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PREFACE

The objective of the IEEE VLSI Workshop on Test Structures was to bring
together the designers and users of test chips to discuss recent developments
and future directions, The workshop was held on February 20 and 21, 1984, at
the Vacation Village Hotel, San Diego, California., ‘General topics covered
were Material and Process Characterization, Test Structure Utilization, Yield
and Reliability Assessment, and Device and Circuit Characterization,

At the meeting, several attendees requested copies of the speakers' slides or
vugraphs, Following are thé visual materials supplied by speakers responding
to this request, the Schedule of Events, and listings of the Program Chairmen
and of the attendees,

Loren W, Linholm
Co-Technical Chairman

1984 IEEE VLSI Workshop on Test Structures
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A Microelectronic Test Chip Perspective

Martin G. Buehler
Jet Propulsion Laboratory
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Introduction

L. W. Linholm
National Bureau of Standards
Semiconductor Devices and Circuits Division
Washington, DC
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SESSION I MATERIAL AND PROCESS CHARACTERIZATION

The Application of Microelectronic Test Structures for Linewidth
Measurement in the Near and Submicron Linewidth Region

L..W. Linholm and D. Yen
National Bureau of Standards
Semiconductor Devices and Circuits Division
washington, DC

M. W. Cresswell
Westinghouse Electri¢ Corporation
solid State Sciences Division
Pittsburgh, PA
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ELECTRICAL LINEWIDTH (pm)
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Integrated Circuit Test Structure for Measuring Mask/Reticle Misalignment

Brian Henderson
Burroughs Micro Components Group

39



Burroughs Corporation

MOS DIGITAL VERNIER

TEST STRUCTURE USED TO MEASURE MISALIGNMENT BETWEEN
TWO PRQCESSED LEVELS.

ELECTRICALLY MEASURED USING A D.C. TYPE PARAMETRIC
TESTER,  THEREFORE SUITABLE FOR MAPPING ALONG WITH OTHER
PARAMETRIC TEST STRUCTURES.

DESIGN AUTOMATICALLY COMPENSATES FOR OVERETCHING OCCURRING
DURING PROCESSING.,

RANGE AND RESOLUTION IS PRE-DETERMINED TO SUIT A SPECIFIC
PROCESS.,

SAME BASIC DESIGN MAY BE USED IN MEASURING MISALIGNMENT
BETWEEN MANY LEVELS.

HORIZONTAL AND VERTICAL VERMIERS ARE INCLUDED IN THE
SAME STRUCTURE.

S1zE 40 miLs x 8 MILS
1000 pm 200 om

MICRO COMPONENTS GROUP

40



Burroughs Corporation

wwwwmm@@@@@@@

-2.6 -85 -0.4 -0.5 2.1 8.3 +0.4 05 0.6
MISAL IGNMENT (MICRONS)

n”u”u”n”u”n“ O dd g

-06 -os -04 -8.1 .m .oz 8.3 8.4 +8.5 +8.6
( b ) MISAL IGNMENT (MICRONS)

Figure 1: Conventional Vernier (3) no ovgntching with zero misalignment

(b) 0.2um over etch on both layers with zero

misalignment

SEMICONDUCTOR OPERATIONS
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Burroughs Corporation

A

MISAL IGNMENT (MICRONS)

ﬂ@ﬁwﬂrn&ﬂﬂﬂﬁr@qﬂrﬂq

]

L 1 1 1 1 1 i 1 I ]
-ﬂ.ﬁ -9.5 -3.4 'ﬂa3 "9-2 "ﬂol 0 ’B-l *0-2 05.5 .Bno

(b) MISALICNMENT (MICRONS)
0.4 -8.2 8 1 8.2 .a.s
‘ _ (c) MISAL Icnneur (mcnons)

Figure 2: Vernier which compensates for over etching (a) no over etch with zero misalignment
(b) no over etch with +0.2um misalignment
(c) 0.3um over etch with +0.2um misalignment

SEMICONDUCTOR OPERATIONS
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Burroughs Corporation
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Lifetime Interpretation from Silicon Test Structures

Dieter K. Schroder
Arizona State University
EE Dept.
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EXAMPLE : Intrinsic Ge/'/en'ng .

o Cerfain anneals cause ©x 9 #o ow‘dJ/ se m a
Surche lager (denuded zone) and Fr!&/'ba./a/e "
e bulK .

e denudcd Zone (“"/O-ZO/UM thrck)

—————————— [ T. hi
X b P % SRR 6 Seri 74
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X
4 | 3 ) & X

o T, measurement charactesizes /M/A f«a,&\% denuded

2one”
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RECOMBINATION LIFETIME
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( d"aded/ transt's P ﬂyra's/orr)

e Solar cell ef/éz:‘én%

GENERATION LIFET)mE

®  Tunchon divde /eaéa.je Cocrrent .

® Mos cc?oaa‘,lor holdiing Ame
(dynamie RAM refresh time)

e CuMos /eaéq.ie fLurrent

Ced dark eurrvent , noise, a'ynarm'c ranje

56



LIFETIME

®  Recombinahon lo'/e/fme

® Pholoconduchve Decay
Mizrowave Eef/ec.r‘rbn
CZ/:':A/ Modulahon

evesse Recwevf

Zm‘ Cirewid Volta Decar
vward - Biased Orode IV
S'.c.rfnc.z Phovo ra//u-je
Sj'bec.;ba/ Qes/bons'e

.S'c.anm? Elec hon Microscope
Pulsed Mos-c (~70°c)

®  Generehon Z:‘/Q Awmie

o Pulsced MoS acilor
o Revesse- Biased Diode I-V
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Electrical Characterization of Epitaxial silicon

K. P. Roenker and T. J. Morthorst
Solid State Electronics Laboratory
University of Cincinnati

and
C. Baylis

Applied Sciences Research and Development
Cincinnati Milacron
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Electron Mobility Map

Wafer 2 — 1
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Layer to Layer Interconnections in VLSI Circuits

G. K. Reeves
Telecom Australia, Melbourne

H. B. Harrison and G. Sai-Halasz
Microelectronics Tech., Centre
RMIT, Melbourne
Australia
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LAYER TO LAYER
INTERCONNECTIONS IN VLSI

CIRCUITS
G.K.Reeves— Telecom Aust.,Melb.
H.B.Harrison Microelectronics Tech.

j Centre,RMIT,Melb.

G.Sai—Halasz Australia.

86



—METAL—SEMICONDUCTOR CONTACT: MODEL
& ELECTRICAL CHARACTERIZATION

—FINITE SHEET RESISTANCE LAYERS: MODEL
& ELECTRICAL BEHAVIOUR |

~TEST PATTERN STRUCTURE FOR
EXPERIMENTAL MEASUREMENTS

—RESULTS OF EXPERIMENTAL MEASUREMENTS
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Metal Layer

ll///f//// Contact Resistance
' Rc of a planar
| : RC contact.

i

i % Electrical network

d
J/( / / / A / for modelling

planar ohmic
Pc contact.

~~ Rsk.

2
Pc=SPECIFIC CONTACT RESISTANCE (Ohm.cm * )
Rsk= SHEET RESISTANCE UNDER CONTACT (Ohm/sq.)

METAL—SEMICONDUCTOR OHMIC CONTACT
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Rc

5.0 - 1/2
Rc=(Rsk.Oc) Coth(ad)
4.0 - w
_ 1/2

30 - where a=(Rsk/Qc)
2.0 -
1.0 -

O L] L] 1 ] I 1 I ] ] —I | L] ] L] I ] :

0 1.0 20 (ad)

DEPENDENCE OF Rc ON CONTACT
LENGTH d.
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BURIED CONTACT

/
POLYSILICON LAYER (Rsp)

SINGLE CRYSTAL SILICON (Rsk)

ELECTRICAL MODEL FOR
BURIED CONTACT
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/
Polysilicon Layer (Rsp)
A - c

Pc

B Sl D
Single Crystal Silicon (Rsk)

Two definitions of Rc depending upon direction
of current flow :

(1) Standard Contact:(l in at A, out at D)
Re=V /|

(2) Folded Contact:(l in at A, out at B)
Re=V 5 /|

.CONTACT RESISTANCE
DEFINITIONS
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Rc.W (x10™%ohm.cm)

100

10

1.0

T ryirel

8.1

.
-
.
.
-
.
..........

f rd
.pc(ohm.cm )

L 1 Ll L iill 1 1 Ll i i111) | 1 L L 1 1)

.1

1.0 10 180
Contact Length d (microns)

STANDARD CONTACT
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Rc.W (x18*ohm.cm)

@.1

[~
=
[ ]

E PC(Ohm 2 ) (Metal Contact)
- .l'.T'B = . l“.TB - lll'TéB

Contact Length d (microns)
FOLDED .CONTACT
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POLY VOLTAGE

WS —Ed BB
"2 dS S Jud dL S
— \ —>
l 2R //
/ Vs /
/| o
DIFFUSION /
VOLTAGE ‘ LA
TAPS — L=

—— MEASURE EDGE VOLTAGE RATIO Vs/V

Vs  Fn(ads)

vV, Fn(ad )
where Fn(ad)=Coth(ad)—1/Sinh(ad)

THUS DETERMINE PARAMETER a
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POLY VOLTAGE Vp
TAPS — | R I \r
Lirt P Y

ds d.
—> —>( \
| ; 7 \
N / Vi
d AN
DIFFUSION ‘/
VOLTAGE  [7:: el FE . 5

—— MEASURE V. /I = R,sp

—— MEASURE POLY :DIFFUSION V. DROP

POLY V.DROP . Rsp
DIFF. V.DROP 7 Rsk

CALCULATE Oc:  Pc=(Rsp+Rsk)/a?
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1000A Gate oxide grown.Mask with
Si Nitride for B field implant

8000A field oxide grown.P implant for
depletion mode devices

Etch openings in gate oxide for
buried contacts

S000A LPCVD Poly deposited.Diffuse

with POCI to dope poly & monoxtalline
Si in buried contact regions

Pattern polysilicon.Open gate oxide

Diffuse monocrystalline silicon with
POCI .Poly also diffused again

Metal deposition & patterning.
Deposit silox
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CONTACT PARAMETERS

DIFFUSION | POLYSILICON | ATTEN. SPEC. CON.

SH. RES. | SH. RES. CONST. | RESISTANCE

(ohm/sq) | (ohm/sq) | (cm =1) |(ohm.cm 2)
/

Rsk Rsp a P G
7.2 — 92— 1340 |0O.7— 5
8.9 10.4] 1600 |1.0x10
ads= 3.3 ds = 22.5um

ad,  =14.2 d, = 96um

STANDARD CON. Re

FOLDED CON. Rc

SHORT

1.9-2.0

1.25—-1.34

LONG

4,7-5.0

1.12-1.35
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Re.W (x18 *ohm.cm)

8.1

})c (ohm.cm?)

} A

1 1 LA i 11l 1 L1 i 6 1111 ] 1 L4 a8 nies

(o)
]
SN

1.0 10 109
Contact Length d (microns)
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Isolation Test Structures for CMOS

John Y. Chen
Hughes Research Laboratories
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ISOLATION TEST STRUCTURES FOR CMOS
John Y. Chen

Hughes Research Laboratories
3011, Malibu Caynon Road
Malibu, CA 90265
(213)~-456-6411

CMOS is rapidly becoming a major VLSI technology due to its
inherent low power characteristics. However, bulk CMOS has
poorer packing density than does NMOS because a larger layout
area is generally required to isolate p~ and n-channel devices,
These device types are physically isolated by at least one well
in the substrate. Conventionally, the well is formed by
diffusion process which requires a large layout area. High
energy implantation has recently been employed to form the CMOS
well which greatly reduces the spacing between the two
devices[l] . Consequently, CMOS layout area may not be limited by
the physical well dimension, but restricted by the electrical
isolation.

Electrical isolation is a major concern in CMOS circuit
layouts. In a CMOS IC, the gate of a p-~channel FET is often
connected to the gate of an n-channel FET to form logic
components such inverters. Fig. la shown the layout of an
inverter cell. The cross section of the cell along AB is shown
in Fig.lb. This cross section is perpendicular to the direction
of the current in the FETs. The two FETs are normally separately
by a relatively thick field oxide. If the gate is biased at 5 Ve
the p-surface within the n-active area(indicated as the
cross—hatched area in Fig. 1b) is inverted to n-type, but is
isolated from the n-substrate if the p-region under the field
oxide (shown as p~CS) is not inverted. This region is normally
doped heavily to form a channel stop which prevents field
inversion. When the gate bias is switched to 0 V, the p~device
is then turned on but is isolated from the p-well by the n-region
under the field oxide. An n-type channel stop may also be used
for this region to avoid field inversion. As the width of the
channel stop(L, is Fig. 1) is reduced, field inversion may occur
prematurely due to lateral diffusion of the channel stop(s) and
two-dimensional fringing field effect at the edges of the active
devices. It is therefore necessary to derive a design rule for
the minimum layout spacing which is required to electrically
isolate the two opposite type devices in a CMOS.

We have developed a new test structure which is suitable in

obtaining these isolation design rules for a given CMOS
technology. This test structure is used to measure the field
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inversion voltage and the field subthreshold characteristics as a.
function of isolation spacing. Fig. 2a shows the cross section
of the test structure which tests isolation characteristics for
an n-device. Quadruple-well CMOS technology[2] is used here as an
example., Notice both source and drain are formed by n junctions
to allow this structure operate as an n-channel MOSFET. As the
gate voltage increases, the p-well surface under the thin oxide
inverts first(at V_ & 0.5 V), however current does not flow until
the V_ is high enoﬁgh to invert the p~type channel stop. I—Vg in
the cflannel stop region can then be measured and the field
inversion voltage can be determined., A similar structure for
testing p-device isolation is shown in Fig. 2b. Notice that
both source and drain junctions are P’ for this structure and the
gate and the drain are now biased at negative voltages. Layout
plots of a series of these test structures with various isolation
spacings (Lg) are shown in Fig.3a and 3b for n- and p~device
isolation respectively. ’

Experimental results have been obtained from the test
structures fabricated by quadruple-well CMOS technology. Fig. 4a
and 4b show the subthreshold I-V_ characteristics measured from
the test structures shown in Figq 3a and 3b respectively. L is
the design rule for the isolation(or channel stop) distance Ehown
in Fig. 3. At 2 pm design rule(LF = 2 um), the subthreshold
leakage currents in the isolation region between the two opposite
type devices are < 1 pA when V_ is biased between -16.5 V and 20
V. The field inversion voltagds (defined at 1 pA) as a function
of L, are shown in Fig.5 for the n- and p-channel devices,

Notice that the magnitude of the field inversion voltage (|Vqgl)
decreases as L, is scaled down. However, IVTF| still maintagns
above 20 V at L, = 2 pm for both type devices. Such experimental
results verify ghe validity of these new test structures. Using
these structures, one can derive the isolation layout rules for
any bulk CMOS technology.

REFERENCES:

1. R.D. Rung, C.J. Dell”Oca and L.G. Walker, " A retrograde
p-well for high density CMOS," IEEE Trans. on Ele. Dev.,
vol .ED-28, pllils, 1981.

2. J.Y. Chen, " Quadruple-well CMOS - A VLSI techtiology,"”
IEDM Digest, p.791, 1982,

101



p-type channel

|
|
stop (p-CS) :
|
[

n+ | p+
]
I [

& l P : N GATE
'“

|

n+ | +

p
{-LF 2 Lp-»

P-Well

=5

N-substrate

)‘v,,,,=5v

(b
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section view. A conventional p-well CMOS is used
here to illustrate the problem,
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Fig. 5 Field inversion voltages as a function of isolation spacing.
VTF' is the magnitude of the field inversion voltage,
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Test Device for CMOS/SOS Parameter Testing
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Bubject: Test Chlp Btrategy for a high Qetober 15, 1983
volume VLBI design laboratery
Mark E. Potter

Bell Labs
555 Unien Blvd,
Allentown, PA 18103

ABSTRACT

An environment of many design prove-ins per year using an
existing VLSI technology requires a special test chip strategy.
Process monitoring for control and speedy fallure analysis in a
production mode are the driving forces rather than process
development motivations. The goals of a test chip system for
such a situation will be listed in this paper. The methods used
to achieve these goals in the Custom Logic laboratory of Bell
Labs will be outlined. Examples will be drawn from the
technologles used routinely by Custom Logic designers, namely,
3.5um and 2.5um Twin Tub CMOS (1], which have been up and running
on Western Electric facilities for several years. The
characterization parameters and test structures used will be
reviewed. Software data manipulation results will be presented
in format form showing what can be done once a data base is
established.

The following capabllities are the test chip objectives in
approximate order of importance:

l, Fast and complete process evaluation,

2, Process parameter centering via feed back to the clean room.

3. Simplified drafting utilizing all avallable space.

4. Simplified failure mode analysis (FMA),

5. Yield improvement.

6. Evaluation of design sensitivity to process variation.

7. Production parametric gathering.

8. Device modeling for simulation files,

9. Next generation design rule experlence.

1¢. Evaluation of experimental structures.

Most of the goals have been achieved with a Test Pattern Array
(TPA) strategy. A 1500um square arrangement of probe pads was
designed and defined as a "module", see figure 1. Nine modules
were filled with the minimum number of test structures needed for
complete process characterization, hence, each test chip is
required to contain at least these 9 modules. ‘A total of 17
modules per technology have been created. A BASIC software
routine called "TPA" was written which takes the "primary chip"
size of a design, the number of bonding pads on the primary chip
and the optimum alignment feature placement as inputs, and
outputs the most efficient rectangular array of modules for the
test chip ("secondary chip") along with complete drafting
instructions., About 25 TPA's were drafted in anticipation of
chip size requirements. Automatic probing of these TPA's is
preprogrammed to minimize delays.
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If the number of primary pads is large enough, the TPA output
requests that certain module pads be connected via metal to an
exact copy of the primary pads on the secondary. This will allow
measurement of selected parameters during primary functionality
testing in a production environment with no change of probe cards
(goal 7). An example TPA output is labeled as figure 2 and the
resulting secondary site layout can be seen in figure 3.

The contents of all the modules are outlined in figure 4a,
including the non-essential modules which are included on
secondaries as space permits. The categories of parameters are
listed in figure 4b. Four of the non-essential modules are
"buffer" modules. An example buffer module is seen in figure 5.
These contain I-0 buffer circuits wired to the module pads giving
access to all the buffer's nodes. These prove very useful in
buffer characterization for performance and reliability and for
general failure analysis, The 53 specific parameters which are
extracted from the modules are listed in figure 6. These are
stored in a cumulative data base in a compact format.

Since most secondary sites contain more than the 9 basic modules,
an experimental module can be easily substituted for a non-
essential module. No special probe cards are needed since the
standard pad arrangement is used. This procedure is especially
effective in an laboratory which places mask orders almost daily.

The most important ingredient in a successful test chip strategy
is yield improvement capabilities. While the devices listed
above will help keep processing parameters centered, they
contribute no information about uniformity across a wafer or
cosmetic factors since they are placed in only two specific
locations as dictated by the alignment feature requirements. Two
additional sets of structures have been created to handle
uniformity and cosmetic control.

First, a set of very simple two terminal devices (called FMA
features) are placed inside the saw apart grid above every
primary and secondary chip. Wafer maps can then be generated for
failure analysis investigations using a pair of manual probes
attached to an automatic prober. Non-uniformities in process
Parameters are easily detected with these. 'The map shown in
figure 7 is the forward turn-on voltage of an N+ source/drain to
P~Tub diode. The entire center region is showing leakage current
problems as seen by the 108 milivolt numbers (normal turn-on is
about 60@¢ milivolts) in figure 7a. Using the same.data, a shaded
plot was generated and is shown in figure 7b. Note that nothing
unusual would have been detected in the upper test site since it
lies in a good region of the wafer.

Second, a set of dense meandering patterns on critical
lithography levels (called PRETEST for: Process Resolution &
Evaluation TEST chip) have been developed by B. Keramati and are
pPlaced on the periphery of the tailored chip array for cosmetic
data acquisition. These patterns are also used in design rule
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evaluations., Fallure analysis and process improvement efforts
have been greatly simplified with these two sets of structures.

Figure 6 has shown the format used for lot average reporting.
Parameters out of spec are flagged with an asterisk as seen in
the figure at a glance. The entire data base can be averaged in
this manner. Figure 8 shows other convenient output formats.
Part "a" displays the 10 moat critical parameters for each taest
site in a lot. With this information bad wafers can be weeded
out, thus, saving valuable primary testing time. Part "b" shows
the electrical line size data in a similar format., This is
especially useful for analyzing lots with deliberately varied
line 8izes for design sensitivity to process variation
evaluation,

There are many possible data manipulation schemes to present the
data in useful plots, e.g., histograms, correlation plots, and
control charts. Flgure 9 shows the control chart of the p-
channel threshold voltage from August of '82 through August of
'83 for a particular clean room. A processing correction was
obviously needed in March since the lower spec of =-0.9 volts was
crossed.,

R~

Mark E. Potter

ws: sandliego.ppr
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TRANSISTOR MODULE

(Standard 24 pad arrangement is shown)

Text border
J__

Figure 1.
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PKG. CODE : 327UV TECH = 3.5 um

STEP & REPEAT = 6730 by 7130 um # PINS =

DRAFTING PERSON:
PRIMARY DESIGNER:

SECONDARY SITE DRAFTING INSTRUCTIONS

A. SITE SIZE

1. The secondary site size is 1 times the size of

site: 6730 by 7130 um.

8/30/82

PEP TARGET = =1,73 mm

a primary

2. Primary bonding pads should be copied onto the secondary.

B. PEP LOCATION within the clump & on the secondary

l. The clump name containing the PEP module is TP3X3.

2. Check the position of the PEP module within the test
pattern., If it 1is not located # column(s) of modules
to the LEFT of the TPA center and 1 row(s) BELOW the
center of the TPA, then place it there by exchanging

the PEP module with the module in that location.

a. DO NOT ROTATE ANY MODULES !

b. DO NOT MOVE ANY MODULE OFF-COLUMN OR OFF-ROW |
3. Place the center of this clump @ um to the LEFT of the site
center and 154 um BELOW the center of the secondary site.
4., Wire the inner TPA pads marked by a metal square to primary
pads, one for one; DO NOT WIRE TO THE POWER SUPPLY PADS |

C. SITE PLACEMENT IN THE TAILORED ARRAY

l. Place the finished secondary site in two places in the
tallored array such that the PEP module is on the sites
containing the PEP target specified by DFM's array sheet.

Please send a hard copy of all completed secondary sites to:

M. E. Potter AL 2D-249 (x7099)

SUMMARY
TPA TP3X3
PEP MODULE IN TPA g ,-1
WIRING TO BONDING PADS YES
TPA PLACEMENT @ ,~155 um
PROGRAMMER'S INFO (DRAFTING IGNOR)
XPAD 620
FINAL DELTA PEP g , 0
XB,Y¥YB 552.5 , 752.5
FLAGS - g 8 1 & 0 @0 @0
NX,NY,NX2,NY2 3 3 4 4
Figure 2,
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TPA Layout

(from instructions in fig 2)

8 %

)
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yy B

Figure 3.
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Contents of thie TPA Modules

(essential modules)

Transistors (sub-minimum design rule up to large square)
£leld and composite daevices; no threshold adjust device)
N-type four terminal resistors (diffusion & gate)

P = ty pe " n " [[] "

Capacitors (all oxides poasible)

Ring Oscillator and accessible polycells

Van der Pauw (& aluminum spiking)

Contact Reslstance (& junction capacitors)

Electrical alignment registration measuring features
(gate to diffusion and source/drain implant to diffusion)
Features for performing the optical alignment in process

(non-essential modules)

10, a large composite oxide capacitor

ll. a dense feature sultable for SEM or TEM cross sections
12, a spreading resistance feature for diffusion profiling
13, four "buffer" modules

Figure 4a

Parameter Categories

(1) transistor thresholds and gains

(2) parasitic device parameters

(3) oxide thickness

(4) substrate surface doping concentrations

(5) mobility fall-off coefficlents & source/drain resistance
(6) sheet resistances -

(7) electrical diffusion & gate line sizes

(8) electrical channel lengths and widths

(9) lateral junction depths

(10) Ring Oscillator frequency and power

(11) polycell thresholds and betas

(12) tub contacts

(13) reverse blas break down voltages of all junctions
(14) Van der Pauw sheet resistance measurements and

diode leakage currents
5) contact resistances

Figure 4b
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Buffer Module
(Individually wired circuits with access to all nodes.)
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Figure 5
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Figure §

#ew  PROCESS PARAMETER AVERAGEES FOR 3, BUM CMOS  ###

It mumber G242 patckange ctile J64E clate 27-JUN-03

PARAMETER . AVERAGE 8TD DEV GITES UNITS SPEC RANGE

0 9 0 9 RRIIN RN R RN 000 0 O 40 3000 00
N-CHAN 4X73 threshold D78 0,019 16 volte v 3749
P~CHAN #4X7% tineuholdl (e 79 Gy 23 14 vl Tt Y- VTR
LARGE SGUARE N-CHAN BETA 42,81 0,729 1% E-HA/VHH2 84/48
LARGE SGRUARE P-CHAN BETA 14,47 Ghe 2933 1% E-&A/VERE B/10
N-CHAN F1ELD OX threshold 86 0y 160 16 vol ts > 8
P-CHAN FIELD 0OX threwmhold =17 .97 L8780 i vl Tt (-8
GATE OXIDE THICKNESS o B28,10 # 10,480 15 angstroms  323/629
N-TUE cloping conmentration L1400 Ge0Ld A Ela/sce B/7L05
N-TUE doping with VT ADJ O b} 0, 030 13 Elé/ce 0 3/49
P-TUE doping conmentration L2 0 100 i Eld/ce 1B/105
P-POLY uheet resisntance 13,438 0. 677 16 ohmu/sq. 10/18
N-POLY whest resiontence 13.07 W77 by okhmnE/na . los1a
P.GASAD sheet renistance 10%, 24 1,720 16 ohmn/ug. 90/183Y
N-GABAD mheet resistance 284643 L0770 16 whmi/BG . 20/3%
P-~CHAN series resisvtance 16657 8,264 1%  ohme
N=CHAN serien resimtance 120,49 dle 7004 14 ohmw
P-CHAN mobility fall-off 83, 66 ?,251 i6 E-8/volr
N-CHAN molaliity fall=pff 47,73 7 004 14 E-3/valcy
F-POLY GATE LINE WIDTH 8,52 0,189 16 micronn 3,0/4,0
N-PLY GATE LINE WIDTH a3, 80 G 8L 14 microng Bed/dt)
P-GCHANNEL L PRIME 2,07 0,163 14 microng 1.8/72:9%
N~ZHANNEL L PRIME L.98 Qe 204 1é microns Leti/72.5
P-GASAD LINE WIDTH 4,66 0. 0%8 16 microns 4,0/%,0
N-GABAD LINE WIDTH 4,40 Cle Qe 14 mieronm 4.0/ 0
P-CHANNEL W PRIME 3,68 0,412 16 microng 8,0/4, 9
N-CHANNEL W PRIME 4,34 Qe Lt 14 micronm B.N/4,5
P-CHAN lateral jgunction .72 0,061 15 microns 0:6/140
N~-CHAN lateral gunction Q, a0 W70 1% miErans Ded/1:0
RING QSCILLATOR frequency 18,92 $.296 16 MHz
RING GOSCILLATOR powaer HeEH0 0. 310 15 mw
BUFFER & INRB power 19,64 1,975 18 nw
INRB N-CHAN thireshold Q.49 Qe 022 15 volts H/09
INRE P-CHAN threshold -0, 80 0.041 14 volts -2 3/-49
INRE N-CHAN BETA 422,78 20,947 1% E-ba/Vx%#2  250/700
INRB P-CHAN BETA 340,88 1%,239 14 E-6A/V##2 2350/700
N-TUE TO SUBSTRATE CONTACT 0,01 00 OO0 14 val s (o2
P-TUR TO SUBSTRATE FWD. 0. 63 0,007 16 volts +87.75
N-TUBE TO F-TLB REY., -4, 30 0,547 16 val ts 40 /40
N+ TOQ P-.TUB, GATE & SOURCE 1%, 84 4,983 16 volts 10720
P+ T N-TLB, GATE & SOURCE -2t 73 241462 14 |, volras 20730
N+ TO P+TC & GATE (ZENER) 6. 38 0067 16 volits 8/7
P+ TO N+TIC & GATE (ZENER) mdd o 30 Qe O75 1é valtm -%/=7
P-TUB Van Der Pauw sheet 7338, 53 101,214 16 ohms/ a0,
TUBR LEAKAGE & % volts 1.42 L7005 14 E-1%A/umzZ
N+ Van Der Pauw sheet 27.79 1.518 16 ohmn/ g, 20/3%
N+ LEAKAGE @ 5 volts 1.208 1444 12 E-15a/um2
F+ Van Der Pauw sheet 103, 3% 3,092 16 ohms/ 50 90/139%
P+ LEAKAGE B % volts L%2 L.aow 13 E-L%AZ/um2
P+ coOntact resistance 12,01 3,982 14 ohrns -~
N+ HIGH cone resistance B398 24974 14 akhme
N+ LOW con, resistance 120,47 63,681 16 ohms
N-POLY  cone resistances 2,41 Qe 724 1é ohkmis
P-FOLY c¢on,. resistance 2,41 0. 390 16 ohims

mamber of sites averaged 14
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HHW

3 Sum

lat number

TOX
t 22

48,
n21.
314,
S5,
526,
529,
506,
03,
537,
537,
924,
522,
523,
522,
334,
S34.

923,
10Q.

Q242

RaF
227

13.2
14,3
13.0
13.8
13,4
14.4
12.8
13.8
12,8
14,0
12.6
13.9
12. 5
12. 4
13.4
14.5

13.4
0.7

CMOS Individua) Site Critical Parametenrs ###

package cocde 344D date Z7-JUN-03
ReN+ RsP+ n-LP p-LF Vtn Vtp nk pR
HEXE XK REXE  ERERE EX¥ * %% *% *%

28,6 104.,1 1.83 11.84 0.70 -0.78 441, 349,
29.8 103.4 2,01 2,01 Q.49 -0,78 424, 344,
28,2 105.6 1,75 1.78 0.69 0,76 462, 362,
29.6 106,00 1.046 1.92 047 -0,74 462, I6H3I,
2600 107.7 1,30 1,89 0,68 -0.88 442, 352,
29.2 103.4 1.88 2,03 0,60 -0.,03 414, 345,
28,2 106.7 1,86 1.96 0,66 -0.82 44190, 344,
doed 104,1 2,11 2,15 ¥xx#x -7.57 LB Q.
28:3 107.0 1.93 2,05 0,73 -0,73 39h%., 322,
29.4 103.4 2,07 2,23 0,467 -0,89 369. 312.
27,9 107.2 2.0% 2,19 0.71 -0.73 396, 329,
29,3 104,2 2,08 2,35 071 -0.77 3%2. 322,
27.9 106,8 1.75 2,00 0,71 -0,78 453, 3435,
27.8 107.4 2,71 2.31 0.68 ~0.81 457, 349,
28,1 104.1 1.8% 2,00 0.73 3,13 412, 0,
29,64 102.4 1.98 2,22 0O.71 -0.80 411, 334,

28.6 105.2 1,93 2,07 0.69 -0.80 423, 341,
1.1 1.7 ©.25 0.6 0,02 0.04 2%. 15,

Figure 8a

### Degign Tolerance Data # 3.5um CMOS ###

lat number 8242

WAFER SITE
%% ¥ % %%
5 TOP
] BOT
a TOP
a BAT
14 TOP
14 BOT
2 TOP
2 BOT
18 TOP
18 BAT
146 TOP
14 BOT
3 TOP
3 BAOT
22 TOP
22 BAT
AVERAGLES
STD DEVs
wafer site
-9 RHW
S TOP
5 BOT
a TOP:
8 BOT
14 TOP
14 BOT
2 TOP
2 BOT
18 TOP
18 BOT
14 TGP
16 BQT
3 TOP
3 BQT
22 TOP
22 EBOT
AVERAGES
Std Dev

L
L2

3.43
3,53
3.22
3,22
3.4646
3,54
3.48
3,51
3.49
3.69
J.51
3,63
J. 50
3,54
3,460
30 5()

Je 50
0,13

L~-ELE|
A

1.683
2,01
1.75
1.86
1,350
1.88
1.84
2,11
1.93
2,07
2,01
2,08
1.75
2:71
1.85
1.98

1,95
0.25

package cacle 3448 date 27-JUN-83

N-CHANNEL - P-CHANNEL

E W W-ELEC XJ L L-ELEC W W-ELEC

96 AR NN e N WNHNIN BN
4.52 4,33 0.80 346 wxx% 4,64 3,59
4:.47 4,53 0,76 3.%4 2,01 4.54 3.79
4,55 4.40 0,73 3.25% 1.78 4.76 3.75
4,45 4,56 0,68 3:22 1.92 4.355 3,70
4,40 4.34 0,94 3.45 1.89 4.89 3.79
4,32 4,392 0.83 3,53 2,03 4,65 3.82
4.52 4.17 Q.81 3.41L 1.9 4.71 3,546
4,48 4.49 0,70 3,52 2,15 4.3539 3.84
4.45 4,24 0.88 3.71 2,05 4.42 3.43
4,42 9.12 0,79 3.74 2,23 4.54 3.51
4,49 4,32 075 3.5 2.19 4.74 3.57
4,30 9,283 0,77 3,87 2,35 4,60 3.68
4.42 4,35 .88 3,52 2,00 4,73 3.49
4,492 4.28 0.42 3,58 2,31 4,69 3.73
4:.54 4,38 0.07 .57 2,00 4,71 3.63
4,48 4,24 0.79 .63 2,22 4.59 379
4048 40‘;& 017‘3 30‘:'2 20‘:’7 4.6& 3068
0,04 1.6% 0,12 0.14 0,186 0.10 0.11

Figure 8b
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EFI
* %%

Z22Z2Z2ZZ222Z2222Z222

XJ

L2l 2 g

%% %%
0.76
0.74
0.695
0.78
0.75
0.73
0,68
0.83
0.76
Q.48
0.6
0764
0. 64
.78
0,71

0.72
0. 06
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GHDE  HAZA
Be2
43Q3 H40
B6H1L BOHY
R29  BIJZ D45
562 BH4  HBH2
214 Tiee BE0
78 B6B 878
¢ N&47 al
464 B70 100
neq Py
Ha3 Q28
we
CODE 382A
K
ve o vee
K Cee
toe so s
tee XK e
oo to e se e
% 3% tee e
#* %% o 4
v oe 'R * %
et %% %
W

Hhd
540
N&7
BB2
5arz
622
00
100
104
101
1010
100

LA

98

* e
e e
v
Ve
*o 0
¢
¥
% 9% %
4%
* 9% %
W4
* %%
W
* %%

Wafer Maps

FORWARD VULTALZH#LOD @ +1imA

LoT

B96
N
B40
BaHQ
808
Lo0
100
104
104
102
102
ANRR
101
LO0

<8
141

LoT

122

v e
soe
e
ro e
e
L L
%% %
¥
%% %
W
%9 %
*H &
* %%
W% ¥
* %%

[N 2 J

GLL WAFER Q52109
24 142 44%9 567 B42 H71
Nl HeA  BHAL A%Te
BHY  HOY HBA  B79 274 1109 AW/6
NHAh  Ala  NYE W w7 w7 W
140 @ A4 9 78 98 97
100 100 00 100 A 98 Wy
101 101 101 100 100 100 29
100 1G22 102 104 0L L00 Y
102 102 102 102 102 101 100
b (:"'2 LCE A0 102 102 101 00
102 108 108 108 102 101 10O0
102 109 408 102 102 10l 100
101 102 102 102 101 101 100
100 0 LGL 1o a0) Lol 102 LCL
A4 100 99 100
B L24  4%4 100 114 wa
Figure 72
FORWARD VOLTAGE @ +1mA
QoL L WAFER @A%21-0%
O OO #iH 1,10 4+
L I B ] ¢ 4 ¢ [ B | ¢ ¢ 0 [ BN [ B )
[ 2N 2 » 00 3 A LI 2
¢ 00 ¢4 ¢4t ¢ &0 ¢ ¢ ¢ ¢ 9 [}
v oo s ¥* 4 H H#46# L2 L 1.2
00 % %% 3% 3% % 3% % % *®%%* 3% %% %% %
#H# ## ¥ 4 ¥ ¥4 ¥* 4% ##* H#
5% %% %9 % % % % 9% %% xRN X %% %
# ¥ % H¥h  HHEE NH Ll L2l HH#
% % % %% #EH  NWE o % ¥ o %% %% %
¥ i #46 ¥ L2 1 Ll H R *
% % % % %N * % % % ¥ % % %% %% % * %%
W ¥ * %W ¥ 46 L2 1) *HH
% % % %% 9% % * 8% % %% % % % % 9% %
L2 L L L1 #*H¥ ¥ ¥ %W LI * 34
%* %% % %% % %% %% %
¥ e * o e *# ¥ s e N
Figure 7b
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FIN

i At
£ 7
b
Gy
g
50
w8
%A
)

20
5%

oy
alaitd

e
HHN
* %%
¥4
9% %%
4
9% 3% %
N
% 9% %
W
% 9% %
* 3

INFLIT

e
111
144
G7
W7
98
w7
98
104
A

INPUT

s o0
K
vow
% 9%
L Ll
3% % %
4%
% %%
4
* %%

a2
HB2
wa
108
1Ll
BOLG

L 2

XK
4
3% % %

LI
LI I



#euen FARAMETER CONTROL CHART s&s#s

for HeS50um CMOS s VTP

LUTs CATE
AJ12  18-AUG-82 1 ) 1 » ' :
Q3R  LY-AUG-B2 e H I :
aB12  19-AUG-B82 | ! X ! H
OO0z 28-aUG-82 | ! » H i i
8312 H50-AUG-82 | ! ' " ! H
8434 OP~LEP-A2 | ! » H ! i
4551 21.8SZF-82 | * H ! '
Q7% 22-HEP-82 | ! * 1 1 4
4561 22-.SrP-82 | | » ! ! '
A3%4 02-AUG-B2 | tox ] ;
4373 03-AUG-82 | ! * H ! 1
A%2% 1A-DET-A2 |} [ H H i
a431 01.-.NOV-82 | L] | | H
QAH73  OL-NOV-.B82 | T # i H
3626 10-.DZC-82 | (K] H | i
anee  15-0EC-682 | * H H
8626 15-DEC-82 ! (R H ' H
B4%G  14-DEEC-A2 | ! * H H
3654 21-.DEC-82 | ! # H H H

21-DEC-82 ! ! . i : )

D5.JAN-8D | ! * H ! i

Qs JAN-BE * H ! :
8434 07 -.JAN-83 | ! “ H ! H
An24  C7-JAN-B3 | : L] ! !
8s6O 07 -JAN-83 ! ! * } ' H
83/A% 12-JAN--83 | * : t i
3662 t7-JAN-B3 | ! » H | i
B474  21-JAN-B3 | ' * H i
3594 08-TEB-83 | [ H | H
/7246 0A-FEB-03 | [ H .
ai99 15.-FLE-83 | ! * H f H
A734 \1\7-FEB-Q3 | * ! { ! H
8838 O1-MAR-83 | L ! 1 i
8n74  10-MAR--83 | L) 1 H '
a2 11-MAR.83 | ! “ i | i
/015 11-MAR-83 | L] t . i
8818 24-MAR-83 | #* ! ! I i
Qa0 2D-MAR-B3 |} LN H t |
8819 O01-APR-83 | LN | i | !
2a%8 O7-APR-83 | 1 H ! H
0013 07-APR-83 | L] 3 | H
8108 23-AFR-083 | LB t 1 ;
8076 22-APR-83 | [ } ! I
@020 2%-APR-83 | ] # ' ! H
8068 02-MAY-83 | ! { * 1 !
anns  03-MAY-83 | - ! ! i H
8735 16-JUN-83 | ! » ) | !
Q004  22-JuN-83 | * | H ! !
8242 27-JUN-a3 | I » ! ! }
8279 28-JUN-83 ! ! # H H
8330 30-JUN-83 | ! 1 » ! H
‘B340  3C-JUN-B3 | ! L] ] [
8358 30-JUN-83 | | o H ! '
aB87% 0&-JLL-83 | ! “ i ] ! }
8506 26-JUL-33 | ! L) | ! !
a%s3& 27-JUL-83 ! [ H ' :
8648 28-JUL-83 1¢ ] | ! |
84%4  20-JUL-83 | [} ' ! H
8001 28.JUL-83 | [ i 1 ; H
8020  (8-AUG-83 | i } H
8005 11.AUG-83 | * ] H ! !
%564 13-AUG-R3 ! ! H * i i
8504  13-AUG-83 | ! L t H
8047  1%-ALG-83 | u ! ! H
8504 23-AUG-83 | ! * H 1 i
BO4T  3IG-ALIG--83 | LI | ! ' H
specy (1) = =0, 90 =), 1)
VOLTS H =1.10 =0, 70 -0.3

Figure 9
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SESSION IITI YIELD AND RELIABILITY ASSESSMENT

Pinhole Array Capacitor for Oxide Integrity Analysis

Martin G. Buehler
Jet Propulsion Laboratory
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Test Structures for Examining Electromigration

Harry A. Schafft
National Bureau of Standards
Washington, DC

A. N, Saxena and Chi-Yi Kao

AMI
Santa Clara, CA
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OUTLINE

RELIABILITY ASSESSMENT WITH TEST STRUCTURES
ELECTROMIGRATION: A VLSI FAILURE MECHANISM
MULTIPURPOSE TEST CHIP
INTERFERENCES
- AREA UNCERTAINTY
- TEMPERATURE PROFILE
o THERMAL MODELING
"o FEEDBACK TO DESIGN AND TESTING
NEEDS

- PRE-INDICATORS
- DEPENDABLE MEASUREMENTS AND REPORTING
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RELIABILITY ASSESSMENT WITH TEST STRUCTURES

o NEW APPROACH FOR CoMPLEX ICS
o DESIGN-IN SENSITIVITY TO FAILURE MECHANISM
o PAYOFFS:

- MORE SPECIFIC INFORMATION
- TIME SAVED

o GOAL: ON-WAFER TESTING
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ELECTROMIGRATION
METAL FLUX DENSITY

D
Jy = pF = kTF

F=Z%e€=Z%epJ; D= Do exp (-Q/kT)

Jg = :Jexp (-Q/kT)
fofti .
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EFFECT OF TEMPERATURE GRADIENT

I—--
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MEAN-TIME-TO-FAILURE, te,

teo 1
| ~50 Ja,

AT
t = — exp (Q/kT
50 = 5 i )
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JOULE HEATING EFFECT ON t;,

ten =K LG exp (O/kT(D))
s0 = A S(ma TP
sz
where T(J), ., = Ta * —
kox >
J“Po @

ttox

p=p,(?+aAT)

173



(zW2/VgO0L) P
e z ] 0

— 0S
3 3

(4 g
€ v .

(wr)X%3  aaingy -

ONILVIH 3TN0 Ol 3NA 3SIY IYNLYHIdWIL

- 001

\%

(Do) XBW

174



~ (wr) aNIT 40 N3 WOYd FONVLSIA
002 00l og . 09 ov oZ

.“\\ T i i | L]
| I | | | |

€ 9
€ . -
b v

(wr)X%)  eainy

NEO\<O°—. xeg=r

l“l“ —

3NIT TV.L3IW DNOTV I1404d FHNLVHIdNIL

(0]

001

_(%) (wdooe

X)L/(X)L

175



HLAIM 3NI7 Ol LNIWO3S
14 € 4 S 14 €

_ I 1170

__——z0

9

<

-

y 4¢€ {3

> a 0 m
l 9 3 i :

wrd) X% aaing

e i ¥°0 8 v

(wd) X°3 oaany

- S0

JANIS LV3H SV 1OV.INOD AN3 40 103443

o
©

0L

(%) Xew, julw,

176



| ANEO\<OO e
2 !

3 9
(4 g
€ v

(wr)X%y  aAin)

oL
=1A
(0=X)1 - (wrglL=X)L

G0

o'l

= 5

0 4

G'¢

(wri/9o) LA

3INIT 1S3L1 40 AN3 HVaAN LN3IAVHD 3HNLVHIdNGL

177



SUGGESTED PRE-INDICATORS OF FAILURE

© PULSED RESISTANCE-NONLINEARITY
o EDGE-DISPLACEMENT METHOD

© PERCENT CHANGE OF RESISTANCE
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"Electromigration Induced Failure by Edge Displacement in Fine AL Thin
Film Conductors," E. Kinsbron, A. P. English, Bell Telephone Labs,

Murray Hill, NJ

From 1982 IEEE VLSI Workshop
May 6-7, 1982
Hyannis, Cape Code, Massachusetts
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SESSION IV DEVICE AND CIRCUIT CHARACTERIZATION

Latch-Up Test Structures and Their Characterization

W. J. Craig
IBM Corporation
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Pre-Processor Geometry, Temperature and Parameter Modelling of Short
and Narrow MOSFETS for VLSI Circuit Simulation, Optimisation and
Statistics with SPICE

G. T. Wright and H. M. Gaffur
Electronic and Electrical Engineering Department
University of Birmingham
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DEPARTMENT OF
ELECTRONIC & ELECTRICAL
ENGINEERING

Pre-Processor Geometry, Temperature and Parameter Modelling of
Short and Narrow MOSFETS for VLSI Circuit Simulation,
Optimisation and Statistics with SPICE *

G.T. Wright and H.M. ‘“affur

Electronic and Electrical Engineering Department
University of Birmingham, Birmingham B15 2TT, England.

ABSTRACT

A parameter measurement and modelling method is described
for the SPICE-2 level-3 MOSFET. Geometry dependences are
znodelled outside the simulator with simple polynomials which
are incorporated into a pre-processor for parameter generation
and circuit file construction. Operating point dependencies
of threshold, body-effect and channel width are incorporated
into an enhanced device model inside the simulator. The
method is of general application and can be applied to any
circuit simulator containing any transistor model.

'«  INTRODUCTION

A major requirement for the cerstruction and use of
MOSFET models for CAD of VLSI is the provision of a sufficien-
tly accurate but simple description of the geometry,
temperature and operating point dependencies shown by many of
the model parameters. A further requirement is that it shoul“
be poscsible to derive the model parameters themselves by
Straightforward measurements on a few, simple, test structures.
The work to be described is based on the level-2 MOSFET model
implemented in SPICE-2.1) This is essential%y t:.2 gradual-
channel space-charge-limited approximation‘h'é’and i{s a basic
widely used representation. \

This w rk has been described in part at the UK SPICE User
Group Meetings neld % Malmesbury, UK, in December 1982 and at
Rutherford-Applaton _aboratory, UK, in March 1983, at the EEC
Device Modelling Worksho neld at Villard-de-Lans, France,
in Novemter 1983 and at tne IEEE Device Modelling Workshop
held at 3San Diego, USA, in rebruary 1984,
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Much work has been carried out and has been reported in
the literature, in attempts to derive accurate, simple, closed,
analytical expressions for parameter dependencies on geometry
and temperature.(7‘9 Hcwever, due to the essentially three-
dimensional structure and complicated physical operating
mechanisms of the short and narrow transistors used for VLSI
circuits it is unlikely that this kind of approach will ever
be successful. A practical engineering solution has been
sought, therefore, by fitting simple polynomia s in length and
width to the parameter values obtained from measurements made
at the operating temperature.

2. PARAMETER EXTRACTION

In order to use this method a satisfactory procedure for
parameter extraction must be established. The interactions
between parameter values are sufficiznt so that for any indi-
vidual device there are many combinations of values which will
provide a working fit to measured characteristics. It is not
always clear, therefore, which are the "correct” values. If
it is desired to describe device c¢:aracteristics nver wide
ranges of length and width the procedure adopted —ust be cap-
able of providing a smooth and systematic dependence »f
parameter values on geometry rather than the irregular varia-
tion so often obtained. It is desirable, as well, for the
parameters and their values to be physically meaningful.
These requirements can be satisfied by using a transistor
model based on "good" physics and by a suitable sequence of
measurements in which parameter values already obtained are
"frozen" and used to evaluate further parameters.

The first and nost basic parameters are those which
determine the electrical lengths and widths of the transistors.
These can be obtained from measurements of zero bias drain
resistance against mask length and zero bias drain conductance
against mask width.(10)Mos capacitor measurements give gate-
oxide thickness and from all *these results the surface-channel
.ow=-field mobility can be found. Typical sets of results for
tae measurement of electrical length and width are shown in
Figs. 1 and 2. These were obtained on a matrix of self-aligned
silicon-gate, n-channel transistors with lengths and widths on
mask varying over the range from 2 to 50 micrometres. The
length plots intersect as ex 2cted at the combined value of
source plus drain series resista:ce. The width plots, however,
intersect the horizontal axis at different places indi:ating
a dependence of electrical width on gate bias. This is due to
the fact that increasing gate bias inverts more of the = licon

surface outward frc~ the edges of the channel so increasing the
effective channel w:.dth.
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A second group of parameters which can be measured direct-
ly and independently from gate turn on characteristics
consists of the gate threshold voltage VTH, the coefficient Y
for threshold dependence on substrate blas,
the surface inversion potential @, and the coefficient 8 for
the gate fiel: reduction of surface mobility. It is well-known
that YVTH and Y are functions of geometry because of
electrostatic end and edge fringing effects which become
significant at small dimensions. This is illustrated by Fig. 3
which shows the variation of gate threshold voltage with length
and width for one set of transistors used in this work.

1.25

L] L4 ¥ L} L] _!
VDS=0.IV |
L VBS=0.0V -
0 LM=50um .
sk —& -
mpm
= .S0F 1
2
= .25p 1
a
g 1 1 | 3 L
& 005 2 4 3 8 10 12

GATE LENGTH OR WIDTH ON MASK pm

FIG.3 Variation of Th:reshold Voltage
with Device Length or Width

Bowever, the coefficient @ as measured also shows a dependence
on geometry. This is shown in Fig. 4 in <hich 0 is seen to
rise as length falls and to fall as width falls. These ‘ari-
ations are only apparent however; The dependence or. lengch(“’
due to the effects of source and drain series contact resistan-
ces and the dependence on width is a consequence of gate-field
modulation of electrical channel width as described earlier.
When these factors are taken into account the value of @
becomes constant and independent of geometry. However, the
value of 3 which is obtained in this way when the entire
channel s virtually at source pot.atial, is not the most suit-
able for use over the whole operating range. w.en the transis-
tor has a significant drain voltage for example the average
gate-oxide field t¥ reducsd and the effective value of 3 is
reduced. ~“he optimum, average, value of 3 over the full
working ranses of ate, drain and substrate voltages is best
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obtained in fact from the saturation Characteristics of a long
and wide device.

1.¢S 7 T 'a Y Y
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1.00F veS=0.0V -
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—3(
o 251 LM=50um y
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FIG.4 Variation of "Apparent® @ with
Gate Length or Width

Some desigrersuse the apparent O as a means of including
series resistance effects into the model. This is not a
satisfactory procedure. The volts drop down the source
resistance creates an effective dependence of gate :zhreshold
and of substrate sias upon drain current in all operating
regions and the drain resistance reduces current in the triode
region but has little effect in the saturation region. These
effects Secome more noticeable and more significant as transis-
tor dimensions become smaller. For satisfactory parameter
evaluation procedures the measured Characteristics of the
transistor must first be corrected for source and drain resis-
tance volts drop. If this is not dcre the remaining _
parameters, in crder to compensate, show unnecessary and incor-
rect dependencies on geometry.

The most important remaining parameters of the level-3
model are /MAX describing dr-in field reduction of channel
mobility, n describing drain-. .eld mc “1lation of the gate
threshold and £ describing the componcnt of oL-put conductance
due to channel la~2th modulation. These are intermingled in
their influences son the ciurrent-voltage characteristics of
the transistor ana are diff 4lt to separate for direct
measurements. The most satisfactory way to obtain them is to
use least-squares curve-fitting of the full model equations
to ~easured characteristics. With 3@ 2 a small number of
Parameters the values obtained are invariably consistent and
unique.
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The entire process of measurement and characterisation is
carried out by an automated instrumentation system with
analysis and evaluation handled by a linked, desk-top, computer
systenm.

3. OPERATING POINT DEPENDENCE

Parameters such as gate threshold voltage, body-effect
coefficient and electrical channel width vary in value as the
operating point of the transistor changes. This is demonstra-
ted by Fig. 5 which shows the dependence of gate .nreshold
upon the square-root of substrate bias. Simple theory, based
on uniform substrate doping, predicts a linear relationship
between these quantities. This is not the case in practice
and is a consequence of the markedly non-linear substrate
doping under the surface channel caused by implantation. This
is not allowed for in the level-3 model. The considerable
variation of threshold shown for the narrow device is due
largely to channel width modulation and this is not allowed
for either.

2.00 v v
1.50F -
M,WM=100, "um
1.00} tnp;
LM,WM=3,100um
>
S -50 ™ -
o)
x
4|
=
= 00 L 1
U0 | 2 3

SQUARE-ROOT OF (PHI+VBS)

FIG.5 Threshold Voltage Agalinst
Square-Root of Substrate Bias

“hese mechanisms have been incorporated into the SPICE
simulator by specification and use in the transistor mod2l of
three new parameters VTB, DWG and DWB.

VIB is the threshold measured
at a suitable substrate bias and together with VTH and ¥y
enable the transistor model to .se quadratic Ffits to the
measurements shown in Fig. 5. In this way the threshold
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voltage of the model can be made to follow closely that of the
real device. Furthermore, the body-effect coefficient Y 1is
now determined, as it should be, by surface doping at small
substrate bias and by bulk doping at large substrate bias.

DWG and DWB are the coefficients of channel width dependence
upon gate and substrate biases r :spectively.

4, GEOMETRY DEPENDENCE

Gate threshold voltage and body-effect coefficient vary
in value with both channel length and width whereas VMAX , n
and K vary only with channel length. Circuit simulators such
as SPICE incorporate algebraic relationships of various comp-
lexities to attempt to account for the relevant physical
mechanisms. This approach has not proved particularly success-
ful, creates unnecessarily intricate models and is computatio-
nally inefficient. The problems involved in generating
accurate and general analytical models will worsen as device
dimensions get smaller, as physical structures become more
complex and as operating mechanisms get more complicated.

A practical working solutior to the p-oblem of geometry
dependencies can be obtained by curve-fitt _ng simple polyno-
mials in length and width to the measured parameter values.
Typical results of this procedure are given in Figs. 6 and 7
for threshold dependence on length and width. Simple theory
suggests a reciprocal depend-nce for the change in threshold
with change of dimensions consequently polynomials in 1/L and
1/W have been used. In each case a quadratic relationship
has been found to give adequate accuracy of fit. The corres-
ponding esults for VMAX, n and K are given in Figs. 8, 9 and
10. These latter parameters are of significan:.e only at
small dimensions below about 4 micrometre; for larger devices
the associated physical mechanisms become unimportant and the
parameter values are irrelevant. The variation of VMAX with
length is of interest in showing that this quantity 1s not
physically meaningful in the SPICE level-3 model. This
follows because it varies strongly with geometry instead of
being constant and is a consequence of the fact that current
saturation 1s defined in the model in terms of the low-field,
rather than the high-field mobility. In most cases it has
been found that linear or quadratic polynomials give
sufficiently accurate results, particularly if these are

combined with simple functional relationships suggested by
elementary theory.
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5. PRE-PROCESSOR PARAMETER MODELLING

In order to use these results for circuit analysis and
design it is necessary to make them available to the circuit
simul :tor. If the circuit fabrication process has been
estabiished and is to be used for a considerable time then the
simplest procedure is to insert the several polynomial equa-
tions into the model sub-routines of the simulator and omit
the assocliated parameters from the circuit input file.

A 7ore flexible and useful method 1s to incorporate the
polynomial equations into a pre-processor which will generate
the desired parameter values when required. This has been
done as part of the present work. The pre-processor is cons-
tructed in FORTRAN and accepts as input any circuit file
Written in standard SPICE format. It reads the circuit flle,
calculates the entire parameter listings for each different
transistor and tren constructs the complete circuit file
¢onta.ning all parameter values for presentation to the SPICE
simulator. By using these procedures a single set of parameter
2quations has provided a model fit of the order of 1% (average
root-mean-square residual) over the range of transiztcr dimen-

sions from 2 to S0 micrometres on mask in both lengtn and
Width.
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This methodology has several very useful advantages.
First, for any given transistor model and for any given
process the most ‘accurate possible characterisation over the
widest possible geometry range 1s obtained. The accuracy
achievable is in fact considerably better than batch
to batch consistency.---However, any additional systematic
variations due to modelling inaccuracies should always
be reduced to a minimum. Second, Oy removing geometry
dependencies from the simulator and placing them into the
pré-processor the device model in the simulator 1is reduced to
its simplest and compu*itionally shortest form. Third, the
circuit designer need >t concern himself with model parameter
values, calculations or listings. The circuit description
file prepared by the circuit engineer requires specification
of only length, width, area and periphery for each transistor;
all parameter values are calculated and listings are construc-
ted by the pre-processor which gilves as its output the full
Circuit file for presentation to'the SPICE simulator. Fourth, ..
by measuring parameter values sequenti .ly, physically meaning-
ful "correct" values are obtained. This is important for
reliable feedback to device designers and to process' engineers.
Finally, the principle outlined is completely general and can
be applied to any simulator containing any model for any
fabrication process. =7 " R el B

The use of a pre-processor to carry out parameter
modelling external to the circuit simulator itself improves
the task of circuit analysis and design in several ways.
For example, it is relatively easy and straightforward to
examine the effects of parameter variatio: upon circuit .00 L
performance. The desired changes are inserted once 2nly into
the pre-processor’ and this then impléménts the changes :through-
out the entiré circuit description file: Further, =:e . i -
pre-processor-and ‘the simulator can be inc rporated :nto an .:
iterative loop toﬁéutbmatrcally'édJuSt*deviCe:d1Mensions and/ - .
or parameter valués to converge on a desired circuit response
or to optimise“any’desired aspect of circuit performance. = ' .
Alternatively acyclic loop can be used to step through a -
pre-determined sequence or to step through and examine the
consequsnces of individual faults, >r failures. The use of the
pre-prc.essor to examine yield statistics arising from process

variations ‘is shown in Fig. 11. This shows the statistics

of propagation delay for an enhancement-depletion inverter
stage caused by variations in channel langth, channel width,
oxide thickness and flat-band voltage. Zor purposes of demons-
tration these parameters have been assumed to have independent,
nc ‘mal, frequency distributions with quartiles in each case as
sr..wn on tre diagram. In der to obtain these results the
pre-processor and the SPICE simulator were incorporated into
a cyclic loop tcgether with rout..es to zenerate random
numsers, to read and analyse the 3PICT cutput and to store and
plot the cesired results. A full statistical analysis of this
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kind is computationally lengthy of course particularly if a
large circuit is being examined and might not often be justi-
fied. MNevertheless, the facility exists as and when needed.
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FIG. 11 Spread of nverter Rise Times
Due to Spreads of Parameter Values.
Generated by SPICE 2G.5 w°‘-h Statistical
Parameter Pre-Processor.

6. CONCLUSIONS

A parameter measurement and extraction procedure has
beenn described for the SPICE-2, level-3 MOSFET which provides
accurate and reliable values. It as been shcwn that geometry
dependencies can be modelled straightforwarily over wide
ranges cf length and width by simple polynomials. The use of
a pre-processor to model parameter values outside the circuit
simulator has been demonst: ted. This enables the transistor
model itself to be reduced to its simplest and computationally
shortest form, eliminates the task of parameter listing for
the circuit designer and provides a means for automatic
circuit optimisation, reliability studies and yield statistics.

7. ACKMNOWLEDGEMENTS

We are pleased to acknowledge many nelpful discussions
with our -olleagues M. Razaz and F.W. W2bb, the supply of
processe test wafers by 3TL, England ind SGS, Italy and
tne financial support of the Science a:d Zngineerirg Research
Ccuncil.,

209



8. REFERENCES

1. VLADIMIRESCU, A. and LIU, S.
"The Simulation of MOS Integrated Circuits"
Memo. UCB/ERL M30/7

Electronics Laboratory, University of California, U.S.A.,
1980.

2. HOFSTEIN, S.R. and HEIMAN, F.P.
"Silicon Insulated-Gate Field-Effect Transistor"
Proc. IEEE, No. 51, p.1190, 1963.

3. WRIGHT, G.T.

"Space-Charge-Limited Surface-Channel Triode"
Solid-State Electronics, No.7, p.167, 1964.

4, THANTOLA, H.K. and MOLL, J.M.
"Design Theory of Surface Field-Effect Transistor",
Solid-State Electronics, No. 7, p.423, 1964.

5. MERCKEL, G., BOREL, J. and CUPCEA, N.Z.
"An Accurate Large-Signal MOS Transistor Model for Use
in Computer-Aided Design"
IZEE Trans. ED 19, p.681, 1972.

6. WRIGHT, G.T.
"Current-Yoltage Characteristics, Channel Pinch-0ff and
Field-Dependence of Carrier Velocity in Silicon
insulated-gate Field-Effect Transistors"

Elac. Lett., No. 6, p.107, 1970.

7. KL.AASEN, F.M. and DE GROOT, W.C.J.
"Modelling of Scaled-Down MOS Transistors"
Solid-State Electronics, No. 23, p.237, 1979.

8. ENGL, W.L., DIRKS, H.K. and MEINERZHAGEN, B.
"Device Modelling"

Proc. IEEE, Yo. 71, p.10, 1983.

9. CHATTERJEE, P.K., YANG, P. and SHICHIJO, H.
"Modelling of Small MOS Devices"
IEE Proc. Pt. I, No. 130, p.105, 1983.

10. WRIGHT, G.T. and BANDALI, M.B.

"Experimental Study of Surface-Channel in Insulated-Gate
Field-Effect Transistors"

Elect. Lett. No. 7, p.142, 1971.

11. CHATTERJEZE, P.K., HUNTER, W.R., HOLLOWAY, T.C. and
LI, Y.T.
"Impact of Scaling ! :ws on Cholce of n-Channel or
p-Channel for MOS VL3I"
Z=E ED Lett., No. 1, p.20, 1980.

210



List of Attendees of

1984 IEEE VLSI Workshop on Test Structures
vacation Village Hotel - San Diego

Name & Address Affiliation

Charles N. Alcorn : IBM Corp.
9500 Godwin Drive
Manassas, VA 22110

Michael P. Anthony Accutest Corp.
25 Industrial Avenue
Chelmsford, MA 01824

Greg Atwood Intel Corp.
3065 Bowers Avenue
Santa Clara, CA 95051

Ken Aubuchon Hughes Aircraft

6155 E1 Camino Real
Carlsbad, CA 92008

Bob Bailey Rockwell Intl,
SPD

3370 Miraloma Avenue
Anaheim, CA 92803

Steven M, Baldwin Burroughs Corp.
10850 via Frontera
San Diego, CA 92127

Moiz M. Beguwala Rockwell Intl,
4311 Jamboree Road

Newport Beach, CA 92660

Leun Bentson IBM Corp.
Essex Junction, VI 05452

Mark Birrittella Motorola
5005 E. McDowell Road
Phoenix, AZ 85018

Giles Boissonneault IBM Corp.
Box 1
Essex Junction, VI 05451

David Boulin Bell Telephone Labs
600 Mountain Ave,

Room 2A-238

Murray Hills, NJ 07974

211



Name & Address

Thomas Bucelot

T. J. Watson Research Center
P. O. Box 218

Yorktown Heights, NY 10598

Martin G. Buehler
4800 Oak Grove Drive
Pasadena, CA 91103

Richard Bush

General Technical Dept.
River Road

Essex Junction, VT 05452

Janet M, Cassard
Bldg., 225, Room B310
Washington, DC 20234

Gene Cavanaugh
1501 McCarthy Boulevard
Milpitas, CA 95035

Kit Cham

3500 Deexr Creek Road
Palo Alto, CA 94304

Pallab K. Chatterjee
P. O, Box 225621

MS #369

Dallas, TX 75264

John Chen

3011 Malibu Canyon Rd.
Malibu, CA 90265

Henry Chew
2426 East Puritan Drive
Anaheim, CA 92806

George Chiu

T. J. Watson Research Center
P. O, Box 218

Yorktown Heights, NY 10598

James Cho
One Space Park, Bldg. R6/1664
Redondo Beach, CA 90278

Affiliation

IBM Corp.

Jet Propulsion Lab

IBM Corp.

National Bureau of Standards

Atari

Hewlett-Packard

Texas Instruments

Hughes Research Labs

Rockwell Intl.

IBM Corp.

212



Name & Address Affiliation

Gordon Claudius Rockwell Intl,
10042 Jon Day Drive
Huntington Beach, CA 92646

Andrew Cohlson TRW
One Space Park, MS R62541
Redondo Beach, CA 90278

William J, Craig IBM Corp.
D/E33, B/966-2, IBM

River Road

Essex Junction, VI 05454

M. W. Cresswell Westinghouse
Westinghouse R&D Center

Beulah Road

Pittsburgh, PA 15235

Howard David Tektronix
Box 500
Beaverton, OR 07077

Shizue Davis Bell Labs
60402 Bell Laboratory

600 Mountain Road

Murray Hill, NJ 07974

K. Doganis Xerox, PARC
3333 Coyote Hill Road
Palo Alto, CA 94304

David J. Dumin Clemson Univ,
E & CE Department
Clemson, SC 29631

Fred L. Eatock Hewlett-Packard
MS 52U/28

5301 Stevens Creek Road

Santa Clara, CA 95050

Richard Flores Sandia Natl. Labs
P. O. Box 5800

Albuquerque, NM 87185

Syuso Fujii Toshiba, Japan
Semiconductor Device Eng. Lab,

Toshiba R&D Center

Kawasaki, Japan

213



Name & Address Affiliation

Eric Fujishin Zilog, Inc.
10460 Bubb Road
Cupertino, CA 95014

Kenneth F. Galloway National Bureau of Standards
Bldg. 225, Room RB344
Washington, DC 20234

Tom Ganas Burroughs Corp.
10850 via Frontera ’

San Diego, Ca 92127

Agustin M. Garcia AT&T Bell Labs,
555 Union Boulevard
Allentown, PA 18103

Linda Geppert IBM Corp.
T, J. Watson Center

P. O. Box 218

Yorktown Heights, NY 10598

Ken Gerst Rockwell Intl.
D/552, 136-HA27

3370 Miraloma

Anaheim, CA 92803

Daric Gichard Hughes Aircraft
6155 E1 Camino Real

Carlsbad, CA 92008

Paul J. Giotta Burroughs Corp.
10850 via Frontera

P. O, Box 28810

San Diego, CA 92128

Shawn Hailey META Software, Inc,
16496 Hilo Avenue

Los Gatos, CA 95030

Edward Hakim U, S. Army
ERADCOM DELET-IA-R
Fort Monmouth, NJ 07703

Freddie L. Hampton Honeywell
12001 state Highway 55
Plymouth, MN 55441

Dennis J. Herrell IBM Corp.,
T. J. Watson Research Center

P. 0. Box 218

Yorktown Heights, NY 10598

214



Name & Address

Larry Hess

4800 Oak Grove Drive
MS T-1180

Pasadena, CA 91109

W. Kenneth Hildick
Bldg. 966-2, Dept. E63
Essex Junction, VT 05452

Brian Henderson
Process Engineering
10850 Via Frontera
San Diego, CA 92128

Dr. Jack Hilibrand
Route 38
Cherry Hill, NJ 08358

David Hughes

P. O. Box 179

MS 11=30

Denver, CO 80201

Lt, Stephen Ilnitzki
RADC Development
Griffiss AFB, NY 13441

A. C, Ipri
Princeton, NJ 08540

Hiroshi Iwai
350, Curtner Avenue, #15
Palo Alto, CA 94306

Jun Iwamura
Toshiba R&D Center
Saiwai-Ku
Kawasaki, Japan

Sherri Jarrell
Fort Meade, MD 20755

Ralph Johnston
Room 2D-209
Murray Hill, NJ 07974

Affiliation

Jet Propulsion Lab,

IBM Corp.,

Burroughs Corp.

RCA Gov. Sys. Div.

Martin-Marietta

U.S. Air Porce

RCA Labs

stanford Univ.

Toshiba Corp.

Dept. of Defense

ATS&T Bell Labs.

215



Name & Address

Min Chung Jon

AT&T Technologies

P. 0. Box 900
Princeton, NJ 08540

Charles Kan
P, O. Box 307
Santa Clara, CA 95051

Galen Kawamato
3858 SW 198th Street
Aloha, OR 97007

Kenneth J. Kellow
River Road

Essex Junction, VT 05452

Peter Kinman
1078 Tia Juana
Laguna Beach, CA 92651

Achilles Kokkas
Princeton, NJ 08540

Douglas A. Kosty
6155 El Camino Real
Carlsbad, CA 92008

Byron L. Krauter
Essex Junction, VT 05452

Andrea Kress

5005 E. McDowell
MD B132

Phoenix, AZ 85008

Steven M., Kurihara
Box 92957
Los Angeles, CA 90009

Tom Lee
4950 Patrick Henry Dr,
Santa Clara, CA 95050

Alice Lin

D/552, 136HA27

3370 Miraloma Avenue
Anaheim, CA 92803

Ruby Lin
P. O. Box 390
Poughkeepsie, NY 12602

Affiliation

AT&T

Intel Corp.

Intel Corp.

IBM Corp.

Rockwell Intl,

RCA Labs

Hughes Aircraft

IBM Corp.

Motorola

Aerospace Corp.,

Rolm Corp.

Rockwell Intl,

IBM Corp.

216



Name & Address

Loren W. Linholm
Bldg. 225, Room B310
Washington, DC 20234

Jim Lipman
1101 McKay Drive
San Jose, CA 95131

Patrick S. Liu
571 W. Magdalena Drive
Tempe, AZ 85283

R. C. Lohia
501-366

4311 Jamboree Road

Newport Beach, CA 92660

Arnie London
2235 Qume Drive
San Jose, CA 95151

Jim Lloyd
Rte, 52
Hopewell Junction, NY

Timothy J. Maloney
MS K-115

611 Hansen Way

Palo Alto, CA 94303

Paul Martin
3333 Coyote Hill Road
Palo Alto, CA 94043

J. A, Mazer
Bldg. 225, Room B310
Washington, DC 20234

John D, McBrayer
Division 2142

P, O. Box 5800
Albuquerque, NM 87185

Anthony McCarthy
AEL 207
Stanford, CA 94305

David B. McGraw
12001 Highway 55
Plymouth, MN 55441

Affiliation

National Bureau of Standards

VLSI Technology, Inc,

Motorola

Rockwell Intl.

VISIC, Inc.

IBM - East Fishkill

Varian Assoc,

Xerox

National Bureau of Standards

Sandia Natl. Labs.

Stanford Univ,

Honeywell, Inaq.

.217



Name & Address

Michael Mitchell

12001 State Highway 55
MS MN14-3C05

Plymouth, MN 55441

Mohamad Mehdi Mojanadi

1827 Veteran Avenue, #24

Los Angeles, CA 90025

Ken Moitaza
1501 McCarthy Blvd.
Milpitas, CA 95035

John L. Mudge
40001 Miranda Avenue
Palo Alto, CA 94304

Tom Neal
Fort Meade, MD 20755

Don Nelson
HLO1-P6

75 Reed Road
Hudson, MA 01749

James H. Nelson
D/552, 136-HA27

3370 Miraloma Avenue
Anaheim, CA 92803

Robert H, Nixon
4800 Oak Grove Drive
Pasadena, CA 91109

Edward Nowak (Kyu Choi)

P. O. Box 552
Santa Clara, CA 95052

Susan K. Okada

3500 Deer Creek Road
Palo Alto, CA 04304

Tak Oki
3333 Coyote Hill Road
Palo Alto, CA 94304

Phil Oldiges

Phillips Hall, Rm. 328
Dept., of Elec. Eng.
Ithaca, NY 14853

Affiliation

Honeywell, Inc.

Xerox Corp.,

Atari

Fairchild Research

Dept. of Defense

Digital Equipment

Rockwell Intl,

Jet Propulsion Lab

Synertek

Hewlett~Packard

Xerox, PARC

Cornell Univ,

218



Name & Address Affiliation

Brian O'Meara Burroughs Corp.
10850 Via Frontera
San Diego, CA 92128

John E, Oristan stanford Univ,
Room 231 C

Applied Electronics Lab

Stanford, CA 94305

Dwayne Padgett Jet Propulsion Lab.
MS-T1180

4800 Oak Grove Drive

Pasadena, CA 91109

Richard Palys Burroughs Corp.
10850 via Frontera

RB1 MS 701

San Diego, CA 92128

Earl Parks General Electric
Elec. Lab

P. O, Box 4840, MD A-3

Syracuse, NY 1322t

Deva N. Pattanayak Rockwell Intl.
4311 Jamboree Road
Newport Beach, CR 92660

David O, Patterson OUSDRE/VHSIC
Room 3D139, 400A/N

The Pentagon
Washington, DC 20301

Frank R. Pavlik . IBM Corp.
P. O Box A

Dept. M87, Bldg. 861-1

Essex Junction, VI 05452

Dr. M. C. Peckerar Naval Research Lab.
4555 Overlook Avenue SW
Washington, DC 20375

John W. Price TRW
One Space Park, MS R6/2516
Redondo Beach, CA 90278

Mark E., Potter AT&T Bell Labs
Box 28, Hope Drive RD 2
Emmaus, PA 18049

Donald R. Preslar RCA-David Sarnoff
Rt. 1 and Harrison Street Research Ctr,
Princeton, NJ 08540

219



Name & Address

Riko Radojcic
10850 via Frontera
San Diego, CA 92128

John Rau .
10850 via Frontera
San Diego, CA 92128

Geoffrey Reeves
770 Blackburn Rd., Clayton
Victoria, 3168, Australia

Kenneth P. Roenker

Dept. of Elec. & Comp., Eng,
ML #30

Cincinnati, OH 45221

Jim Rugg
2200 West Broadway
Mesa, AZ 85202

Michael Sampogna
P. O. Box 218
Yorktown Heights, NY 15098

Alvan Sasaki

P. O. Box 5611, Dept. E261
Bldg. 10703

St. Louis, MO 63166

Harry A. Schafft
Bldg. 225, Room B310
Washington, DC 20234

Bob Schoenndube
10440 state Highway 83
MS C05

Colorado Springs, CO 80908-3699

Dieter K. Schroder
Dept. of Elec., Eng,
Tempe, AZ 85287

W. Richard Scott
4800 Oak Grove Drive
MA T-1180

Pasadena, CA 91109

James E, Setliff
P. O. Box 6448
Midland, TX 79701

Affiliation

Burroughs Corp.,

Burroughs Corp.

Telecom Australia

Research Labs

Univ, of Cincinnati

Motorola

IBM Corp.

McDonnell Douglas

National Bureau of Standards

Ford Microelectric

Arizona State Univ,

Jet Propulsion Lab

Texas Instruments

220



Name & Address Affiliation

Jack Smith Lockheed Corp.
1111 Lockheed Way
Sunnyvale, CA 94086

Fred W, Sexton Sandia Natl. Labs
P. O. Box 5800
Albuquerque, NM 87185

v’

S. Sharma Northern Telecom
185 Corkstown Rd.

Mepean, Ontario, Canada

Norm Stahlberg Aerospace Corp.
P. O. Box 92957
Los Angeles, CA 90009

David smith Northern Telecom
185 Corkstown R4,

Nepean, Ontario, Canada

Roger G, Stewart RCA Labs
RCA David Sarnoff Center

SW-106, Rt. 1

Princeton, NJ 08540

Hua-Yu Su Exar Integrated Systems
776 Palomar Avenue

Sunnyvale, CA 94088

Ken Su Data General
433 N, Mathilda Avenue
Sunnyvale, CA 94086

Chau Tran Commodore MOS Tech,
2955 N. Airway Avenue
Costa Mesa, CA 92626

R. E. Tremain Xerox, PARC
3333 Coyote Hill Road

Palo Alto, CA 94304

Ben Txeng Adv, Micro Devices
444 Deguigne Avenue
Sunnyvale, CA 94086

Bill Tung Adv, Micro Devices
901 Thompson Place

MS 130

Sunnyvale, CA 94086

221



Name & Address

Dr, Susan E., Turnbach
Code 5511
San Diego, CA 92152

Vance Tyree

4676 Admiralty way
Marina Del Ray, CA 90292

Roger A, Verhelst
Essex Junction, VT 05452

Dr. Thomas E., Wade
Microelectronic Res.’ Lab.,
Drawer EE

Mississippi State, MS 39762

Deborah W. Wenocur
3500 Deer Creek Road
Palo Alto, CA 94304

William M. Whitney
4800 Oak Grove Drive
Pasadena, CA 91109

Thomas Woike
One Space Park, MS R6/2156
Redondo Beach, CA 90278

Lester Wollman
Rte, 52
Hopewell Junction, NY 12533

Gordon T. Wright

E&E Engineering Dept.
Edgbaston, Birmingham
B15 2TT

United Kingdom

James H. Wulfhorst
P. O. Box 504
0/81-63, B/147-35
Sunnyvale, CA 94087

Willie J. Yarbrough
Stanford Electronics Lab.,
AEL Bldg., Rm. 206
Stanford, CA 94305

Dwight Yen
Bldg. 225, Rm. B310
Washington, DC 20234

Affiliation

Naval Ocean Sys. Ctr.

USC Info. Sciences

IBM Corp.,.

Mississippi State Univ.

Hewlett-~Packard

Jet Propulsion Lab

IBM-East Fishkill

Univ. of Birmingham

Lockheed

Stanford Univ.

National Bureau of Standards

222



Name & Address

Steve Yu

ITT ATC

1 Research Drive
Sheldon, CT 06484

Richardo Zucca
1049 camino Dos Rios
Thousand Oaks, CA 91360

Affiliation

ITT ATC

Rockwell Intl.

223









3

@



