v1 %g iout %2g open[%d]= %d\n”, \
dut->Name,v1,1000%*out,x, open[x]);)
}

/* CONTINUITY CHECK BETWEEN SERPENTINE AND COMBS */
for (x=1;x<3; x++) {
/* CONTINUITY CHECK BETWEEN BOTTOM COMB AND SERPENTINE */
connect (2,2*x-1);
connect (1,10-2*x);
DCShold (1,'V’,0,.05); [* set 1st ground  */
DCShold (2,'V’,0,.05); /* set 2nd ground ¥/
/* (2 gnds necessary */
/* in case serp open) */
connect (3,10-2*x+1);
DCShold (3,'I',IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (3,'V’))->value;
ioutl = dmake(DCSMeasure (1,'))->value;
iout2 = dmake(DCSMeasure (2,''))->value;
if (( -1*(ioutl) > (.2*IHOLD)) || ( -1*(iout2) > (.2*IHOLD)))
shrt[x] = 1;
else
shrt[x] = 0;
D(fprintf (output,”BOT:\n%s: v1 %g ioutl %2g iout2 %2g short[%d]= %d\n”, \
dut->Name,v1,1000.0*iout1,1000.0%iout2,x, shrt[x]);)
connect(3,0); [* Disconnect current source */
[* CONTINUITY CHECK BETWEEN TOP COMB AND SERPENTINE */
connect (3,2*x);
DCShold (3,I,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (3,'V’))->value;
ioutl = dmake(DCSMeasure (1,''))->value;
iout2 = dmake(DCSMeasure (2,''))->value;
if (( -1*(ioutl) > (.2*IHOLD)) || ( -1*(iout2) > (.2*IHOLD)))
shrt[x] += 1;
D(fprintf (output,”TOP:\n%s: v1 %g ioutl %2g iout2 %2g short[%d]= %d\n”, \
dut->Name,v1,1000.0%*iout1,1000.0%iout2,x, shrt[x]);)
DCSturnoff (0); /* Disconnect all the pins, */
}

}
/* OUTPUT Human-readable FILE output.text */

for (x=1; x < 3; x++)
fprintf (output,”%s (aligned=%d): open[%d]=%d short[%d]=%d\n", \
dut->Name,aligned,x,open[x],x,shrt[x]);
fprintf (output,”\n");
/* OUTPUT S-readable FILE Soutput.text */
if (aligned) {
/* OUTPUT Values for Splus */
fprintf (Soutput,”open.%s = ¢(%d,%d)\n",dut->Name,open[1],open[2]);
}
if (aligned) {



/* OUTPUT Values for Splus */
fprintf (Soutput,”short.%s = c(%d,%d)\n",dut->Name,shrt[1],shrt[2]);
}

}
fclose(Soutput);
return NULL;
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