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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 information regarding either the product circuit or the fab-
rication 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 pro-
cess 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 separate 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
Manufacturing (BCAM) group. In particular, an effort is underway to maintain a baseline
process in the Berkeley Microfabrication Laboratory. This facility services research cus-
tomers 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 base-
line 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
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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 moni-
toring the bascline 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 struc-
tures in both production and in research and development environments [4]-[15]. This pro-
vided an understanding 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 determined with regard to the particular characterization
required, along with adherence to certain standards defined for ease of probing. Further-
more, particular attention was paid to the organization of the test chip as a whole, espe-
cially with regard to the scribe lane. Software routines were written and organized within
an automated probing system to further ease data gathering. The system was used to col-
lect the chmc@&aﬁon data, and the data was in turn verified against expected test struc-

ture 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 applica-

tions. Details of the structure designs chosen, including motivation for the structure’s use
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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 sys-
tem and accompanying software is described in Chapter 5, with a sample results and anal-

yses following in Chapter 6. Finally, a conclusion is included in Chapter 7.
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Chapter 2

Types of Electrical Test
Structures

Test structures are used for a variety of purposes in the fabrication of integrated cir-
cuits. 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 operation. One of two approaches may be taken when extracting device parame-
ters. The first approach, direct parameter extraction, concentrates on designing test struc-
tures and parameter extraction routines such that a parameter can be extracted
independently from the influence of other parameters. Contrary to extracting device
parameters individually, the optimization method of parameter extraction involves collect-
ing a general set of data representing all parameters. The device model’s various parame-
ters 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 num-
ber of trade-offs, and considerable time should be spent in studying this issue. For this rea-

son, test structures for device parameter extraction, namely MOSFETs and capacitors,
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where designed such that either method could be used. The method of parameter extrac-

tion is then left to the user.

2.2 Test Structures for Process Characterization

In semiconductor fabrication considerable emphasis is placed on the spatial unifor-
mity, adherence 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 pro-

cess under control.

Measurements can be performed either dptically 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 translated 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 previ-
ously, one of the primary uses for these test structures will be to collect statistical informa-
tion 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.
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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 sig-
nificant 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 pho-
toresist, shorts in metal lines caused by solid particles deposiu.’:d 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 overvolt-
age, 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 reli- '
ability failure, 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 carrier§ [2]. The greatest concern of electromigration is that over time sections of
metal wire carrying a high current density become thinner, and eventually disconnect. A
simple reliability test would then consist 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

breakdown, charge injection, and corrosion [1]. In most cases, these failures can be moni-
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tored by stressing structures used for device and process parameter extraction and reliabil-
ity 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 inte-
grated circuit (IC). A subset of such parameters are maximum operating frequency, aver-
age power dissipation, 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 pro-

vide a reasonable estimate of the expected performance of the product circuit.

A common example of the type of test structure used to characterize an integrated cir-
cuit is the ring oscillator. Measuring the oscillation frequency of ring oscillators can pro-
vide a reasonable frequency range within which the process can be expected to provide

functional product circuits.

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.
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Chapter 3

Test Structure Design

This chapter provides the details concerning individual test structure design. In partic-
ular, 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 structures defined in Chapter 2. Note, however, that as mentioned in the pre-
vious 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 mea-

surement technique.

Of particular interest to the BCAM group is characterizing a 2um CMOS n-well pro-
cess, this being the minimum size reliable device that can be produced by the CMOS base-
line. Furthermore the process provides two metal layers, metal 1 and metal 2, with design
rule metal linewidth and pitch of 3um and 6um, respectively, on each layer. Design rules
for contacts require 3um x 3um contact cuts. All test structures described here can be eas-

ily 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 100pmx100um square of metal 2 over metal 1, with the
appropriate vias. Ten pads are placed in a 2x5 array, with all pad spacings set to 100pm, in
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 discussed further in Chapter 5. All test structures were

labelled in polysilicon, metal 1 and metal 2, to aid in locating structures when using a
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Figure 1 Configuration of standard pad set used for all electrical, DC measurements.

microscope. Labels were made as large as possible within the 100pm spacing between
pads, given approximately 20um spacing between the labels and the 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 dis-

cussed in detail in Chapter 4, but can be previewed by studying Figure 21.

Table 1 : Labels Used For Test Structure Layers

_ polysilicon NwW
N+ n+ diffusion M1 metal 1
P+ p+ diffusion M2 metal 2

3.1 Test Structures for Device Characterization
3.1.1 Individual MOSFETs

The primary objective of device characterization is to extract enough physical infor-
mation for modeling the electrical behavior of a transistor. Therefore, the prominent test
structure in this category is the basic transistor. As mentioned previously, decisions con-

cerning the specifics of device parameter extraction have been left for the potential users
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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 2um CMOS process, and on device requirements for existing methods of
direct parameter extraction and parameter optimization, a number of transistors were
included. The transistor set consists of devices with drawn gate lengths of 1, 1.3, 1.5, 2, 3,
5, 10 and 25 pm. For each leng;h listed, both an NMOS and 2 PMOS device of drawn
width of 5, 10 and 50 pm were 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 MOSFETS is shown in Figure 2.

3.1.2 4 x 4 MOSFET Arrays

Integrated circuit designers, particularly in the analog domain, often require electri-

cally matched device parameters in a very localized area. In order to measure electrical

Figure 2 One subset of individually probed MOSFETSs.
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device mismatch, tightly coupled arrays of transistors were designed and fabricated. Both

PMOS and NMOS transistors arrays have been included.

Figure 3 shows the MOSFET array in detail. Each transistor has a gate length of 2um
and a width of 10um, with Sum horizontal spacing and 15um 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 dra'ins. Transistor drains are
connected vertically via metal 2 connections, and share a common leads labelled DI, D2,
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, labelled S1, S2,
~ 83 and 54, where the numbers 1 through 4 represent the array row number from top to bot-

tom.

Probing a single transistor within the array is accomplished by contacting and apply-
ing inputs to the appropriate source and drain leads, while leaving the other leads floating.
As a simple example, consider collecting data for an I~V ;¢ curve on the transistor in the
lower right corner of the array, at Vg set to SV. The first step would be to apply a ground
to lead 4, and a voltage of 5V onto lead D4. The gate lead is appropriately swept in volt-

age while current readings are taken between D4 and S4. All of the transistors in the array

Gate = D1

oo

= D2

ool (oY) [

1 S2
1 D3

=1 S3
] -1 D4

1 S4

S1

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

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 “I:IA”‘ indicates that the device is an NMOS array, while label “20/2”
indicates that the transistors have gate lengths of 20ium and widths of 2um.

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

CPISUP CPIW
6030l ¢03nD

"r‘_‘_‘,

i
H

Figure 5 300pm x 300um oxide capacitors between substrate and well.
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in characterizing gate oxide. Two 300pm x 300um capacitors have been included to per-
form this characterization. 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 techniques fall outside the realm of the DC measure-
ment techniques emphasized in this thesis, and as such will not be discussed here. Note
that this structure has pads of 100pm x 100um, which are spaced 100um 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 resis-
tance has a relatively large percentage variation [4]. This variation is not of great concern
assuming that contact 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 con-

tact resistance approaches that of a transistor’s “on” resistance.

The basic structures used in the evaluation of contacts are contact chains and 4 termi-
nal 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, however, are used to measure the interfacial resistance, or the
resistance between the layers being contacted, 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 granularity of results.

For a better understanding of this trade off, consider the true, interfacial resistance, R;,

with respect to measured resistance, Ry, and a factor called flange resistance, Rz [5]. Note
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in the four terminal contact resistor in Figure 6 that the voltage and current taps of the con-
tact resistor are wider than the contact. This is necessary in order to account for misalign-
ment 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 resis-

tance. The following equations describe this relationship:
Rg=(V;-Vy)1, (1)

and
Rx=R;+Rp. )
The problem of extracting R; and Rz 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 pro-
cedures for estimating the actual misalignment in both horizontal, x, and vertical, y, direc-
tions. According to the study, four terminal contacts provide for the extraction of the
average of two contacts’ interfacial resistance, and can also calculate the sum of the x and
y misalignment components. Six terminal contacts isolate the x and y misalignment com-

ponents and provide a single interfacial resistance. Finally, Lieneweg and Sayah state that

Figure 6 Four terminal contact resistor.
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Figure 7 Cross contact resistor chain.

R can be treated as constant across a wafer, and Ry, the average of a “right” and “left”
contact, then reflects the variation of R;. “Left” and “right” contacts 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 volt-
age tap extending upward, where n+ diffusion is illustrated by a darker line, and the right
contact has its n+ diffusion voltage tap extending downward. Therefore, any vertical mis-
alignment would draw the contact closer to one of the n+ diffusion voltage taps, but fur-
ther 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 con-
trol, the ability to accurately monitor contact resistance variation with four terminal con-
tacts 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 contacts are between metal 1 and n-diffu-

sion, and are 2um on each side of the contact cut. The contact chains designed include
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both 2ium and 3um contacts between metal 1 and metal 2, n-diffusion, p-diffusion and pol-
ysilicon. 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 contacts are
placed in a pad set. This smaller contact set contains 1.5um contacts between metal 1 and
n-diffusion, p-diffusion and poly, and 2.5 pm 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,
and is 1.5um on each side. Similarly, the contact on the right is between metal 1 and metal

2 and is 2.5um on 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 pad I;, through 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 volt-
age and current measurement units used during probing. Error is introduced to the contact
resistance by both a voltage measurement resolution limit, AV, and a current measurement
resolution limit, Al 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 measure-

ments was found to be a significant contributor to resistance measurements, and was

Figure 8 Unchained contact resistors used for small contact sizes.
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found to be 0.1mV. The following analysis calculates the measurement error for contact

resistance measurements. Using equation (1) as a basis, then:

_ AVJoR
and
AV
ARy = &Y. )

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
magnitude, then AV = (0.01%)*1V = 0.1mV. The expected resolution of contact resistance
measurements is:

0.1mV

ARy = 3mA

= 0.033Q . 5)

Table 2 lists sample data from six die. The columns “Rp,,,” and “Rpgy,” 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 “Rayg” is the average of

‘lng” and “RRavg’,.

Table 2 : Sample Measurement Data from Metal 1 to N-Diffusion, 3um x 3um Cross-

Contact Chains.
die X dieY Riavg () RRavg () Ry (Q)
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
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3.2.2 Split Cross Bridge Resistors

Monitoring sheet resistance and linewidth variation are of great concern in semicon-
ductor manufacturing. Sheet resistance is a direct reflection of the resistivity of intercon-
nect, 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 resis-
tance to threshold voltage. Linewidth variation has perhaps an even greater influence on
circuit performance because it defines channel length, and therefore current drive capabil-
ity of CMOS devices. Furthermore, the minimum allowable pitch of interconnect influ-
ences the overall size of a fabricated circuit, since it often dictates 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 measurement, Ry, using the very well

established van der Pauw relation [7]:

V.-V
S I
Rs = mz( I J ©

Bridge (W, - Sp

Figure 9 Split-Cross-Bridge Resistor in polysilicon with 2um line width and spacing.
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where I is the current flowing from pad I; through pad I,. The middle part of the struc-
ture, the bridge resistor, is used to measure linewidth variation. Given the measured value

of sheet resistance, the linewidth of the bridge, W, is calculated from the relationship:

b = ES\I,‘T"I" : Q)
where L is the length between voltage pad V; and pad V; of the bridge resistor, I, is the
current flowing from pad I, through pad I3, and V), is the voltage (V3-V,). Note that the
line length will also vary from its designed value, but the variation is negligible as com-

pared to the considerably long drawn length. Finally, the width of the thinner, split-bridge

elements are measured in a similar manner;

_ RgLg (top) I,

wS (top) — 2vs (top) ’ (8)

and R.I
w = .LEM& ()]
S (bot) 2VS (bot) ’

where W05 Lisi1op) and Wgpy), Lg(poy) are the widths of the split-bridges and lengths
between voltage taps, of the top and bottom split-bridges, respectively. Similarly, Vs(iop)
and Vg, are the voltages (V,4-Vs) and (V4V5), 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 mea-

sured data:

S = wb-wS(top)_wS(bot) , 10)

and
w +W
P=S+ s“°P’2 S(boy (11)
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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 diffu-
sion, 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

Wy

Ly

W sttop.bot)

I-'S(top)

Lsbor)

S

(um) (um) (1m) (m) (1m) (1m)
Polysilicon 6 219 2 204.5 247 2
2

Metal 1 6 218 2 206 247

Metal 2 9 218 3 205 247 3
n+ diffusion 45 647.5 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 layér, split-bridge drawn
width in microns, and split-bridge drawn spacing in microns. The drawn bridge width is

simply:
wb(drawn) = 2*WS(drawn) + S(drawn) ’ (12)

where Wg(gr4yy) is the drawn width of both the top and bottom split bridges.

Figure 10 Cross-bridge resistor used for n+ diff. layer. P+ diff. cross-bridge is similar.
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For example, the structure shown in Figure 9 is a polysilicon split-cross-bridge resistor
with Wg(irayn) = 2m, S(grawn)= 21um, and W44y = 61m. 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 of 4.5um.

The electrical measurement technique for the cross-bridge and split-cross-bridge resis-
tors follows the analysis described previously. First, the values ;wcessary to calculate Rg
are measured by passing a current from pad I; to pad I, while the voltages at pads V; and
V are measured. For line width calculations, the current is directed from pad I, to pad I;,
and voltages at pads V, through V; are measured for the split-cross-bridge pictured in Fig-
ure 9, or voltages at pads V, and V3 are measured for the cross-bridge pictured in Figure

10.

Measurement error is introduced by both a voltage measurement resolution limit,
AV, and a current measurement resolution limit, AI. Of these two resolution limits, only
the voltage measurement was considered to be a significant contributor to resistance mea-
surements. The following analysis calculates the measurement error for the various
extracted parameters for the split-cross-bridge resistor. First, consider the sheet resistance

measurement, Rg. Starting with the sheet resistance, equation (6), the error is calculated as

follows:
AR = AY|Rg (13)
IR aV1
and
AV
ARg = TR-(%) (14)
For the W;, measurement:

W,

. (15)

AW, = AVI% +ARg
v

and
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AW, Loyl Rs SAV + AR¢ 16
= V9, (16)
Similarly, for the W) and W g,,) measurements:

L I R
AW — _S(top, bot) "S(top, bot)( S __AV+AR J a7
S (top, bot) 2VS (top, bot) vs (top, bot) s

The form of this equation differs from that of AW, 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):

AS = AWbIa_S +AWg,, ,Ii_ +AWg 0 I S (18)
oW, o dWg (top) ° awS(bot)
and
AS = AW, +AWS(‘OP) +AWg oy = AW, + ZAWS(top. bot) * (19)
Finally, for the pitch measurement, P, of equation (11): .
AP = Asla_l’l +AWg o | P Jeawg, | 9P (20)
(top) S(bot)
S ® aws (top) ° aws (bot)
and 1 1

Table 4 lists sample data collected from polysilicon, split-cross-bridge resistors, iden-
tical in drawn dimensions to the structure in Figure 9. The data was collected from six sep-

arate die, all on the same wafer.
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Table 4 : Sample Measured Data from Polysilicon, Split-Cross-Bridge Resistor

Wp Wb Wi Wibor wstop
die | die Rg drawn | meas. | drawn | meas. | meas. S P
X|Y | oD | (um (um) (um) (m) (um) (m) (1m)
1 5 19.1 6.0 5.88 2.0 1.87 1.88 2.13 401
4 7 18.0 6.0 5.79 20 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 2.06 391
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. Walton [11] recently proposed an electrical test structure to deter-
mine the minimum resolvable line width that can be resolved by a process, given a rela-
tively small die area. The design of this structure, 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 0.1um 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 making all rails the same length and width. Resistance measure-
ments are taken on the ladders by passing a current from pad I through pad GND, and
measuring the voltage difference between pads V; and V,. The premise of using this lad-

der structure is that each rung of the ladder, if resolved, will decrease the total resistance
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Figure 11 Fallon Ladders, used for determining minimum resolvable line width.

by some incremental amount. A linear function then exists between measured resistance

and minimum resolved line width.

The bottom two ladders of Figure 11 are used to calibrate this function. The left and
right ladders are drawn with minimum rung widths of 3.3um and 3.7um, respectively.
Assuming that the process can reliably resolve at least a 3.3m metal line, resistance mea-
surements 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 lad-
ders have minimum rung widths of 1.4um, although the process is only expected to reli-
ably resolve 3um lines. 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 lad-

der can now be determined.

This technique was verified on the 2um 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 of
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2.7um, each ladder had an additional rung which was 0.1um narrower than the minimum
rung width of the previous ladder. The ladder with the most rungs had a minimum rung
width of 0.4um. A plot of resistance measurements 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, namely 0.4pum and 0.5um, the resistance no
longer drops as with the ladders with larger sized minimum rungs. This shows that 0.6um

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,

Iw = slope xR +b , (22)

meas meas

is calibrated with the following equations:

1 R~ R 23)
slope = ,
lWldrawn - lwodrawn
, [
./.
S o7
- P
S .
/'
~~ L *
7
Sg | e
s
R lines smaller than 0.eum  ,-°
@ were not resolved o’
[~ § B 7
[ ]
.- ./
/.’
,.
®
8
wn : - 7 i 1 [ | 1 1 [l [ 1 1 1 1 [] ] 1 [] 1 [} 1 1 1 i

04 06 08 10 12 14 16 18 20 22 24 26
drawn line width of smallest ladder rung

Figure 12 Results from Fallon Ladder experiment showing linear relationship.
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and

b = R, -slope x w0, (24)

rawn °*

where R; and R are resistances measured from the calibration ladders, with minimum
drawn rung widths of 1w1,,,,, and Iw0,,4,,.,. respectively. Now, the ladder complete with
all rung widths is measured, yielding the value R,,,,, which can be used in conjunction

with equations (22)-(24) to find the minimum linewidth resolved, 1Woeas.

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

sidering the following resistance equation, based on two voltage measurements:
M

= L2 '
R I (25)
where
vl'z = VI-VZ . (26)
Therefore,
I'lov,,
and AV AV
AR =251 =47 (28)

Now, considering equations (22)-(24), the error in linewidth measurement, Alw,,,,., can

be calculated as follows:
Aslope = AR|9slope] | (29)
aR,, 0
where
Rj0=R;-Ry. (30)
and : |
Aslope = ARI : 31)
lw ldtawn - lWodrawnl
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substituting (28) into (31) and simplifying:

AV

Aslope = . (32)
I(lw ldrawn - lwodtawn)
A similar analysis yields the expected error for b:
Ab = AR,[3b| + Astope| 90|, (33)
0 dslope
and
Ab = ARy +1w0,, .. (Aslope) . (34)

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

from (22) as follows:

alwm'as

al wmeasl .
35
| (35)

dlw
Alw = Aslope|___meas
meas P dslope

+Ab|

meas

meas
and
Alw = R_.. Aslope + slopeAR + Ab. 36)

meas meas meas

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, occu-
pying 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, right-
most pads of the set. This line has the width of the most narrow calibration rung. A conti-
nuity 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 3.3um and maximum rung width of 4.0pm. Table 5 lists the
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results of resolution measurements taken on polysilicon Fallon ladders. The data was col-

lected from six separate die, all on a single wafer.

—

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

(um) Q) (um) Q) (um) ((0)} (1m) (9}
4|1 5] 23 | 18419 2.7 22314 0.8 42546 | 0.8 | 394.86
1 5 2.3 | 1865.2 2.7 2248.2 0.7 36846 | 0.7 | 417.96
4 7 2.3 | 1782.8 2.7 21519 0.7 338.47 0.7 335.67
3|2 23 | 1924.2 2.7 2329.8 0.7 361.56 | 0.7 | 367.26
6| 4 23 | 1817.0 2.7 2205.8 0.8 363.36 | 0.8 | 358.56
3 4 23 | 19149 2.7 229014 0.7 44905 | 0.7 438.26

3.2.4 Self-aligned n+ Bridges

Another limiting factor in the shrinking of fébrication 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 feed-
back 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 assess-

ment 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 transigtors. with a short polysilicon gate perfectly centered over each active area
region, as illustrated in Figure 13. The gate is left unconnected, and serves to create two
long, thin resistors per transistor. Depending on the amount and direction of misalignment

duri.ng fabrication, the resistors will vary in width, and thus in resistance.
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\/]
Figure 14 Model of self-aligned n+ bridge.

Four such resisto!rs are connected as a Wheatstone bridge, illustrated in Figure 14, to
determine the difference between the two values of resistance. Note that the labels in Fig-
ure 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
resistance labels in Figure 13. Due to the symmetry of the two devices, and the same
degree and direction of polysilicon misalignment, resistors R, and 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 misalignment:

| _pl > 37
and (V,-V,)
1 2
Rz‘Rs = 2._1_ . (38)
We also know that L
L
_ 2 3, (39)

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

R,-R, = Rs(v'slr;'w'l_3)' (40)

Rearranging (40) yields:

_ (Ry=Ry) _ (W,-W))

= = 41
k== W, W, @)

We now define W2 =W +mX, and W3 =W —mX, where mX is the mis-

drawn drawn

alignment in the upward direction as we look at the structure as shown in Figure 14. Sub-

stituting these equation into (41) results in:

=2AX
-mX) (W

k = 42)

(W +mX)’

drawn drawn

Solving (42) for mX yields:

1
k kz drawn °’ (43)

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

2(V,-V,)

- IR sL “4)

Equations (43) and (44) can now be used to electrically measure misalignment. Note that
(44) is dependent on the value of Rg, which 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 measure-
ment. As before, the error due to the current measurement’s resolution limit is considered
negligible. The expected error for misalignment measurements, AmX, is first calculated by

recalling from equation (28) the expected error in resistance measurements:
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AR = % : 45)
Recalling from equation (41) that:
R
k=222 | (46)
L
where .
R, ;=R,-R, 47)
Then,
Ak = AR|_%k |4 AR |3k 48)
SIsn—
23 R
and R
Ak = AR 4 AR, (49)
RsL LR

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

AmX = Akla_'ﬂl (50)
ok
and
1
1,17 2vy1 2 2
AmX = Ak-—:t-(-—)(—+W ) ‘ . (51)
kz 2 kg kz drawn

Simplifying (51) results in the following equation for AmX:

AmX = akl- L+ 1 . (52)

kklwzk

drawn
k

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 for Rg were extracted from
cross-bridge resistors, while remaining measurements were taken on the self-aligned n+
bridges. The drawn values of L and W are 128.5um and 9um, respectively. Table 6 lists

the results of the extraction process from six die on a single wafer.
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Table 6 : Sample Extracted Results of Polysilicon-to-N+ Misalignment.

dieX | dieY | V-V, | iy ma) Rg mX @m) | mY @m)
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 1.00 555 | . 0310 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 4 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 func-
tionality. Mitchell, Huang, and Forner [12] state four primary ways in which the electrical
continuity of contacts can be interrupted: 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. Contact discontinuity can occur due to a reliabil-
ity failure during the operation of a circuit. The first, that of improper layout, is not a pro-
cessing 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 fabrication 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

alternating layers of interconnect. Figure 15 shows five such contact chains within a single



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

pad set. Each of the chains consists of 104, 3um x 3um contacts between metal 1 and n+
diffusion. 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 incor-

rectly reporting defects when probes are misaligned on the pad set. -

Examination of this structure reveals why it is unsuitable for measuring contact resis-
tance 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 resis-
tance of diffusion and poly links can be rather high, making small changes in éontact vari-
ation resistance undetectable. Finally, even if the resistance of the links was not
substantially high, their variation could not be distinguished from contact resistance varia-
tion. For these reasons, contact resistors are dedicated to measuring interfacial contact

resistance, while contact chains are valuable tools in monitoring contact defects.
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Contact chains were designed for both 2um x 2pum and 3um x 3pm contacts between
metal 1 aﬁd 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 excep-
tion 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 containing contact chains of 3um 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
introduction 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 elec-
trically monitor the density of spot defects which cause intralayer shorts in metal and pol-

ysilicon 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 signifies 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 per-
formed 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, temper-
ature 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 both 3um. The spacing and width for poly-
silicon resistor combs are both 2um. 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 fabricated 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 serpentine’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 combi-
nation of a serpentine resistor and a comb resistor, which can be used to assess both opens

and shorts in various layers.
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Figure 17 illustrates the layout of a serpentine/comb structure. Defects which create
broken lines are monitored by attaching a current source to pad S;, and measuring the
resistance between pads S; 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 S, unconnected, and grounding pads C;
and C3. Measuring any appreciable current in C; or C; signifies a short circuit, and there-
fore the presence of a spot defect. Note that polysilicon lines-connect pads C, and C;
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 dedicated 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 combination, 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

Figure 17 Serpentine/Comb structure for defect monitoring.
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included in the BCAM design. If future studies determine that defect density and cluster-
ing 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.

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 both 3um. The
spacing and width for polysilicon resistor combs is 2jum. 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, Fig-
ure 17 is labeled wi;h “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 topol-
ogy. However, oxide grown over a series of polysilicon lines will develop uneven steps as
the oxide conforms to the polysilicon lines which rise above the substrate. Metal lines
deposited on such a surface may be considerably reduced in width, or in some cases may
not be completely resolved, again creating a problem with circuit fuﬁctionality. 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 struc-
tures. First, simple resistance measurements are taken on each of the serpentines shown in

Figure 18, establishing an expected average resistance for metal lines resolved over a flat
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Figure 18 Metal 1 serpentine with no topography, used for metal step coverage analysis

topology. This resistance is evaluated against the same measurements taken on metal ser-
pentines laid over a topology of many polysilicon lines, such as those shown in Figure 19.
The serpentine structure is the same as that shown in Figure 18, with horizontal polysili-

con lines creating the topology.

Polysilicon lines were deleted for clarity in Figure 19. The actual layout contains 23
polysilicon lines placed 2um apart, each with a width of 2um. 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.

Figure 19 Metal 1 serpentine over topography.
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Finally, Table 7 lists data measured from both serpentines and serpentines over topog-
raphy, from six die on a single wafer. In each die, the resistance of the metal serpentine
nearly doubled, 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(®otopogmaphy) | Rpyg (with topography)

o) o)

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 alhminum
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 evaluation method of plasma damage [15). This method
involves the use of MOSFETs with long, aluminum serpentines attached to their gate, cou-
pled with chaige-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 of 20um, and a gate length of 2pum.
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Source

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

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.

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 eval-
uation 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.
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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 addi-
tional, 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 struc-
tures manufactured alc.:mgside product circuits, will be measured and the resulting data will
be statistically analyzed. Analysis results will be used to determine whether or not the pro-

cess 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.
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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 structures prior to die separation, without a loss of area for the prod-

uct circuit in the drop-in area.

Figure 22 shows how the scribe lane is created with respect to the stepper field, includ-
ing 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.

die X
—_—
0 1 2 3 4 5 6 7 8§
dieY| O A3 I
1 =
A

00 N N L bW N

Figure 21 Die configuration and labelling of a 4 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.
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Figure 23 Arrangement of test structures within the scribe lane.
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The configuration of structures in the scribe lane is shown in Figure 23. Two types of
structures exist on the scribe lane. The first set of structures includes those which are nec-
essary 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, verni-
ers 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 character-
ization 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 individually probed MOSFETs 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 25 um. For each length listed, both
an NMOS and a PMOS device of width 5, 10 and 50 um 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 MOSFETs were placed in the lower left hand area
of the scribe lane. The 300um x 300um capacitors mentioned in section 3.1.3 were
included for characterization of thin oxide, and were placed in the upper right-hand sec-
tion of the scribe lane. Finally, toward the center of the top section 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 individu-
ally probed MOSFETs on the vertical part of the scribe. Just above those resistors are con-
tact resistors, used to monitor contact resistance variation. These cross-contact chains
have 3um x 3um contacts between metal 1 and polysilicon, p+ and n+ diffusion, and

metal 2. The final test structure used for process characterization is the self-aligned n+
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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 anal-
ysis 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 contact chains contain 3pum x 3pum 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 polysilicon and metal 1.

4.2 Drop-In Die

The entire BCAM test chip includes both the scribe lane and a drop-in die, which pro-
vides for a more comprehensive study of the stepper field. The drop-in die includes repli-
cations 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 coresponds 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 corresponds 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 mon-
itors 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, positioned as shown in Figure 24.
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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 cover-

age of the die.
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Figure 24 Configuration of test structures within the drop-in area.
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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 included. This test chip provides complete coverage of the stepper field,

which is particularly useful in analyzing intra-die variation.

The summary of the available test structures, and the parameters and layers that they

characterize, can be seen by reviewing Table 8 through Table 10. These tables include ref-

erences to the detailed descriptions available in Chapter 3.

Table 8 : Test Structures for Device Characterization

Test Structure

Individual MOSFETs

Parameters

SPICE Parameters/

Device Type and Size

L=113,15,23,5,10,25 um

Ref.
Section

Inter-die variation - W=35, 10, 50 um
(both PMOS & NMOS)
4x4 MOSFET arrays Intra-die variation 1 NMOS array (W/L = 20um/2um) 312
1 PMOS array (W/L = 20um/2um)
300 pum x 300 um capacitors | t,, gate oxide 313
Table 9 : Test Structures for Process Characterization
. Ref.
Test Structure Parameters Layers Characterized Section

4 terminal contact resistors | Contact Resistance | M1-M2, M1-poly, M1-n+, M1-p+ 321

& Misalignment (Contact sizes: 1.5, 2, 3)
Split-cross-bridge resistors | Rg, linewidth, line- | M1, M2, poly, n+, p+ 3.22
spacing, line-pitch
Fallon Ladder Minimum linewidth | poly, M1, M2 3.23
determination
Self aligned poly-n+ bridge | Misalignment poly-diffusion 324
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Table 10 : Test Structures for Catastrophic Faults and Reliability Analysis

Test Structure Parameters Layers Characterized S Ref :
ection
contact chains Contact Defects M1-n+M1-p+,M-nwell,M1-polyM1- 331
M2 (Contact sizes: 2x2um and 3x3um)

comb structures Defect Monitoring poly, M1, M2 332
(sborts only)

serpentine/comb resistors | Defect Monitoring poly, M1, M2 : 333
(shorts & opens)

serpentines over topogra- | Metal Step Coverage | 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 335
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 20um between pad sets. Each 2x5 pad set has a horizontal
dimension of 900um, and a vertical dimension of 300um. Therefore, moving one pad set
in a horizontal direction requires a step of 920um, and moving one pad set in a vertical
direction requires a 320pum step. The only exception here involves the MOSFET with
. antenna, since the antenna uses area above the pad set. In order to maintain the grid spac-
ing, a structure placed above a MOSFET with antenna is spaced such that a vertical jump
between the two structures is twice the normal step, or 640um. Figure 25 shows the dis-
tance 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 pur-
poses, and indicates the location where the probes should be placed at the outset of prob-

ing. Details concerning probing will be further discussed in Chapter 5.
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Figure 25 Complete scribe lane and drop-in area, showing location of structures, in microns.
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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 monitor-
ing 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 utilfze a set of existing measurement subroutines by configuring two text
files, or may add additional subroutines to the current library. Each subroutine is designed

to perform a specific set of measurements.

die test wafer
_ map flow map
MEASUREMENT SUNBASE PROBING
SUBROUTINES HARDWARE

Ip-Vps + Sun Workstation
Ip-Vpg . Output Electroglass 2001x
Split-Cross-Bridge File HP 4085A Switching Matrix
Four Point Probe ! HP 4084A S.M. Controller
Van Der Pauw ) HP 4141A Source/Monitor
Fallon Ladder
Contact Resistor
Serpentine Resist. m
Comb Resistor
Serp./Comb Resist.

Statistical

Summary

Figure 26 Hardware and software configuration of autoprobing system.



Chapter § 52

A diagram of the autoprobing system is shown in Figure 26. The shell of the auto-
prober, a program called Sunbase, was developed by Vadim Gutnik of the Berkeley
Microfabrication Laboratory. 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 per-
form parameter extraction by applying the analyses described in' Chapter 3. The subrou-
tines then output the data to a text file, which includes the name of }he 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 systeril, including specifics
on using the hardware, adding sut;routines, 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 I 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 struc-
tures 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.
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5.2.1 “die.map”

The file “die.map” contains specifics about the test structures on the die being probed,
including 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 fol-

lows:

Struct_name X,y terminall ... terminalx paramet:er:!. ... parameterx
Struct_name is a simple, unique, alphanumeric name given to tl;e 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 origin x,=0 and
¥o=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
lengths of 1um. This pad set is in the lower, left corner of the scribe lane, as illusirated 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 mea-
surement 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 il i2 'i3 vl v2 v3 vd v5 v6 v7 Ly Wy Lgrop) Lsiber) Ws layer_nm
Where the variables il through v7 refer to the labels of the pads in Figure 9, and L,

through W, refer to the dimensions of the split-cross-bridge in microns, as listed in Table
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4. Pad numbers are used to identify which pad in the 2 x 5 pad array is being referenced.
Pads are numbered from 1 to 10, starting with the upper leftmost pad in the array and pro-
ceeding 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=320um and y=

640um, with respect to the home device, would be defined in the file die.map as follows:

scbrPO 320,640 10 9512 87 6 3 4 219.0 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 cur-

rently programmed into Sunbase are as follows:

mosfetN x,y drain gate source bulk

4ptprb x,y Iin gnd vl v2

conrMlpo3 x,y Iin gnd

fallonPOl x,y Iin gnd vl v2 min._rung_width

scbrl x,y il i2 i3 vl v2 v3 v4 v5 vé6 v7 Ly Wp Lzjeep) Leqror) We layer_nm
serpMl x,y

cchainP02 x,y

The pad names listed above correspond directly to those shown in the test structure lay-
outs 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. Fur-
thermore, *“die.map” must contain the line “@home 0,0”, which serves to send the probes
back 1o 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.
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5.2.2 “prober.text”
The file “prober.text” is used to specify the various die to be probed on the wafer, and
the specific measurements to be taken on those die. The format of “prober.text” is as fol-

lows:

OO HKEMOOO
OMKKMPMBMPOO
I T T TR SR EPRPRrCY
Tl T Y TR WP
s X o
el I~ N R WO PRCY
OHKMMKMEKMWPHOO
OCOoOkRKMEPEPROOO
cocooo0ooco0oo0oo0o

Routine_name
structure_namel
structure_name2

The 9x9 array of ones and zeros above.represent the mapping of d-ie on the wafer, with a
“17 indicating that the die is to be measured, and a “0” indicating that it is not to be mea-
sured. 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 measurement 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
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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
scbrPOl
scbrn+2

These lines define a split-cross-bridge measurement (SCBR) to be performed on polysili-
con 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+ diffu-

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

The first two routines shown in Table 11 provide I-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:
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Measurement Routine Author Output
- name
17V g, curve 1dVds V. Gutnik Id-Vds characteristic
I;Vgcurve Idvg V. Gutnik 15V, characteristic
Four Point Probe 4ptprb V. Gutnik . Resistance
Van Der Pauw VDP V. Gutnik Sheet resistance (Rg)
Split-Cross-Bridge SCBR | D. Rodriguez Rg. AW, Spacing, Pitch
Fallon Ladder Fallon | D. Rodriguez |- Ladder resistance,
min. linewidth resolved
Contact Resistance Conr D. Rodriguez Contact resistances
(left, right, avg.)
Comb Defect Comb | D. Rodriguez 5 Binary result showing
) shorts (defects)
Serpentine Resistance Serp D. Rodriguez Resistances for
5 serpentines in pad set
Serpentine/Comb Defect | SerpComb | D. Rodriguez 2 Binary result showing
: opens/shorts (defects)
Iavads
+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 struc-
ture, measures the voltage at another two terminals, and outputs the resistance. The van

der Pauw routine performs the same measurement, but applies the van der Pauw resistance
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factor -k% shown in equation (6), in order to output the sheet resistance Rg. The only argu-

ment 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 minimum 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 characlerized. For example, 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
fallonPO1l
fallonPO2

The resulting output will list the resistances of all four ladders, accompanied by the mini-

mum 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 con-
tacts. Again, the only parameter required by the subroutine is the name of the contact

resistors, as defined in “die.map”.
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The subroutine used for measuring shorts between comb structures follows the proce-
dure described in 3.3.2. Defects are monitored by attaching a current source t0 one of the
five current pads, and measuring the current flowing into the ground pad. Measﬁring any
appreciable current in the ground pad signifies a short circuit, and therefore the presencg
of a spot defect. The subroutine outputs a 1 if a short was found, and a 0 otherwise. 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 parame-

ters required by the subroutine are the names of the test structures.

The final routine available extracts defect information from serpentine/comb struc-
tures. 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, addi-
tional routines 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 I of this thesis. The code for mea-
surement subroutines named in this chapter have been included in Appendix II of this the-

sis.
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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 n"ne:;suremems 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

mli 0,01289°65 .

scbrPO 2760,640 10 9 51 2 8 7 6 3 4 219.0 6.0 204.5 247.0 2.0 poly
scbrn+ 0,0 10 9 51 2 6 8 6 8 6 647.5 4.5 429.0 429.0 2.25 n+
fallonPOcall 920,1920 1 10 2 9 2.3

fallonPOcal2 920,1920 3 8 4 7 2.7

fallonPOl 920,2240 1 10 2 9 0.4

fallonPO2 920,2240 3 8 4 7 0.4

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

shown:
000000O0O0CO
00000O0O0OOCO
000100000
00000O0O0O0O
000100100
0100x0000
00000O0OCOCO
000010000
00000O0O0O0O
SCBR
scbrPO
scbrn+
Fallon )
fallonPOcall
fallonPOcal2
fallonPO1l
fallonP0O2

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 “sun-



Chapter 5 61

base” 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 measure-
ments 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:

disX dieY name Re WbDrawn DeltaWb WsDrawn DelWshot DelWstop S P

5 5 schrpCt 17.86 [3 0.47 2 0.20% 0.206¢ 1.945 3.739
3 5 schirdd 29,13 [ 0.116 2 0.132 0.117 2.133 4.009
3 7 =cbrPC 1&.00 (3 0.211 2 0.144 0.124 2.05E 3.924
K . scbrp: 19.81 6 0.105 2 0.128& 0.130 2.152 4.024
€ & scbrPl 1&.34 € 0.182 2 0,147 0.138 2.103 3.9€0
K 4 schrfc 19.01 € 0.247 2 0.154 0.153 2.060 3.907
dieX dieY name lwit{dj RO 1wl(d) R1 1w24{d) lw2(m) K2~ 1lw3(d) 1lw3{m) R3

4 & SallunFll L.r o 2841 2.7- 2232 0.4 .8 4:5.5 0.4 & 394.9
: & fall:nPCl 2.3 1865 2.7 224¢ 0.4 .7 368.5% 0.4 & 418.0
4 7 failonPl2 2.3 1762 2.7 2152 0.4 .7 338.5 0.4 .7 336.0
> 2 fallonPOl 2.3 1924 2.7 2330 0.4 .8 3€61.6 0.4 .§& 367.3
T 4 ZaliomPol 2.3 1817 2.7 220¢ 0.4 .8 362.4 0.4 & 356.6
2 ¢ Zallwnpdl 2.3 1914 2.7 2291 0.4 .7 449.1 0.4 7 438.3

The table columns are tab delimited, which is useful for importing the tables into various
statistical packages for further analysis. The column labels for the results correspond to
the characterization 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 Sunbase for measuring test structures. A detailed explanation of the automated testing
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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 Man-

ual [16]. This reference is included as Appendix I of this report.
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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 funhpr study by potential users will
dictate the type of statistical summary required, some examples are presented in this chap-
ter. In particular, data extracted from scribe lane test structures will illustrate how they can
be used to provide information about the process and about the measurement techniques

used.

The remainder of this chapter describes the statistical analyses performed. A resolu-
tion analysis 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 correlation 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
measurement 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 stan-

dard deviation of the measurement.



Chapter 6 64

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

values from theé cross-bridge.

The resolution of voltage measurements is AV=0.1mV. However, our expérix'nents.
show that the standard deviation, ©,, 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 positipns along the bridge resistor, thus
yielding a range of voltages each time the bridge was probed. The *“Voltage Measured”

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

Average Voltage 6 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

colqmn in Table 12 then represents the mean of values measured for a particular point
along the bridge, while the “6” column repi‘esents the estimated standard 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 6 of 0.0090%. These values

were listed in the first row of Table 12. The percent error was relatively constant for the
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Figure 27 Trend plot showing voltage resolution for a measured voltage of 0.43680 V.

range of voltages measured, and remained at about 0.01% of the voltage measured. There-

fore, this is the assumed percent eiror for all prob}ng of voltages in the 0 to 1.5V range.

Recall from Chapter 3 that error analyses were performed for characterization rou-
tines. These emror analyses can be verified experimentally, as the following example for R
measurement error illustrates. A test current I of 8.0mA was used for the resistance mea-
surement on a polysilicon split-cross-bridge resistor, which resulted in a voltage measure-
ments of approximately 1.38V. We will first calculate the resolution for sheet resistance
measurements, ARg, from equation (14) given the voltage measurement resolution of

AV=(.1mV:

_A_V(_n_)_O.lmV(_rt__)_
ARs = 3, \inz2/ = 8omAlinz) = 0057 @0 3)
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We can also estimate the standard deviation of sheet resistance measurements, Og;.
Given that the percent error of voltage measurements is 0.01%, the expected error is cal-

culated as follows;

6, =0.01% * 1.38V =0.138mV , (54)

and
A O'V( T ) _ 0.138mV( T ) _
°%s = T \In2/) = 8003mA\In2/ ~ 0.078 a/o. (53)

These values were verified by performing repeatability tests on the cross part of a pol-
ysilicon split-cross-bridge resistor, with same test current of Iz = 8.0mA, used in the cal-
culations 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 is
17.01/D with a &, of 0.05. Given these values, and the values in Figure 28, the pre-
dicted ARg of 0.069/D and &g, of 0.078Q/0 seem to provide reasonable estimates of

expected measurement error, therefore verifying the calculations of equations (14) and

(55).
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Figure 28 Trend plot showing 300 measured Rg results a single polysilicon cross-bridg
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6.3 Analysis of the Split-Cross-Bridge Resistor

The autoprober was used to characterize the sheet resistance and linewidth variation of
polysilicon lines. Data was extracted from the scribe lanes of two wafers from the same
lot. A polysilicon 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 line-
width variation 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.

hd
© *
~ N ¢ ¢ * M
E <. . . o
= .
‘5" .
- . ¥ .
2 o . .« v 0
< L ]
o .
¢ . .
L] [ ]
T
? L]
15.0 155 16.0 165 17.0 17.5
Rs Vo)

Figure 29 Scatter plot of Alinewidth versus Rg for wafer 1. (p =-0.63)
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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 failure 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 pro-
cessing 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 changé significantly. The sheet
resistance, for example, is approximately 16 /0 throughout most of the wafer, and drops
downto 14O ina fegion constituting a relatively 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
incréasin g the thickness of polysilicon line reduces its sheet resistance, while also increas-
ing the fabricated linewidth above the drawn linewidth. Consider the illustration in Figure
32, which is an exaggerated 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
illustrated in Figure 33 and Figure 34. Note that changes in sheet resistance are not as sig-
nificant as those from wafer 1. The correlation between Rg and Alinewidth dropped from
(.63 10 0.44, indicating that there is indeed a contribution from the process to the correla-

tion between these parameters.
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Figure 30 Wafer contour map of sheet resistance values on wafer 1.

Figure 31 Wafer contour map of Alinewidth values on wafer 1.
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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 consider-
able 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 param-
eters 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 shiftiin parame-
ters. Statistical methods may also be used to provide parameter characterization for both
the process and devices. These and other analysis methods will be the subject of future

studies.

Figure 32 Illustration showing that increased poly line thickness increases linewidth.
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Figure 34 Wafer contour map of Alinewidth values on wafer 2.

n
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Chapter 7

Conclusion

A comprehensive set of test structures has been designed to provide process and
device characterization, 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 sub-
set of the entire test structure set can be used in the scribe lanes of all wafers fabricated in
the Berkeley Microfabrication Laboratory. As illustrated in Chapter 6, the scribe lane pro-
vides a sufficient coverage of the die sﬁch that process characterization and debugging can
be performed, thus providing a consistent method of process control and device character-

ization from lot to lot.

Furthermore, the BCAM test structure set has been designed in conjunction with the
development 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 structures and characterization routines are available for that use.
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Appendix I

The remaining pages of this appendix contain Chapter 8.18 of the Microfabrication
Laboratory Manual [16), which was written by Vadim Gutnik of the Berkeley Microfabri-
cation Laboratory. The text contains a detailed explanation of the automated testing sys-

tem, including specifics on using the hardware, adding subroutines, and understanding the

Sunbase code.
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Electroglas Autoprobe in DCL
(autoprobe)

1. Introduction

This is a users' manual for the Sunbase program and the Electroglas autoprober that it runs. It is split into three
. parts: .

- Setup files These files specify which dice and which devices are to be measured and what tests to execute.
This also covers the output data format. - '

Hardware Once the setup files are prepared, this describes how to turn on the instruments, align the wafer,
etc. '

Software This describes how sunbase itself is writien, how to add measurement routines and new devices,
and what improvements should be added in the near future.

2. Operating Procedures

2.1. Setup files

Sunbase depends on two configuration files to run: The files are *fusrftools/lib/eglas/die.map", which holds in-
formation that depends only on the die, and "prober.text” which specifies the tests to be run. Sunbase expects 10
find a "prober.text” in the directory from which it is run. The directory "eglas” (which is identical to
"fusr/users/eglas”) is the usual place to run sunbase because it has plenty of disk space and a link to "die.map"
but it can be run from any directory. The preliminary output is written to "output.text” and that is processed to

give "final.out”. Once the files are created, run sunbase simply as "sunbase.” When it is finished, the script

"postproc™ (run it as "“eglas/code/postproc output.text”) will generate a cleaner output into "final.out".

Sunbase is only executable by members of the eglas group, currenly gutnik, boskin, dr, cyu, hjwann, spanos, &
VOros. ' .

2.1.1. /usr/tools/lib/eglas/die.map
This file describes the locations of the devices on the dic. In principle, it should contain all information about
the die that can be known before testing. The general format is:

DeviceName X,Y Terminall, Terminal2, ..., OtherInfo

The first letter of the device name determines the type of the device. X and Y are measured in microns, and in-
crease to the right and up, respectively.

Formats for the devices already created follow:

mosfet x,y drain gate source bulk

4ptprb x,y iin gnd v1 v2

conr x,y iin gnd

fallon x,y iin gnd v1 v2 Iw

scbr x,y i1 i2 i3 v1 v2 v3 v4 v5 v6 v7 layer

Serp X,y
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serp_comb x,y
cchain x,y

A typical mosfet might look like this:
m20,07845

The "m" shows it is a mosfet. The only way to refence this device is by name. The two integers separated by a

*  comma give the location of this device in microns relative to the starting location. Thus, the "0,0" indicates
that sunbase will assume the probes start out touching this device every time the die is probed, specifically with
probe ?7 on the drain, #8 on the gate, #4 on the source, and #5 on the bulk. (Actually, unless the device is
called in prober.text, sunbase will ignore it completely, so there can be several different devices at any location
as long as prober.text doesn't call more than one per nn, Probes are numbered clockwise from the upper left
probe as they appear in the microscope: )

probe #'s:
12345
109876

3436384042
1816141210

#nother example: mosfet31 320,64023 9 10
Ancther mosfet, 320 microns to the right and 640 microns up from m2.

"die.map” can contain any number of entries, and sunbase ignores blank lines and lines starting with "*" which
can be used as comments. The line "@home 0,0” must appear in die.map. Sunbase goes to this device after the
wafer is finished to put the probes on a device similar to the ones it started on.

Sunbase does no error checking of die.map. If necessary fields are not specified, it will crash.

2.1.2. prober.text .
prober.text must be in the directory from which sunbase is run.

This file specifies the tests that the user wants to run. It starts with a 9x9 array of characters, either 0 (zero), 1
(one), or x.

000000100
000000000
000101000
000000101
000000000
00000x000
000000000
000000000
000000000

This is a crude model of the wafer to be probed: x marks the location of the initial die, 1 marks a die that will
be be probed, 0 marks a die that will not be probed. Sunbase will step from the die marked x through all dice
marked 1 in a non-obvious, but complete pattern. It is suggested that the dies marked with an x be near the
center of the wafer, to alleviate misalignment problems.

This is followed by names of modules to be run on specific devices, and the names of the devices (from
die.map) to be probed. The list of devices passed to any routine is terminated with a period. Lines beginning
with "*" are ignorcd (comments) and "+" should be used to pass parameters to the routines. The module name
must match one of the names dcfined below (case is important) and the device name must match one of the

.2.
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devices from die.map exactly.

So, a few lines may look like this:

IDVG — m2 mosfe131
IDVDS + VDSstop = 2 + VDSstep = .05 mosfet31 .

Sunbase will run the IDVG routine on m2 and mosfet31, then run IDVDS (with the given changes) on mosfet
31, print out the data, step on to the next die, and repeat the process.

- 2.1.3. output.text ’
The output is written into "output.text”.in the order it was measured. The script "postproc” will rearrange the
data into a format that should be readable by other programs. Run it as: "postproc output.text” to generate a
file called “final.out” The conversion may take a minute or more on lead for a file of several transistors.

2.2. Hardware

)
@
= @)
@
&)
(©)

™
®

®

Everything (autoprober, 4141A source, switching matrix controller) is off.
Turn on equipment: the 4084A switching matrix controller (SMC), and the 4141A DC source/monitor.

Turn on prrber (there's a power switch on the front panel), and the vacuum (pull the black knob next to
the power switch up.) The eglas powers up with the message "XY. motor blank." This means that the
chuck is free to move.

Push the chuck into comner closest to user (the chuck should be within a few centimeters of the comner al-
ready).

Push red button on left side of joystick box (recessed in plastic)-- this initializes prober and engages the
motor. Do not move the chuck by hand after this point. .

Load the wafer onto the chuck with the flat toward the top. Check ‘that the orientation of the dice is
roughly parallel 1o the axes of the prober workspace. The wafer can only be rotated by “15 degrees after
it is loaded, and it’s much easier to do it right from the start.

Turn on vacuum to the chuck (push the [VAC] button) - the prober status lines should change ) say
"wafer ON."

Profile the wafer height- go to the program menu (press the [PROG] button), then chose profile as the
option (it’s option 4; press the numerical key). The chuck will move to a pre-specified location and will
move around a bit as the wafer is profiled. Occasionally, the chuck will not move from the right bumper
of the work area. If this happens, press "load" to move the chuck home, press red button to release the
motor, move the chuck the far (left) side manually, and back, and restart at step 5.

Go back to the main menu, turn on lamp (lamp key).

-

(10) Align the wafer.

(a) Press [ALIGN-SCAN]. The chuck should move to the right of the area visible in the micro-
scope and stop.

(b) [Z) moves wafer up to the probes. (If the wafer has not been profiled, the eglas will beep
and will not raise the chuck.) Moving the wafer up to the probes will bring it into focus.

(c) After the first contact, [Z) toggles wafer up and down in small amounts.

(d) Use the joystick to position the wafer over some easily recognizable set of pads. These
need not be the starting pads. The joystick has three modes; turn the handle to switch between
them. Holding the red button moves the chuck faster. The modes are: scan - smooth movement
(to scan around a die) index - moves by 1 die at a time (to step around the wafer), and jog -
moves very very slowly (to align the probes to probe pads.) The mode is indicated on the eglas
screen.
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(e) Press [PAUSE]; the wafer will move to the left. Align the probes over pads correspondin
to the ones in step (d) on this new die. If this motion did not involve movement along the Yg
axis, the theta is now aligned, and you should skip to step (g).

(f) If the wafer is not aligned, press [PAUSE} again. The chuck should rotate to compensate
for u_xe calculated theta misalignment and stant moving back to the right. Press [PAUSE] to
stop it, and go back to step (a). -

(g) After the thega alignment has been done (this is should only take a few passes) move the
pads to the starting position on the comrect die. (You may want to check that the alignment
holds over several dice. Align the probes over the starting dice, rotate the Joystick to “index"
mode, and step around the wafer. The alignment should be acceptable over the entire wafer.)

(11) Run sunbase ‘

(12)  After sunbase exits, press load 10 unload the wafer and Joad the next wafer.
(13) Be sure to bring chuck back into the lower right comner before shutting off prober. .

2.3, Software

23.1. Adding a routine (i.e. 1IC_VCE)

M

@
(0
@

Write it. Probably best to find a routinc similar to what you're writing and copy it- (i.e. that’s why
1dVdg looks like 1dVds)

Add it to modules.c and modules.h in the obvious way.
Add it to makefile.
Recompile sunbase.

-

2.3.2. Adding a structure

)
@
€)
@

Add the name to the DevType enumeration in hash.h

Add the structure declaration to hash.h

Add a line 1o identify the device in FindDev (hash.c)

Write a routine to "fill"” the structure, in hash.c, and a declaration for the fill routine into hash.h

2.3.3. Usage Comments/Troubleshooting

()
@
@
@)

©)
(©)

)

Be sure 1o run the most current version of sunbase; during development, the latest version is pointed o
by “eglas/sunbase.

Sunbase reads the prober.text in the directory from which it is run- if you're not sure, just before you
type "sunbase,” type "more prober.text”; you should see the prober.text you expect to run.

Check spelling. Sunbase will ignore routines names that don’t match the spelling (and capitalization)
in modules.c, and will abort if it looks for a nonexistant device.

Don’t run more than one version of sunbase at a time; the second incamnation will not be able to use the
gpib and will stall. This tends to happen during debugging. ’

Start with the probes down, (more correctly, the chuck up). There's no error checking for this.

Check the position on the wafer- sunbase has no way of checking if it has moved off the wafer; this is
important when probing several dice.

When running long jobs, redirect screen output to /dev/null; you won't be around to see it and it slows
things down.

2.3.4. Description of the Code
Sunbase consists of a core that handles communication to the instruments, reading configuration files and
finding devices, and a set of "modules” that do thc measurement. For the sake of consistency, I will call the
actual user routines (i.e. FPP_meas()), “mroutines” and anything passed to them, be it device names or options,

4-
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"mparameters.”

"The core files are: main.c initial.c hash.c instruments.c modules.c modtools.c. Each routine is described in
turn, in order of appearance in the source file.

5.
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O
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®

@

main.c ::

The primary probing loop.
(a) main: initialize, probe, clean up. No actual work done here, Jjust function calls,

(b) probe: This is the loop that does all the probing. It calls preprocess to extract the wafer
description (i.e. which dice to probe) and sets puts bookmark at the place where probe infor-
mation (what routines and what devices to probe) starts. Then the repeated loop starts; As
long as there’s another die to probe, 80 back to the bookmark, parse, call the mroutine, con-
tinue to the end of the file. Atthe end of prober.text, move the wafer to the next location and
loop. At the end of the waf » move the probes to the location of the device they started on.

(c) parse: This collects the name of the mroutine (LE. 4ptprd) as written in prober.text and
themparametusintoalis:.andﬁgmsoutwlmmeﬁmcﬁonpmneofmmtineis(inthis
case, FPP_meas). Basically, read a line, if it isn't empty and isn’t a comment, add it to the
list until the line start with a *.* which signifies the end of the list. Then call another routine
to figure out which mroutine the first string in the list corresponds to.

(d) preprocess: Comtmenmnbcrofdicelopmbemdsa&eboolmmt.mmndbeam-
tle smarter, but isn’t.

(¢) Wafermove: Finds the next wafer to probe in the wafer, updates the current location
(Xcurrent, Ycurrent) and calls "move."

(f) Pdie: prints the current die coordinates separcted by tabs into a string.

inial.c 2

(g) cleanup: Should close files, check the gpib, eic, but it Just prints a message 10 the eglas.
Prcliminary stuff- initialization, etc.
(a) opening_message: hello to terminal and eglas. -

(b) startup: Open the probefile (typically prober.text) the outputfile (typically output.text) and
Jevice file (typically die.map) for reading and writing as necessary. Checks the gpib (sort
of), converts the device file into an array.

hash.c ::: Routines that relate to devices (i.e. mosfets).

(a) FindDev: Converts a string like "m123 0,0 1 2 3 4" into a device structure for, in this
case, a mosfet, by calling the appropriate routine.

(b) *Fill: Actual routines to accomplish the above. There should be one for every type of
device.

(c) hash: This should put the devices into some sort of hash table for quick searches. In fact
it just puts everything into a sequential array.

(d) locate: Given a device name, looks up the entry (originally from device.map, put into an
array by hash) corresponding to the name.

instruments.c ::: Routines that relate to test equipment (i.e. eglas)

(a) devwrt: Send characters over gpib to an instrument. Adds the requisite newline,

(b) init_devs: Opens the device files for the various instruments, sends some initialization
codes. This should detect errors, but doesn't. -

(c) check_gpib: Placeholder for any real testing of communication.

(d) screenwrite: Writes a string to the screen of the eglas terminal,

(¢) move: Lowers the chuck, moves it (in die steps), catches acknowledgement from eglas
(though it doesn’t check errors) and raises the chuck back. Also resets the "microdie,” or in-
tradie position.

(f) align wafer: Prompts the user through alignment. Written out during testing.

(g) prober_self_test: This will someday check all the instruments and the gpib before opera-
tion. Does absolutely nothing now.

(h) need_move: keeps track of current location within a die to avoid moving by 0 (which
takes time and chuck lowering/raising).
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(i) MoveTo: Lowers the chuck, moves it to a new location *within the die* and raises the
chuck back. Updates current location.

(j) connect: "port” refers to the signal input/output channel on the 4141A. "pin" refers to one
of the ten probes that touch pads on the wafer. If both port and pin are nonzero, this con-
nects the given port to that pin through the SMC. (NOTE: the SMC will not allow two ports
to connect 1o the same pin. For example, if port 1 is connected 1o pin 10, and you send a -
command to connect port 2 to pin 10, the SMC will break the connection between port 1 and
pin 10 before making the new connection. It is best to make this explicit in the code,
though.)

(k) ReadBuf: Returns, as & string, the contents of the DCS buffer,

(1) DCShold: Directs the DCS to source a current or voltage at a given setting and with a
specified compliance. "source” is the port number, "mode” is either "V" or 'I" for voltage or
current, "setting” and "compliance” are both floats NOT DOUBLES.

(m) DCSMeasure: Single point measurement of ‘a given channel and mode. Note that the
DCS will not measure the voltage of a voltage source or the current from a current source
directly, so if you really need to confirm the source output, you have to connect another
channel to it. See connect for caveat. DCSmeasure returns the contents of the DCS output
buffer.

(n) DCSsweep: sets up sweep parameters for a channel; no measurement is actually done.
Some of the options (i.e. linlog, SECONDARY vs PRIMARY sweep) have not been fully
tested. .

(o) DCStrack: ...is the para]lel to DCSMeasure- given a list of sources, it directs the DCS to
keep track of the measurements for those channels, then triggers a sweep measurement.
DCStrack retumns a string; see the DCS manual for the specific format.

(p) dmake: This routine parses the output string into a dtype, keeping all the information (i.e.
flags, which channel it was, etc.) This should be used to parse the output of DCSMeasure.

(q) DatFormat: Parses an array, as returned by DCS track. Check DCS documentation for
the format of the output, or look at idvds.c for an example.

(r) numpoints: Queries the DCS for the number of measurement points in the last sweep; this
is mostly a sanity check, because DatFormat can simply count the points as they're read.

modules.c ::: Command-> routine parser.

(a) ident: Matches a string from prober.text to the appropriate mroutine,

(b) Ignore: Throws away arguments passed to a command that doesn’t match an mroutine,
and handles comments, etc.

modtools.c ::: Declarations and utilities for the modules.

(a) V_diff: Finds voltage difference between two given pins and cleans up.
) Discon: Disconnect a list of pads.

.
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2.3.5. List of Current Routines The modules: idvds.c, FPP.c, Fallon.c, .... are located in “gutnik/dcl/code.

The existing modules are:
Module
“gutnik/dcl/code/scbr.2.c
“gutnik/dcl/code/FPP.c
“gutnik/dcl/code/vdp.c
“gutnik/dcl/codefidvds.c
“gutnik/dcl/code/idvdg.c
“gutnik/dcl/code/Fallon.c
“gutnik/dcl/code/conr.c
“gutnik/dcl/code/serp.c
© “gutnik/dcl/code/comb.c

“gutnik/dcl/code/serpcomb.c

V Gumik

520/94

D Rodriguez

MN3/%4

KKH

N4/94

Writer

gutnik
gutnik
gutnfk

E’E‘&E‘EE

What it does

“Four-point-probe (any resist.)
Van-der-Pauw resistance

Data for (nmos) Id-Vds curves-
Data for (nmos) 1d-Vdg curves -
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APPENDIX A

Programming Notes

General Notes

1. REMEMBER - all compiling must be done on lead - sun3 with GPIB-SCSI library.

2. The device created in /dev are spa (address 7), eglas (address x), dcs (address 23), sme (add 22), cv (address
17). Addresses in decimal. To add device, root must run ibconf and then reboot the machine.

3. The pad numbers are in sunbase.h as_cémmems. if there is a mistake in the numbers in die.map, no error will

be flagged.

4. You don’t need to recompile when changing die.map.

5. Numbers below are in mils - electroglas powers up to move in microns!!!!

To Identify Coordinates of Second Transistor

I best method - find correct VEM/KIC/MAGIC layout and measure.

2. otherwise -
start ibic (fusr/tools/gpib/bin)
ibfind eglas - talking to eglas. use name from /dev file
ibwrt "?HO - use capitals, and to terminate.
should echo cmpl (without err) :
ibrsp
ibrd 20 - reads 20 bytes
" eglas: ibrd 20
[2100] (end cmpl)
count: 15
48 58 38 38 34 38 39 59 HX88489Y
36 33 32 39 35 0d 0a 63295..

x is x position in absolute machine position, in mils, y is y position

move to "next" transistor
eglas: ibrsp

{0100] (cmpl)

Poll: 0x00

eglas: ibwrt "?7HO
{0100] (cmpl)
count: 3

eglas: ibrsp
[0100) (cmpl)
Poll: 0x40

eglas: ibrd 20

[2100) (end cmpl)

count: 15

48 58 38 38 34 38 39 59 HX88489Y
36 33 31 37 30 0d Oa 63170..
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we have moved 125 mils up!
quit exits ibic. must exit or you'll tie up hpib.

In case of problems:

ibrsp - clears serial poll in case of mistake.
hit online to clear eglas if it looks confused.
try again.

Changed air sensor x & y from 23768, 47022 respectively to 23000,
46000 to avoid profiling errors. In SET PARAMETER, 12-3 menu.

V Gutnik -
512094

D Rodriguez

1394

KKH

14/94

-10-



Appendix II

This appendix contains a listing of each measurement subroutine currently pro-
grammed 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 Measumment
Subroutines for Autoprober.’

Measurement File name Author Output
IV curve idvds.c V. Gutnik Id-Vds characteristic
IV, curve idvg.c V. Gutnik 1V characteristic
Four Point Probe FPPc V. Gutnik Resistance
Van Der Pauw vdp.c V. Gutnik Sheet resistance (Rg)
Split-Cross-Bridge scbr.2.c | D. Rodriguez Rg, AW, Spacing, Pitch
Fallon Ladder Fallonc | D. Rodriguez Ladder resistance,
min. linewidth resolved
Contact Resistance conr.c D. Rodriguez Contact resistances
(left, right, avg.)
Comb Defect comb.c | D.Rodriguez | 5 Binary result showing
shorts (defects)
Serpentine Resistance serp.c D. Rodriguez Resistances for
5 serpentines in pad set
Serpentine/Comb Defect | serpcomb.c | D. Rodriguez 2 Binary result showing
opens/shorts (defects)
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idvds.h

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

#include “modtools.h”

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

O ONO

module_function ID_VDS;

idvds.c

#include “idvds.h”

void *ID_VDS (char **paramlist, FILE *output) i
FetType *dut;
int numpoints,i;
float i;
float vgsstart = VGSstart_def;
float vagsstop = VGSstop_def;
ficat vgsstep = VGSstep_def;
float vdsstart = VDSstart_def;
lozt vdsstop = VDSstop_def;
.float vdsstep = VDSstep_def;
char *resulc;
DatArrType datarray;
D(printf (~< IDVDS\n”);)
PARSEEEGIN;
while (*++paramlist) { -
if (**paramlist == ‘+°‘) {
sscanf (*paramlist,”+ VGSstart = %g”,&vgestart);
sscanf (*paramlist,”+ VGSstop = 3%g*,&vgsstop);
sscanf (*paramlist,”+ VGSstep = %g”,&vgsstep);
sscanf (*paramlist,”+ VDSstart = 3%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):;
DCshold (4,°'V’,0,.1);
DCshold (3,°'V’,0,.1);
for l(isvagestart; i<= vgsstop; i+=zvgsstep) {
DCsheld (2,°'V’,1i,.01);
DCSsweep {1,VCLTAGE,LINEAR, vdsstart,vdsstop,vdesstep, .01);

unn
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result = DCStrack (*1*);
numpoints=DatFormat (&datarray,result,1);
free (result);
for (j=0;j<numpoints;j++) {
fprintf (output,*%s\t%s\t3d\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;

)
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idvg.h

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

#define VGstart 0
#define VGstop 7
f#define VGstep .1
#define VBstart 0

#define VBstep -1
#define VEstop -4 .
#define VDS S0e-3 .

module_function IDVG;

idvg.c
- #include ~igdvg.h"

void *ID_VG (char **paramlist, FILE *output) {
FetType *dut;
int nunpeints;
float i;
int 3;
char *result;
DathArrType datarray:
D(crintf (“< IDVG\n");)
PARSEEEGIN;
while (*+s+paramlist) {
dut = FindDev (*paramlist);
MoveTeo (Quuy;
DCSturncif0),;.
connect (4,dut->source);
connect i3,dut->bulk);
connect (2,dut->gate);
conrect (1,dut->drain);
DCsnold (2,'V’,VDS, .1); -
DCshold (4,°'V’,0,.1);
for (is=VBstart; i>= VEBstop; i+=VBstep) |
DCSheld (3,°V’,i,.01);
DlSsweep {2,VOLTAGE, LINEAR, VGstart, VGstop,VGstep, .01} ;
result = DCStrack (*1”%);
numpoints=DatFormat (&datarray,result,l);
free (result);
for (j=0;j<numpoints;j++) {
fprintf (output,“$s\tfs\tid\tsd\t”, Pdie(),dut->Name, dut->X,dut->Y);
fprintf (output,”fg\t”,datarray(j)[1)->value);
fprintf (output,“fg\tig\n” (datarray(j] [0)->value,i);
}
}
DCSturnoff (0);
}
PARSEEND;
retur: NULL:;
]
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FPP.h

#define MODULE *four_point_probe”
#define FORMAT STDFCRM *v3\tvdiffitiout (mA) \tRESISTANCE" ..

#include “modtools.h”

module_function FFP_meas;
#define RSCURRENT 0.006
#define GVLT 0

#define DLAY 0

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

/* #define DLAY 200 */

FPP.c

#include “FPP.h"

void *FFP_meas (char **paramlist, FILE *output) {
double vdiff,v3,iout;
int i;
static float Resistance;
FFPType *dut;
Diprintf (“< FFP\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,'I’, RSCURRENT ,8); _ /* source the current */

for (i=0;i<=DLAY;i++)
printf (“delay %d\n~”,i);
vdiff = V_diff (dut->v2, dut->vl1)->value;
v3 = dmake (DCSMeasure (2,'V’))->value;
iout = -1.0*dmake(DCSMeasure (1,’I’))->value;
Resistance = vdiff/iout;
fprintf (output,~”%s\t3s\t3d\t3d\tsg\tsg\ts7.4f\tsg\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;
}



Appendix 11 Measurement Subroutines

vdp.h
#define MODULE “Van Der Paw”
sinclude “modtools.h”

#define PI 3.14
module_function Van_der_Pauw;
module_function FPF_meas;

vdp.c

#include “vdp.h”

void *Van_der_Pauw (char **paramlist, FILE *output) (
float *R1;
Rl = FPF_meas (paramlist,output);
fprintf (output,”The VAP sheet resistance is %g\n”,*R1*PI/log(2.0));
return NULL;
)
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scbr.2.h

#define MODULE “SCEBR* "~

/* #define FORMAT STDFORM “Layer\tRs\tWbDrawn\tDeltaWb\tWsDrawn\tDelWsbot\tdelWstop\tS\tP~
*/

#define FORMAT STDFORM “irs\tibridge\tviRs\tv2Rs\tv21lw\tv31lw\tv4lw\tvSlw\tvElw\tv7lw"
#include “modtools.h”

#define TestCurrent 0.0005

#define RSCURRENT 0.008

fidefine PI 3.14159 :

#define DLAY 800

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

scbr.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 =/
retur: (result);

]

void *SCBR_meas (char **paramlist, FILE *output) {
SCBRType *dut;
char *result;
doukle v1Rs,V2Rs,v21w,v3lw,v4lw,v5lw,vElw,v71lw,Rs,S;
double Wb,deltaWb,Wstop,deltaWstop,Wsbot,deltaWsbot ;
double P, ignd, ignd2;
double WEBDRAWN, LStop,LSbot,WSDRAWN,LE;
int i;

D(printf (“< SCBR_meas\n”);)
PARSEBEGIN;
result = (char *) calloc (200, sizeof(char));
while (*++paramlist)
/* probe first device */
dut = FindDev (*paramlist);

MoveTo (dut);

WEDRAWN= dut->WEDRAWN;
LStop= dut->LStop;
LSkot= dut->LShot;
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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);

DCSheld (2,°'Vv’,0,.1); /* set up a ground */
.DCShold (1,‘I‘’,RSCURRENT,10); * /* source the current */ B
VvliRs = pad_voltage (5,dut->vi1); /* 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 */
‘Deshold {1,’1’,TestCurrent,10); /* source the current */

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

connect (0,dut->i2); /* DISCONNECT GROUND fromm 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);
vElw = pad_voltage (5,dut->v5);
vélw = pad_voltage (5,dut->vé);
v7lw = pad_voltage (5,dut->v7);

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

DCSturnoff (0); /* Disconnect all the pins, */
/* set all sources to “2Zero */
/* Output” =/

YAAAAd calc Rs srrn)
Re = (ViRs-v2Re)*(P1/log(2.0))/(ignd);

/**** Width of Bridge (Wb) #**wwy
WL = Re*LB*ignd2/(v2lw-v31lw);
deltaWb = WBDRAWN-Wb;

/* width of bottom split-bridge */
Webot = .5*Rs*LSbot*ignd2/(v4lw-v51w);
deltaWsbot = WSDRAWN-Wsbot;

/* Width of top split-bridge */
Wstop = .5*Rs*LStop*ignd2/(v6lw-v71lw);
deltaWstop = WSDRAWN-Wstop;
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/**** Line Spacing (S) **#*=/
S = Wb-Wstop-Wsbot;

/**** Pitch (F) =x=x»y
P = .5*(Wsbot+Wstop) + S;

fprintf (output, “#s\t¥s\ttd\ti¥d\t¥s\t”, Pdie(),dut->Name,dut~->X, dut->Y,dut-s>Layer); °
l* fprintf (output, “3g\tig\tig\tig\tig\tig\tsg\tsg\n~,
Rs,WBDRAWN, deltaWb, WSDRAWN, deltaWsbot ,deltaWstop, S, P); */

/* D(fprintf (output, *il: %g, i2: %g VlRs: $g V2Rs: %g v2:%g v3:%g v4:%g v5:%g v6:%g
v7:%g\n”, ignd, .
ignd2,viRs,v2Rs,v21w,v3lw,v4lw, v5lw, vélw, v7lw);) */
fprintf (output, “%g\tig\tig\tig\tig\tig\tig\tig\teg\tig\n~,ignd,
ignd2, viRs,Vv2Rs, v21lw,v3lw,vdlw, v5lw, vélw, v71w);

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

PARSEEND;
return NULL;
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Fallon.h

#define MODULE “fallon*
#define FORMAT STDFORM ‘1w0(d)\tRO\tlwl(d)\tRl\tle(

#include “modtools.h”

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

Fallon.c

#include “Fallon.h”

float FallonP (FILE *output, FallonType *NextDev) {
double vdiff, v2, iourt;
double NextR;
MoveTo (NextDev);
cenniect (1,NextDev->GND);
connect (2Z,NextDev-»>iin);
DCsheld (1,'V’,0,.05);
DCShold (2,°'I’,.001,5);
vdiff = V_diff (NextDev->v1,NextDev->v2)->value;
v3 = duake(DCSMeasure (2,°'V‘))->value;
iout = -1.0*dmake (DCSMeasure (1,'I'))->value;
NextkR = vdiff/iocut;

/* frrintf (cutput,”vdiff=%g v3=%g iout=%2g~,vdiff,
DCSturnoff (0);
return NextR;

'

vzid *Fallon_meas (char **paramlist, FILE *output) {
deuklie K(S);
deukle iwdrawniS);
double 1w2,lw3,slope,b;
int I;
FallunType *dut;
Diprintf (“< Fzllon_meas\n”);)
FARSEEEGIN;
while (*++paramlist) i
for (i=0; 1 < 4; i++) {
/* PROBE Ith DEVICE */
dut = FindDev (*paramlist++);
K[ij= (double) FallonR (output,dut);
lwdrawn[i) = dut->lw;
/" fprintf (output,“rtd- %g lwed= %g\n”,i, R[i)
}

/* CRLCULATE MIN. LINEWIDTH RESOLVED */

Measurement Subroutines

d)\tlw2 (m) \tR2\tlw3 (d)\tlw3 (m)\tR3”

v3,1000*iout); =/

-

, i1,1lwdrawnl[i}); =/

/* Calculate equation for Resistance vs. Linewidth */

€lope = {tx[1)-R{0))/(lwdrawn[1)-lwdrawn(0));
b = R[0] - slope*(iwdrawn([0]);

f* Use line to estimate min. linewidth resolved.

lw2 = (F{Zi-k)/slope:

v/
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lw3 = (R[3]-b)/slope;

fprintf (output,“%s\t%s\t3d\t2d\t~”,Pdie(),dut->Name,dut->X, dut->Y);
fprintf (output, "$g\tig\tig\teg\tig\t2l.4f\t2g\tsg\t21.4£\t%g\n",- \
lwdrawn{O],R[O],1wdrawn[1],R[l],lwdrawn(Z],lw2,R[2],lwdrawn[3],lw3,R[3]);

}

PARSEEND;

return NULL;
}



Appendix II Measurement Subroutines

conr.h

#define MODULE “CONR*
#define FORMAT STDFGRM “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:
Diprintf ("< conr\n”);)
FARSEEBEGIN;

while (*++paramlicr; { -

/* probe first device */

dut = FindDev (*paramlist);

McveTe (dut);

f* Measure voltages for contact recistance calculations */

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

connect (z,dut->iin);

DC8hold (1,°V’,0,.05); /* set up a ground */
DCehold (2,'1',.003,8); /* source the current =/
v3 = dmake (DCSMeasure (2,°'V’))->value;

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

Rleftl = (V_dAiff (10,2)->value)/iout;
Rrightl = (V_diff (9,3)->value)/iout;
Rleft2 = (V_diff (8,4)->value)/iout;
Rright2 = (V_aiff (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, *33.4f\t83.4f\t8g\teg\t’g\n”,v3,1000.*jout, RLavg, RRavg,Ravg);

DCSturnoff (0); /* Disconnect all the pins, */
/* set all sources to Zero */
/* Output =/
)
FRREEEND;
return NULL;
}
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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 vi1,iout;

Generichev *dut;

int x,aligned=1,shrt(€];

D(printf (“< comb\n”);)

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

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

connect (2,1);

DCShcid (1,°'V’,0,.05);

DCShold (2, 'I‘',IHCLL,8);

iout = dmake(DCSMeasure (1,°I’))->value;

connect (2,0);

conriect {1,0);

/* IF NOT aligned properly then skip measurements */

if ( -i*({iout) < (.2*IHOLD)) t{
shrt{0)=shrt(1])=shrt(2)=shrt([2]=shrt(4)=shrt(5]}=-10;
aligned=0;

}
else |
aligned =1;
for (X=1;x<6; X++4) {
/* Measure voltages for contact resistance calculations */
connect (1,x);
connect (2,10-x+1);
DCshold (1,°'Vv’,0,.05); /* set up a ground */
DCShold (2,’I’,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,'V’))->value;
iout = dmake(DCSMeasure (1,’'I’))->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<€;%X++)
fprintf {output,~%d”,shrt(x]);
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fprintf (output,”\n”);
)
return NULL;
}

(0); /* Disconnect all the pins,k*/

-
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serp.h

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

module_function Serp_meas; P

serp.c

#include “serp.h*
#define IHOLD .0001

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

double v1,iout,R[€);

GenericDev *dut;

irt x,aligned=1;

FILE *Soutput;

Soutput=fopen (“Soutput.text”,*a”);
D(printf (“< serp\n”);)
PARSEEEGIN;
while (*++paramliest) |
/* probe first device */
dut = FindDev (*paramlist);
MoveTo (dut;
/* check for proper alignment */
cennect (1,4¢);
conrnect (2,10);
DCShold (1,°'V’,0,.05); -
DCSheld (2, ‘1',IHOLD,8);
iout = dmake(DCSMeasure (1,°I’))->value;
connect (2,0);
connect (1,0);
/* D(fprintf (output,”-1*iout = %g\n”,-1.0*iout);) */
if ( -1*(iout) < (.8*IHCLD))
R(0]=R[1)=K[2}=R[3]=R[4]}=R[5]=9e10;
aligned=0;
i
else {
for (X=1;X<6; x++) |
aligned=1;
/* Measure voltages for contact resistance calculations */
connect (1,9);
connect (2,X);
DCshola (1,'V’,0,.05); /* set up a ground */
DCShold (2,°1’,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,'V’))->value;
iout = dmake(DCSMeasure (1,‘I’'))->value;
if ( (-1.0*iout) < (.8*IHOLD))
Ri{x)=1e30;
£

21

€
Rix) = (-1*vl)/iout;
DCSturncff (0); /* Disconnect all the pins, */

A Difprintf (output,”%s: vl %g iout %2g R{%d]= $g\n”, \
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dut->Name,Vv1,1000*iout,x, R[x]));) */
}

)
fprintf (output,“$s\t8s\ttd\tid\t”,Pdie(),dut->Name,dut->X, dut->Y);

fprintf {output,~”%1.3f\tsd\td\tig\tig\tig\tig\tig\n”, \
1000.0%*iout,aligned,x,R(1),R([2),R[3]),R[4).RI5));

/* OUTPUT Human-readable FILE output.text */
VAl for (x=1; x < €; X++¢)
fprintf (output,“f$2g\t¥d\tid\tig\n”,i000.0*iout,aligned,x, R[x]);
fprintf (output,”\n”"); */
/* OUTPUT S-readable FILE Soutput.text */
/* if (aligned) { */
/* OUTPUT Values for Splus */
/* fprintf (Soutput,“”Resistance.%s = c(%g”,dut->Name,R[1]);
for (X=2; X < 6; Xe++)
fprintf (Scutput,”,%g”, R[x));
fprintf (Soutput,”)\n”);
y */
}
fclose(Soutput);
FARSEEND;
return NULL;
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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”);

Liprintf (*< 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);

DCSheld (1,'V’,0Q,.05);
DCShold (2,'1’,IHOLD,8);

ioutl = dmake(DCSMeasure (1,“I’))->value;

conriect (2,0);
cennect (1,0);

/* check for proper alignment using pads 4 & 5 */

connect (1,5);

connect (2,4);

DCshold (1,°V’,0,.05);
DCsShold (2,‘I',IHOLD,8);

iout2 = dmake (DCSMeasure (1,’I’))->value;

connect (2,0);
connect (1,0);
D(fprintf (output,”-1*ioutil

D(fprintf (output,”-1*iout2 = *g\n”,-1.0%*iout2+*1000);).

%g\n”,-1.0*iout1*1000);)

/* IF NOT aligned-properly then skip measurements */

Il { -1*(iout2) < (.2*IHOLD)))

if (( -1*(ioutl) < (.2*IHOLD))
open{l)=open(2)=shrt(ll=shrt([2}=-10;
aligned=0;
}

else {

for (x=1;%<3; x++) {

/* CONTINUITY CHECK FOR SERPENTINE ONLY */

connect (2,2*x-1);

Measurement Subroutines
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connect (1,10-2+*x);
DCShold (1,°'V’,0,.05); /* set up a ground */
DCShold (2,°I’,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (2,°'V’))->value;
iout = dmake(DCSMeasure (1,'I'))->value;
if ( (-1.0*iout) < (.2*IHOLD))

open(x] = 1;

else
open{x) = 0; .
DCSturnoff (0); /* Disconnect all the pins, */

D(fprintf (output,®%s: vl %g iout %2g open[8d)= $d\n”, \
dut->Name,v1,1000*jiout,x, open(x]);)
) .

/* CONTINUITY CHECK BETWEEN SERPENTINE AND COMBS */
for (x=1;%<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,°1',1HOLD,&); : /* source the current */
vi = dmake{DCSMeasure (3,‘'V’))->value;
ioutl = dmake (DCSMeasure (1,°I’))->value;
iout2 = dmake (DCSMeasure (2,°I’))->value; . -
I (¢ -1*tioutl) > (.2*IHOLD}) 11 {_-1"(ioutZ) > (.2*IHOLD)))
shreix) = 1;
else ’
shrt(x) = 0;
D(fprint{ (output,*BOT:\n%s: vl %g ioutl %2g iout2 %2g short[$d)= $d\n”, \
dut->Name,v1,1000.0*ioutl,1000.0%*iout2,x, shrt(x));)
connect (3,0); /* Disconnect current source */
/* CONTINUITY CHECK BETWEEN TOP COME AND SERPENTINE */
connect (3,2°x);
DCShold (3,‘1’,IHOLD,8); /* source the current */
vl = dmake(DCSMeasure (3,°'V’))->value;
ioutl = dmake(DCSMeasure (1,°'I’'))->value;
iout2 = dmake (DCSMeasure (2,°'I’))->value;
if (( -1*(ioutl) > (.2*IHOLD)) || ( =-1*(iout2) > {.2*IHOLD)))
shrt([x] += 1;
D(fprintf (output,“TOP:\n%s: vl $g ioutl %2g iout2 %2g short [%d)= $d\n®, \
dut->Name, v1,1000.0*ioutl1,1000.0*iout2,x, shre(x));)

DCSturnoff (0); /* Disconnect all the pins, */
¥

)
/* CQUTPUT Human-readable FILE output.text */
for (x=1; X < 3; X++)
fprintf (output,”8s (aligned=%d): open($d)=%d short [8d]=%d\n", \
dut->Name, aligneqd, x, open{x]),x,shrt(x));
fprintf (output,~\n");
/* OUTPUT S-readable FILE Soutput.text */
if (aligned) 1
/* OUTPUT Values for Splus */
fprintf (Soutput,”open.$s = c(%d,%d)\n”,dut->Name,open(1),open(2));
)
if taligned) 1
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/* 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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