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NATIONAL BUREA}J OF STANDARDS

The National Bureau of Standards' was established by un act of Congress March 3, 1901.
The Bureau’s overall goal is to strengthen and advance the Nation's science and technology
and facilitate their effective application for public benefit. To this end, the Bureau conducts
research and provides: (1) a basis for the Nation’s physical nicasurement system, (2) scientific
and technological services for industry and governnient, (3) a technical basis for equity in trade,
and (4) technical services to promote public sufety. The Bureau consists of the Institute for
Basic Standards, the Institute for Materials Research, the Institute for Applied Technology,
the Institute for Computer Sciences and Technology, and the Office for Information Programs.

THE INSTITUTE FOR BASIC STANDARDS provides the central basis within the United
States of a complete and consistent system of physical measurement; coordinates that system
with measurement systems of other nations; and furnishes essential services leading to accurate
and uniform physical measurements throughout 'he Nation's scientifi~ community, industry,
and commerce. The Institute consists of the Office of Measurement Scrvices, the Office of
Radiation Measurement and the following Center and divisians:

Applied Mathematics — Electricity — Mechanics — Heat — Optical P’hysics — Center
for Radiation Research: Nuclear Sciences; Applied Radiation — Labora'ory Astrophysics*
— Cryogenics * — Electromagnetics * — Time and Frequency ®

THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research leading to
improved methods of measurement, standards, and data on the properties of well-characterized
materials nceded by industry, commerce, educational institutions, and Government; provides
advisory and research services to other Government agencies; and develops, produces, and
distributes standard reference materials. The Institute consists of the Office of Standard
Reference Materials, the Office of Air and Water Measurement, and the following divisions:

Analytical Chemistry — Polymers — Metallurgy — Inorganic Materials — Reactor
Radiation — Physical Chemistry,

THE INSTITUTE FOR APPLIED TECHNOLOGY provides technical services to promote
the use of available technology and to facilitate technological innovation in industry and
Government; cooperates with public and private organizations leading to the development of
technological standards (including mandatory safety standards), codes and nethods of test;
and provides technical advice and services to Government agencies upon request. The Insti-
tute consists of the following divisions and Centers:

Standards Application and Analysis — Electronic Technology — Center for Consumer
Product Tuchnology: Product Systems Analysis; Product Engineering — Center for Building
Technology; Structures, Materials, and Life Safety; Building Environment; Technical Evalua-
tion and Application — Center for Fire Research: Fire Science: Fire Sufety Engineering.

THE INSTITUTE FOR COMPUTER SCIENCES AND TECHNOLOGY conducts research
and provides technical services designed to aid Government agencies in improving cost effec-
tiveness in the conduct of their programs through the selection, acquisition, and etfective
utilization of automatic data processing equipment; and serves as the principal focus within
the executive branch for the development of Federal standards for automatic data processing
equipment, techniques, and compnter languages. The Institute consists of the following
divisions;

Computer Services — Systems and Software — Computer Systems Engineering — Informa-

tion Technology.

THE OFFICE FOR INFORMATION PROGRAMS promotes optimum dissemination and
accessibility of scientific information génerated within NBS and other agencies of the Federal
Government; promotes the development of the National Standard Reference Data System and
a system of information analysis centers dealing with the broader aspects of the National
Measurement System; provides appropriate services to ensure that the NBS staff has optimum
a. cessibility to the scientific information of the world. The Office consists of the following
o1 ganizational units:

Office of Standard Reference Data — Office of Information Activities — Office of Technical
Publications — Library — Office of International Relations — Office of International
Standards.

1 Headquariers and Laboratories at Gaithemshurg, Maryland, unless otherwise noled; mailing address
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The Semiconductor Technology Program serves
to focus NBS efforts to enhauce the perfor-
mance, interchangeability, and reliability
of discrete semiconductor devices and inte-
grated circuits through improvements in mea-
surement technology for use in specifying
materials and devices in national and inter-
national commerce and for use by industry in
controlling device fabrication processes.
Its major thrusts are the development of
carefully evaluated and well documented test
procedures and associated technology and the
dissemination of such information to the
electronics community. Application of the
output by industry will contribute to higher
yields, lower cost, and higher reliability
of semiconductor devices. The output pro-
vides a common basis for the purchase speci-
fications of government agencies which will
lead to greater economy in government pro-
curement. In addition, improved measurement
technology will provide a basis for con-
trolled improvements in fabrication process-
es and in essential device characteristics.

The Program receives direct financial sup-
port principally from three major sponsors:
the Defense Advanced Research Projects Agen-

*
cy (ARPA), the Defense Nuclear Agency
(DNA),+ and the National Bureau of Standards

(NBS).” In addition, the Program receives
support from the U.S. Navy Strategic Systems

Project Office.§ The ARPA-supported portion
of the Program, Advancement of Reliability,
Processing, and Automation for Integrated
Circuits with the National Bureau of Stand-
ards (ARPA/IC/NBS), addresses critical De-
fense Department problems in the yield, re-
liability, and availability of integrated
circuits. The DNA-supported portion of the
Program emphasizes aspects of the work which
relate to radiation response of electron de-
vices for use in military systems. There is
considerable overlap between the interests
of DNA and ARPA. Measurement oriented ac-
tivity appropriate to the mission of NBS is
a critical element in the achievement of the
objectives of both other agencies.

Essential assistance to the Program is also
received from the semiconductor industry
through cooperative experiments and techni-
cal exchanges. NBS interacts with industri-
al users and suppliers of semiconductor de-
vices through participation in standardizing
organizations; through direct consultations
with device and material suppliers, govern-
ment agencies, and other users; and through

viii

PREFACE

periodically scheduled symposia and work-
shops. 1In addition, progress reports, such
as this one, are regularly prepared for is-
suance in the NBS Special Puilication 400
sub-series. More detailed reports such as
state-of-the-art reviews, literature comp-
ilations, and summaries of technical efforts
conducted within the Program are issued as
these activities are completed. Reports of
this type which are published by NBS also
appear in the Special Publication 400 sub-
series. Apnouncements of availability of
all publications in this sub-series are sent
by the Government Printing Office to those
who have requested this service. A request
form for this purpose may be found at the
end of this report.

Through ARPA Order 2397, Program Code 5D10

(NBS Cost Center 4252555),

Through Inter-Agency Cost Reimbursement
Order 75-816 (NBS Cost Center 4258522).
Through Scientific and Tect
Services Cost Centers 4251126
and 4254115,

Code SP-23, through project order

NOO16475P070030 administered by Naval Am-
munition Depot, Crane, Indiana (NBE Cost
"enter 4251533) and Code SP-27, through
IPR SPE-75-4 (NBS Cost Center u251547).
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SEMICONDUCTOR MEASUREMENT TECHWNOLOGY

| PROGRESS REPORT
Uctober 1 to December 31, 1974

Abstract: This progress report describes NBS activities
directed toward the development of methods of measurement for
semiconductor materials, process control, and devices. The
emphasis is on silicon device technologies. Principal accom-
plishments during this reporting period include (1) initiation
of development of measurement technology for characterizing
boron nitride diffusion scurces and hydrogen chloride purging
gas, (2) application of dc electrical methods with a sensitiv-
ity of about 0.1 um to the measurement of critical dimensions

; such as the width of diffusion windows, 3) complation of an
l initial comparison of line-width measurements made with an
i image shearing eyepiece and a filar eyepiece, and (4) develop-

N

ment of procedures for measuring electrically the thermal re-
sistance of the output transistor of integrated Darlington
pairs. Also repcrted are the intermediate results of an inter-
laboratory evaluation of staundard reference wafars for resis-
tivity, evaluation of the deep-depletion method for measuring
dopant density with an MOS capacitor, progress on development
of mathematical modsls of dopant piofiles, initial results of
the reevaluation of Irvin's curve fur n-type silicon, analysis
of thermally stimulated current and capacitance measurements on
MOS capacitors, study of surface carbor contaminatic- which
occurs during measurement of silicon by X-ray photoel-»ctron
y Spc :troscopy, preliminary measurements of atsorbed dose from
electron-beam evaporation of aluminum films, initial evaluation
of the CCD test structure operating as an MOS capacitor and an
MOS transistor, analysis of a TV-microscope eystem for photo-
mask inspection, initial study of calibraticn procedures and
artifacts for photomask metrology, analysis of the range of
applicability of MOS C-V methods for epitaxial layer thickness
: measurement, use of an optical flying-spot scanner, assessment
of damage to selected integrated circuits caused by inspection
' with a scanning electron microscope, mathematical modeling of
ultrasonic bonding, a dry gas method for gross leak testing,
and measurements of transistor thermal response. Supplementary
data concerning staff, publications, workshops and symposia,
standards committee activities, and techric'l services are also
included as appendices.

Key Words: Boron nitride; boron redistribution; capacitance-
voltage methods; Darlington pairs; deep depleticn; dopant profiles;
electrical properties; electron bean evaporator; electron beam in-
duced damage; electronics; epitaxial layer thickness; filar eye-
piece; flying-spot scanner; hermeticity; hydrogen chloride gas:
image shearing eyepiece; laser interferometry; measurement methods;
microelectronics; micrometrology; MOS devices; oxide films; photo-
mask inspection; resistivity; scanning electron microscope; scan-
ning low energy electron probe; semiconductor devices; semiconductor
materials; semiccenductor process control; silicon; test patterns;
thcrmal resistance; thermal response; thermally stimulated current;
ultrasonic bonding; wire bonds; x-ray photoelectron spectroscopy.
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1. TUTRODUCTION

This 1s a resort to the sponsnrs of the
Semiconductor Technology Prog: m on work
during the twentv-sixth quarter of the Pro-
gram. It summarizes work on a wide variety
of measurement .cthods for semiconductor ma-
terials, process control, and devices that
are being rtudied at the National Bureau of
Standards. The Program, which emphasizes
silicon-based device technologies, is a con-
tinuing one, and the results and conclusions
reported here are subject to modification
and ref inement.

The work of the Program is divided into a

number of tasks, cach directed toward the

study of a particular material or device

property or measurement technique. This re-
# port {s subdivided according to these tasks.
Highllights of activity during the quarter
are giver In section 2. Subsequent sections
deal with each specific task area. Kefer-
ences cited are listed in the final section
of the report.

The report of each task includes a narrative
description of progress made during this re-
porting period. Additional information con-
cerning the material reported mav be ob-
tained directly from individual staff mem-
bers identified with the task in the repore.
The organization o the Program staff and
telephone numbers are listed in Appendix A.

Background material on the Program and in-
dividual tasks may be found in earlier quar-
terlyv repcrts as listed in Appendix B, From
time to tim~, publications are prepared that
'{ describe some aspect of the program in

greater detail. Current publications of
this type are also listed in Appendix B.
Peprints or copies of such publications are
usually available on request to the author.,

Communication with the electronics community
is a critical aspect both as input for guid-
ance in planning future program activities
and in disseminating the results of the work
to potential users. Fermal channels for
such communication occur in the form of
workshops and svmposia sponsored or co-
sponsored by NBS. _urrently scheduted semi-
nars and workshops are listed in Appendix C.
In addition, the availability of proceedings
from past workshops and seminars is indica-
ted in the appendix.

An Important part of the work that frequent-
ly goes bevond the task structure is partic-
ipation in the activities of various techni-
cal standardizing committees. The list of
personnel involved with this work given in
Appendix D sup.c: s the extent of this par-
ticipation. In most cases, details of
standavdization efforts are reported in con-
nection with the work of a particular task.

Technical services in areas of competence
are provided to other XBS uctivities and
other govertn.aent agencies as they are re-
quested. [Usually these are short-term,
specialized services that cannot be ob-
tajned through normal commercial channels.
To indicate the kinds of technology avail-
able to the Program, such services provided
during the period covered by this report are
listed in Appendix F.

il i e
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Particularly significant accomplishments
during this reporting periol include (1) in-
itiation of development of measurement tech-
nology for characterizing boron nitride dif-
fusion sources and hydrogen chloride purging
gas, (2) application of dc electrical meth-
ods with a sensitivity of about 0.1 um to
the measurement of critical dimensions such
as the width of diffusion windows, (3) com-
pletion of an initial comparison of line-
width measurements made with an image-
shearing eyepiece and a filar eyepiece, and
(4) development of procedures for measuring
electrically the thermal resistance of the
output transistor of integrated Darlington
pairs. Highlights of progress in these ana
other technical task areas are listed below.

Process Chemicals Characterization — In-
vestigations of methods for characterizing
selected process chemicals were begun at the
Pennsylvania State University with ARPA
funding. The initial studies are concentra-
ting on methods for determination of dele-
terious impurities in boron nitride diffu-
sion sources and water vapor content of hy-
drogen chloride gas.

Resistivity; Dopant Profiles — The inter-
laboratory evaluatfon of the long-term pre-
cision attainable with silicon standard ref-
erence wafers for resistivity measurement by
the jour-probe method reached its half-way
point. Four of the six participating labor-
atories exhibit good control over their mea-
suremen‘'s and agreement to much less than 1
percent both with the certified resistivity
of the laboratory-owned wafers and with the
grand average resistivity of the circulating
wafers.

The deep depletion capacitance-voltage char-
acteristic of an MOS capacitor was investi-
gated as a means for determining dopant den-
sity of the semiconductor. Four possible
sources of error were considered. The deep-
depletion method yields a dopant density
value more characteristic of the bulk than
the more traditional cmax - cmin method.

A firite difference algorithm was success-
fully used to solve the moving boundary bo-
ron redistribution problem. The solutions
for several appropriate sets of conditions
were compared with the time independent ex-
act solution to provide a bench mark prior
to making calculations for other conditions
not amenable to exact solution.

Data were obtained on n-type silicon wafers
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in the resistivity range 0.3 to 5.6 {°cm as
a beginning to the reevaluation of the re-
lationship between resistivity and free
electron density. In this range the data
agree closely with the published data of
Irvin as fitted by Caughey and Thomas.

Crustal Defects and Contaminants — The an-
alysis of the thermally stimulated current
and capacitance response of mid-gap
acceptor-type defects was extended to the
case of an MOS capacitor. The phase I cur-
rent response was found to vield the same
emission temperature as that of a p*» junc-
tion. The sensitivity of the phase If re-
sponse to various parameters was determined.

Oxide Film Chargeterization — Further study
of x-ray photoelectron spectra from the sur-
face of a silicon specimen during various
heating cycles confirmed that the carbon
film arises from an as yet unidentified re-
sidual gas in the spectrometer.

Oxide characterization work has been fo-
cussed on the study of techniques for deter- ]
mining and controlling the quality of fur- |
nace environments used in growing gate ox-
ides and in subsequent annealing. In con-
junction with this effort, a quadrupole mass
spectrometer was assembled for measurement
of the gas atmosphere in the oxidation fur-
nace, preliminary measurements of sodium
contamination in a variety of processing ma-
terials were made using flame emission spec-
troscopy, and steps were taken for determin-
ing stability of the oxides produced.

sl

A preliminary measurement was made of the
radiation field present during the operation
of an electron beam evaporator. During a
typical evaporation of an aluminum gate
electrode, the gate oxide receives an ab-
sorbed dose of the order of 0.1 to 1.8 »

10° rad(5i0,) (0.1 to 1.8 = 10“ J/kg) from
the aluminum Ku radiation. An additional

dose of approximately similar magnitude a-
rises from the bremsstrahlung continuum.

Teet Patterme -—— Evaluation of the test
structures on test pattern NBS-3 was begun
with detailed investigation of the four base
sheet resistors. By combining dc measure-
ments on van der Pauw and bridge structures
it was possible to determine the width of
the base diffusion window. This technique,
which is sensitive to changes in width of
about 0.1 um, utilizes measurements which
can be made quickly and at low cost on com-



monly available automatic equipment. The
results agreed well with measurements scaled
from a photo icrograph.

Other tesi ctiructures on test pattern NBS-3
are being used in the reevaluation of Irvin's
curves. These include the square-array col-
lector resistor, which yielded resistivity
values in good agreement with standard four-
probe measurements; a circular MOS capacitor
over the collector; and a circular base-
collector junction.

Initial measurements in the evaluation of
the CCD test structure connected as an MUS
capacitor or as an MOS field effect transis-
tor were completed.

Phosc . tthegraphy — Detailed rnalyses of
various state-of-the-art technologies for
automatic inspection of photomasks were be-
gun. The criteria selected were ability to
detect a defect of dimensicn 2 um and mis-
registration of :0.25 um. The first system
analyzed was one composed of a TV camera
tube which views the mask through a micro-
scope. It was concluded that inspection of
2 3 in. by 3 in. mask in 11 or 12 min would
be possible using state-of-the-art components
although this #s significantly faster than
existing prototype of this system,

A polarizing interferometer with 1 nm dis-
placement resolution was constructed for use
in making irn situ measurements of the posi-
tion of a scanning electron microscope stage.
Preliminary measurements using standard
stages revealed the need for a more rigid
stage assembly with fewer than the usual de-
grees of freedom for micrometrology experi-
ments.

A preliminary experiment established that it
is possible to transfer a line-spacing mea-
surement to a line-width measurement using a
multilayer metal artifact in a scanning elec-
tron microscope (SEM). The artifact was de-
signed for use in calibrating the magnifica-
tion of a SEM; it does not simulate the con-
ditions encountered in making dimensional
measurements on photomasks. A different ar-
tifact was designed with 1 to 10 um wide
lines to simulate the properties of a p*. " -
magk. This artifact i{s intended to be fab-
ricated in a film of chromium or iron oxide
on an optically flat glass plate,

Comparative measurements of the width of a
chromium line on a glass substrate were made
using both bright field and dark field 1llum-
ination and filar and image shearing eye-
pleces.

The measured value was significantly
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smaller when the filar eyepiece was used
with dark field illumination.

Epitaxial Layer Thickness — The ramp-
voltage and step-relaxation methods for mea-
suring epitaxicl layer thickness were ana-
lyzed to determine the ranges of thickness
and layer resistivity over which they can

be used. The ramp-voltage method was found
to be applicable over a wider range of para-
meters.

Wafer Inspection and Test — A second laser
and improved display amplifiers were added
to the flying-spot scanner. Observations
were made of a bipolar NAND gate and a C-MOS
inverter circuit.

Several typical integrated circuits were
studied to assess the damage caused by ex-
auination with a scanning electron micro-
scope. No significant damage occurred to a
bipolar digital inverter under any condition
studied. Both a hipolar linear operational
amplifier and a C-MOS inverter exhibited se-
verely degroded characteristics when exam-
mined with bias applied, but neither showed
significant changes when examined for typi-
cal times without bias.

Work continued at the Naval Research Labora-
tory on the development of an automated
scanning low energy electron probe as a non-
contacting non-damaging wafer test tech-
nique.

Interconnection Bonding — Development of
the uniform beam model for analysis of the
vibration of an ultrasonic bonding tool con-
tinued with the addition of a boundary con-
dition to account for the force at the tool
tip during the bonding operation. The re-
sults suggest that the amplitudes at the un-
loaded nodal positions and the tool tip can
be related to the force during bonding.

Study of the non-destructive accoustic emis-
sion test to determine the bend quality of
beam lead, flip-chip, or other gang bonded
devices continued.

Hermeticity — The experimental phase of the
interlaboratory evaluation of the radioiso-
tope method for leak testing semiconductor
devices was completed. Ten industrial or-
ganizations participated in the test.

A rapid gas cycling technique is being eval-
vated for use as a quantitative, dry gas,
gross leak test. Initial calculations sug-
gest that the technique may be suitable for
a wide range of leak sizes.
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Tnermal Properties of Devices — Further
study confirmed the feasibility of using the
modified emitter-only-switching method for
measuring the thermal resistance of tne out-
put transistor of a wonolithic Darlington
circuit. It was also found that the voltage
between the biise of the input transistor and
the emitter of the output transistor, mea-
sured during the power-off portion of the
thermal resistance measuring cycle, 1is a
good indicator of the onset of a current
constriction in the output transistor.

Development of electrical tech.iques for es-
timating peak junction temperature of power
transistors continued. It wa: establi.ted
that one of the necessary quantitiecs, the
total active area of the device, can be de-
termined from measurements of the heating

response of the device.

Work was initiated on an automatic stepping
stage for use with the infrared microradi-
ometer in order to facilitate measurement
of surface temperature distribations on
power devices and integrated circuit:.

Recommendations concerning changes to cthe
thermal resistance methods in MYL-STD-750B,
for discrete semiconductor devices, were
formuicted at the request of EIA Committee
G-12 on Solid State Devices. These recom-
mendations, which are based on standards de-
veloped by various EIA-JEDEC Committees and
draw heavily on prior NBS work, were submit-
ted to the Defense Electronics Supply Center
for consideration.




3. PROCESS CHENICALS CHARACTERIZATION

3.1. Introduction

An important factor for the improvement of
process control and reliability of digital
integrated circuits is the need to control
the purity of the various chemicals used
during the fabrication process. In many
cases these chemicals, such as diffusion
sources, epitaxy chemicals, and other chemi-
cals are supplied by vendors with little or
no insight into the material purity levels
that are detrimental to device reliability
and performance. This is particularly true
since normal chemical analysis techniques
which might be used by suppliers do not pro-
vide the necessary detectability limits.
Often only the electrical testing of the fi-
nal device structure brings out the influ-
ence a particular chemical impurity has on
device performance and in the case of inte-
grated circuits it is generally impossible
to gain access to individual devices which
make up the circuit.

A new effort has been undertaken at the
Solid State Device Laboratory of Pennsylvan-
ia State University in order to develop mea-
surement techniques for monitoring chemi-
cals used in digital integrated circuit man-
ufacturing. The study is aimed at chemicals
used in the three principal processes of ox-
idation, diffusion, and epitaxy. It is in-
tended to analyze various chemicals, then
use these chemicals to process devices or
test patterns which can be analyzed by elec-
trical tests. An ‘mportant aspect of the
initial phase efiort is the determination of
the detectabiiity limits of the analytical
and electrical measurements and degree of
correlation of electrical measurement tech-
niques with analytical measurements.

In the initial investigations the materials
to be characterized with respect to their
impurity levels are boron nitride, composi-
tions of boron nitride with silica, and hy-
drogen chloride gas. These materials were
selected because of their wide use in diffu-
sion and oxidation processes in digital in-
tegrated circuit fabrication. Boron nitride
wafers have gained acceptance as diffusion
sources as silicon wafer diameters have in-
creased [1]. The use of hydrogen chloride
gas has recently gained wide acceptance in
the growth of high quality oxides particu-
larly in MOS technology.

Boron nitride has evolved from a refractory
material to one used in semiconductor appli-
cations. Because of its original refractory

nature, the material has metallic impuri-
ties, in the 1 to 100 ppm levels, which can
lead to reduced carrier lifetime and high
reverse currents in p-n junctions. The
present study seeks to determine the toler-
able level of these metallic impurities in
boron nitride diffusion sources. Experi-
ments using emission spectroscopy, will be
conducted to determine the density at levels
of 0.5 ppm or greater of impurities, such as
gold, iron, or copper, in the boron nitride
as manufactured. Next the boron oxide

glass transferred to the silicon wafer dur-
ing diffusion will be analyzed using flame-
less atomic absorption, at levels of 1 ppm
or less, to determine how much of the impu-
rity has been transferred. Then thermally
stimulated current and carrier lifetime mea-
surements will be made to determine the
level and energies of impurities that are
present in p-n junctions fabricated using
the boron nitride source.

These experiments will provide the necessary
correlation data needed to establish chemi-
cal purity standards and feedback to boron
nitride manufacturers. Boron nitride wafers
and powder which have been manufactured by
different techniques will be furnished by a
cooperating supplier during the course of
the study.

The study of hydrogen chloride gas is fo-
cussed on the determination of the allowable
water vapor level. Studies have shown that
the presence of small amounts of water vapor
can destroy the passivation effects of hy-
drogen chloride [2]. Oxide layers will be
grown and examined for various levels of
water vapor in the hydrogen chloride. Dyna-
mic growth rates as a function of time will
be measured for different levels of water
vapor using thermogravimetric analysis which
has a detectability limit of 5 nm of silicon
dioxide. The nydrogen chloride and water
vapor mixtures will be furnished by a second
cooperating supplier. (J. Stach¥®)

Work conducted at the Pennsylvania State
University under NBS contract 5-35717.
NBS contact for additional technical in-
formation: R. I. Scace.
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3.2. Boron Nitride

Prints of the mask set for test pattern HBS-
2 (NBS lech. Note 788, pp. 15-17) [3] have
been obtained arnd a process developed to en-
able the fabrication of boron nitride dif-
fused diodes and gated MOS capacitors for
use in the study of boron nitride diffusion
sources. The electrical measurement methods
that are being emphasized initially include
thermally and optically stimulated tech-

niques [4] and carrier lifetime. Mechanical,

electrical, and optical designs for the sys-
tem to make measurements of thermally and
optically stimulated current and capacitance
were completed ard the parts are being as-
sembled. The system for measuring carrier
lifetime by the MOS capacitance method [5]
has also been designed.

‘he analysis of various boron nitride start-
ing powders and the development of suitable
standards for emission spectroscopy measure-
ments are currently being undertaken. A

loint effort with the supplier has been ini-
tiated to determine the impurity levels in-
troduced during various stages of boron
nitride wafer fabrication in typical produc~
tion rune. This lot of wafers (1007 boron
nitride and boron n'‘tride/silicon dioxide)
1s then to be used te study impurity parti-
tioning during activation (surface oxidation
of the boron nitride to boron oxide) and
diffusion. (J. Stach®)

3.3. Hydrogen Chloride

The design of the system for thermogravimet -
ric analysis has been completed. This in-
cludes thermal, gas handling, and specimen
fixtures. Arrangements have been made with
the cooperating manufacturer to supply vari-
ous samples of hydrogen chloride for thermo-
gravimetric analysis. Controllea amounts of
water vapor will be introduced from a spe-
cial moisture mixture supplied by the manu-
facturer. (J. Stach®)




4., RESEISTIVWEITY:

4.1. Standard Reference Materials

In conjunction with offering for sale stan-
dard reference silicon wafers with certified
resistivity values for use with four-probe
measurements [6], NBS is conducting a multi-
pass experiment with five other laboratories
to test the long-term precision attainable
with these wafers and to determine their
stability. The experiment requires each lab-
oratory to measure monthly its own set of
standard reference wafers according to ASTM
Method F 84 [7] with cthe exceptinn that only
two resistivity values instead of the normal
ten be measured for each waf.r. Two addi-
tional sets of standard reference wafers are
being circulated to the participating labora-
tories such that each month one of the labor-
atories also measures these circulating
wafers according to the same method except
that five measurements are made on each cir-
culating wafer. The circulating wafers have
been to each laboratory once which brings the
experiment approximately to its half-way
point although some laboratories have repor-
ted more measurements than others on the
non-circulating wafers.

The results of this first phase of the ex-
periment are summarized in table 1. With
two exceptions, the participants appear to
have good control over the measurements.
Laboratory 2 shows a significant high-side
bias on its high-resistivity wafer as well
as the greatest variability in measurements
of in-house wafers. Laboratory 4 shows a
strong high-side bias in all of its measure-
ments despite the good reproducibility of
these measurcments. The test will be con-
cluded after each laboratory reports 12 sets
of measurements on its in-house wafers and
after the circulating wafers complete their
second cycle. (F. H. Brewer)

4.2. Dynamic MOS C-V Method

In the traditional high frequency MOS capac-
itance-voltage (C-V) measurement (NBS Spec.
Publ. 400-4, pp. 37-38), the rate of the
voltage bias sweep is kept slow enough to
allow equilibrium in the inversion regime to
be maintaired through minority carrier gen-
eration. As a result, the semiconductor
space charge region assumes a fixed width
and the MOS capacitance saturates to its
minimum value, shown in figure 1 as Cmin'

If however, the sweep rate is rapid enough
that the minority carrier generation is in-
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sufficient to maintain cyuilibrium, the
semiconductor beeomes depleted and the space
charge width increases. The capacitance as-
sociated with this depletion regime is shown

as curve CD in figure 1. The dopant density

profile can be deduced from this C-V charac-
teristic when it is analvzed according to
standard models [8].

In the experiment, the “ias appiied to the
MOS capacitor is a repetitive (approximately
10 Hz) rar, or triangular voltage of the ap-
propriate magnitude and polarity. A three-
terminal capacitance bridge provides an ana-
log signal proportional to the measured ca-
pacitance. Both the analog capacitance sig-
nal and the applied ramp voltage are simul-
taneously displayed on a dual channel oscil-
loscope. Typical waveforms are shown in
figure 2 as they appear on the oscilloscape
face. The data acquisition and analysis
system employed permits processing ot the
data displayed on the oscilloscope.

The algorithm for the calculation is based
on the expression for the dopant density,

N(X), at the edge of the space charge region
as deduced from the simple depletion model

[8):
1

2 fac=2\
N(X) = -—(——) ’ (1)
qKsc0 ¢V

where X is the depletion width, q is the
electronic charge, Ks is the relative die-

lectric constant of silicon, €g is the per-
mittivity of free space, C is the measured
capacitance per unit area, and V is the
bias voltage. Under software control the
C(t) and V(t) waveforms are sampled and
stored; typically 1000 scans are averaged to
produce a smooth curve. Time is used as an
independent parameter to find the derivative
in eq (1). From the smoothed capacitance
curve, the quantity [C(t)]~% is calculated
and differentiated to obtain d[C(t)] ~/dt.
Similarly the smoothed voltage curve is dif-
ferentiated to find dV/dt. The depletion
width corresponding to each value of bias
voltage is calculated from

1 1 g
X-Kc(—--——), 2)
s g \C Co

where Co is the oxide capacitance per unit

area and C is the measured capacitance per
unit area for the particular voltasge.
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Table 1 - Intermediate Results of Interlaboratory Test on SRM 1520

a. Laboratory-Owned Wafers with Nominal Resistivity of 0.1 q-cm
Certified Average Sample
Laboratory Resistivity, Measurement Resistivity, .Std. Dev.,
Reporting Qecm Pairs Reported Q-cm %
1 0.11974 8 0.12006 0.21
2 0.11825 6 0.11883 1.24
3 0.11885 5 0.11937 0.58
4 0.12033 5 0.12261 0.66
5 0.11925 8 0.11849 1.03
6 0. 12056 6 0.11994 0.49
b. Laboratory-Owned Wafers with Nominal Resistivity of 10 g-cm
Certified Average Sample
Laboratory Resistivity, Measurement Resistivity, Std. Dev.,
Reporting Qscm Pairs Reported QeCm %
1 11.251 8 11.309 0.27
2 11.118 6 11.351 1.65
3 11.178 5 11.246 0.58
4 11.098 5 11.406 0.40
5 11.062 8 11.078 1.23
6 11.054 [ 11.081 0.48
c. Circulating wafers with Nominal Resistivity of 0.1 q-cm
Wafer A-17
Average Average Sample
Laboratory Resistivity, Resistivity, Std. Dev.,
Reporting Q-cm Q-cm %
Reference* 0.1194 0.1200
1 0.1192 0.40 0.1198 0.13
2 0.1194 0.2 0.1197 0.1
3 0.1190 0.15 0.1197 0.37
4 0.1223 0.04 0.1240 0.36
5 0.1196 0.21 0.1201 0.19
6 0.1183 0.21 0.1191 0.31
Average- 0.11963 1.15 0.12040 1.49
d. Circulating Wafers with Nominal Resistivity of 10 q-cm
Wafer A-17
Average Average Sample
Laboratory Resistivity, Resistivity, Std. Dev.,
Reporting QeCm Qecm %
Referencea 1.1 11.20
1 1n.n 0.13 11.18 0.16
2 11.05 0.6 11.07 0.9
3 11.14 0.44 11.26 0.59
4 11.39 0.39 11.47 0.21
5 11.17 0.10 11.25 0.1
6 11.05 0.13 11.10 0.31
Average” 11.15 1.13 11.22 1.06

9The reference value was obtained from the overall average of two sets of read-
ings by each of two operators at NBS taken over a period of two weeks,

bMean and sample standard deviation of the individual laboratory averages.
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Pipure 1. Experimental equilibrium and
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Results of a typical measvrement are shown
in figure 3 as a plet of dopant densjty
against distance from the silicon-oxide in-
terface. The specimen used was phosphorus-
doped with a nominal resistivity of 1 .l.cm,
The wet oxide, grown at 1000°C for 150 min,
had a nominal thiciness of 500 nm. The alu-
minum gate electrodes were evaporated with
an electron-beam evaporator and the wafer
was annealed in nitrecgen for 30 min at
500°C.

There are at least four sources of error in
the profile which must be considered.

First, at large depletion depths the C(t)
curve is changing verv slowly. The differ-
entiation in this region i{s then verv sensi-
tive to random fluctuations in the C(t)
curve; as a result there is likely to be ap-
preciable scatter in the calculated dopant
density at large distances from the inter-
face, as can be seen in figure 3. Some im-
provement could be made by averaging over
longer periods of time or by using a larger
differentiation grid as the change in capac-
itance becomes small.

A second source of error is the effect ot
fringing fields on the MOS capacito-, For
materials of relatively low dopant donsity
(~ 10" cm~?) depletion depths can be

large (v 10 um). This causes a spreading
of the electric fields away from the gate
and could cause an increase in the measured
capacitance. This edge effect is serious
for devices where the maximum depletion
depth 1is a finite fraction of the device
radius. Typically, the presence of fring-
ing fields causes the calculated dopant
density to be larger than the actual dopant
density; the error increases as the deple-
tion depth increases,

The third source of error arises because of
limitations in the simple depletion model.
In the ideal case, depletion starts at the
flet-band voltage. Experimentallv, the ca-
pacitance near the flat-band voltage is al~-
ways less thaiu the theoretical depletion
capacitance. Therefore, the calculated pro-
file lies above the true profile near the
flat-band condition until the true depletion
regime is erntered. In the example shown in
figure 3, the first data point on the left
corresponds to a voltage slightly more nega-
tive than the flat-band voltage so this er-
ror may be present.

The fourth source of error arises from the
departure of the C-V characteristic from the
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ideal as a result of fast interface states.
Interface states contribute to the capaci-
tance and will cause distortion or structure
in the calculated profile. When present
they exert thelr preatest influence in the
surface region of the prefile.

(ne other point to be considered is the com-
parison of the dopant density as determined

by the traditicnal ¢ - method (MBS
max min

Spec. rubl. 400-4, pp. 37-38) and that de-
termired by the deep depletion method de-
scrined here, The dopant density determined

by the € - C method is the average den-
max min

sitv within the equilibrium depletion depth,
in figure 3 ti.e horizontal and vertical ar-
rows indicate the dopant densuitv (N) and the
equilibrium depletion depth (Xd) determined

from tinis method. Note that the catculated
density is significantly higher than the
bulk density determined frow the deep depie-
tion technique which alltows penetration of
the space charge repion much farther than
the equilihrium high frequency technique

which is emploved in the C = method.
! Bl min
It is clear that the C =G technique
max min

determines a dopant density which is more
characteristic of the surface region and
may have little relation to the bulk dopant
density. (R. ¥, il )

4.3. Mathematical Models of Dopant Profiles

This report outlines a finite difference
algorithm [9] for the solutien of the boron
redistribution problem described previously
(NBS Spee. Publs. 400-1, pp. 9-11, and
400-4, pp. 9-11). This algerithm consists
of a set of algebraic equations whose solu-
tion approximates the solution ot the par-
tial differential equations which govern the
Loron coneentration in the silicon and the
silicon dioxide (NBS Spec. Publ. 4C"-1, eqs
(4), (5), and (7), pp. 10-11).

As previously discussed two coordinate sys-
tems are used: in the silicoa, a fixed
system with its origin at the initial sili-
con surfa-e, and in the oxide, a system
with its origin at the oxide-air interface
which moves away from the initial silicon
surface with a velocitv inversely propor-
tional to the square root of the time. The
silicon-oxide !nterface moves in the oppo-
site direction with a similar velocity,

The motion of this interface complicates the
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Finite difference grid used in solving Loren redistrilution groller,

Table 2 - Boron Concentration in Silicon at the Moving Boundary
between the Silicon and Silicon Dioxide
Case m €2 G Colwlt))®t etk zglket)  CB(2.20(ket))®
la 1.2 0.1 10 4.466 90 49  0.067 4.594
b 800 49 0.1988 4,594
2a .2 10 10 9.653 90 49  0.0669 9.558
b 800 49 0.1988 9.557
3a 1.2 @ 04 10 6.187 800 1 8.82
b 800 5 7.122
c 800 49 6.386
4a 0.5 0.1 10 2.264 800 4.718
b 800 4 2. 713
c 800 97 2.281

3Arbitrary units.

bealculated from analytic solution, ref. ll.
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application of the finite difference tech-
nique. The grid used is depicted in figure
4. The mesh width At in the time domain and
the mesh widths Ay and Az in the silicon and
the oxide respectively are coupled. In the
oxide there are NL interior grid poinmts (1,
2, ..., NL-1, NL) separated by Az. The po-
sition of the interface at the time (MM)At
is denoted by zo(HH), where MM is the number

of time intervals since the beginning of the
oxidation; the distance between (NL)Az and
zo(MM) varies. In the silicon the first

full mesh width to the right of the inter-
face yo(MH) begins at (NR)Ay; the interior

grid points (NR, NR+l, ..., N2), spaced iy
apart, extend to (N2)ay.

In the oxide the approximate solution has
the form C;(n;4dz, kAt) for 1 < n; < NL and

k 2 0 at the grid points and CB(1, zo(kAt))

for k > 0 at the boundary. In the silicon
the approximate solution has the form
C,(nsAy, kat) for NR < np < N2 and k 2 0 at
the grid points and CB(2, y (kit)) for k 2 0
at the boundary. 2

The algebraic equations which comprise the
finite difference equations are obtained by
discretizing the integral-comservation
equivalents of the above mentioned partial
differential equations. In particular, the
differential form of the conservation of
mass at the boundary, expressed in integral
form is

Z (t) Y
37[ ° Cy(z,t)dz +j B oy, t)dy
A Yo(t)

A
w =By Lotz + 0 et 0 3
lazl A’ 23Y2 B*-/»

where Z, : (NL)4z and Y = (NR)Ay. By ap-

proximating the derivatives in eq (3) by
their finite difference equivalents and the
integrals by quadratures, one obtains an im-
plicit algebraic equation of the form

A+Cy (NL, MM) + B-CB(1, ™M)

+ C+Cp(NR, MM) + D-CB(2, MM) = F, (4)

where the coefficients A, B, C, D, and F are
constants related to the grid approximation.
This equation and the boundary condition
(NBS Spec. Publ. 400-1, eq (6), PP- 10-11)
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CB(2, MM) = mCB(1, MM),

where m is the segregation coefficient, re-
present two equations in the unknown bound-
ary values CB(1, MM) and CB(2, MM). These
equations and the usual implicit equations
associated with all the interior grid points
form.a linear algebraic system which can be
solved by a variant of the well known method
for treating tridiagonal systems [10]. To
provide a bench mark comparison, this system
was solved for several cases under condi-
tions for which the analytic solution of
Grove et al. [11] can be obtained. Table 2
lists a comparison between these solutioms.
If the segregation coefficient is substan-
tially different from one, the value CB(2,
zo(kﬁt)) cclculated for a very short time

after the oxidation begins is much larger
than the value Cz(yo(t)) calculated from the

analytic solution. This is not unexpected
since Cg(yo(t)), which is independent of

time, is not equal to Cb' Hence Cz(yo(t),t)

is discontinuous at time zero. The total
time taken for the approximate solution to
reach its steady state value depends on the
time step employed; this time is shorter if
the time step is smaller.

(S. R. Kraft®* and M. G. Buehller)

4.4, Reevaluation of Irvin's Curves

Detailed experimental redetermination of the
relationships between resistivity and dopant
density in silicon (NBS Spec. Publ. 400-4
p. 13) was begun. The relationships as re-
ported by Irvin [12] are in wide use
throughout the industry; the graphical forms
of these relationships are commornly known as
Irvin's curves.

Preliminary data were obtained using appro-
priate test structures of Test Pattern NBS-3
(NBS Spec. Publ. 400-12, pp. 19-22) fabri-
cated in three wafers of n-type (phosphorus
doped) silicon. Bulk resistivity of the
original n-type portion of the wafers was
determined from measurements on structure
3.17, the collector four-probe resistor
(sec. 7.3), corrected to 300 K [13]. Free
carrier density was determined from mea-
surements on structure 3.8, MOS capacitor
over collector (sec. 7.4), or on structure

NBS Mathematical Analysis Section, Applied
Mathematics Division.
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3.10, base-collector diode (sec. 7.5). The
results of these measurements are summarized
in table 3.

The measurements made on the cellector four-
probe resistor were very repeatable on a
given device. The data reported in the table
are averages for several devices in the same
general area on the wafer.

The carrier density values from the MOS ca-
pacitor were determined by the deep deple-
tion method (sec. 6.3). These values have
an estimated uncertainty of *5 percent. The
base-collector diode is located a little
over 1 mm away from the MOS capacitor. Car-
rier density values were determined from the
diode by the junction capacitance-voltage
(C-V) method (NBS Tech. Note 788, pp. 9-11).
A set of carrier density values from a diode
had an average standard deviation of less
than 1 percent. Because of the strong de-
pendence of the calculated carrier density
on the area of the base diffusion, the

diameter of the diffusion for this process-
ing run was measured by photomicrographic
procedures and found equal to the nominal
value (432 um) within 1 um.

The carrier density values from the junction
C-V method were used for computing the mobil-
ity as this method is considered to be bet-
ter characterized than the MOS procedure at
this time. The mobility value calculated
for each wafer is based on the average value
of resistivity and carrier density. The mo-
bility values for these wafers are about 5
percent larger than those calculated by the
equation of Caughey and Thomas [14] which
closely fits Irvin's curve for n-type sili-
con. However, these preliminary results
suggest that the mobility calculated from
the Caughey-Thomas equation agrees with the
experimentally determined value within the
estimated errors in the resistivity range
studied. (W. R, Thurber, R. L. Mattis,
R. Y. Yoyama, Y. M. Liu, and ¥. G. Buehler)

Table 3 - Preliminary Resistivity-Carrier Density Data
for Phosphorus-Doped Silicon at 300 K

Slice No. AQ.27Ph-1

Al.0Ph-1 5200

0y leCM 0.299:0.015
(2.12:0.19) = 10!&
(2.00:0.03) ~ 10!%

n, cm~3(M0S)

n, cm=?(jcn)

vy Cm?/Ves(exp) 1044:55

L, cm?/V-s(calc) 1000
2 diff? 4.4

AUlezy) - ulzale)}/ulealz)

b

single device

1.035:0.005 5.59+0.21
(4.76+0.20) = 10!° 8.34 « 10!4b
(4.82:0.13) « 10!5 8.20 = 10i4b

1251:34 1362
1188 1287

5.3 5.8
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5.1. Thermally Stimulated Current and

Capacitance Measurements

Analysis of thermally stimulated current and
capacitance measurements continued with em-
phasis on the thermally stimulated current
response from the gold acceptor in an »-type
silicon MOS capacitor. For the analysis, it
was assumed that only those defects between
wIIf’ the steady state inversion width and

the depletion width at the gnd of phase II
of the dynathermal response measurement (NBS
Spec. Publ. 400-1, pp. 16-19), and wIi' the

depletion width at the start of the dyna-
thermal response are initially charged and
that defects between the oxide-silicon

interface and wIIf are uncharged. In order

to achieve this condition, the MOS capaci-
tor is cooled to low temperatures with the
depletion width held at wIIf by applying

a bias voltage sufficient to drive the ca-
pacitor into the inversion region; once the
low temperature is reached, a larger bias
which widens the depletion width to wIi is
applied.

Detailed calculations were carried out with
procedures analogous to those used previous-
ly in analyzing a p*n junction (NBS Spec.

Publ. 400-12, pp. 8-11).* The phase I cur-
rent response of the MOS capacitor was found
to be somewhat less than that of a p*n junc-

jon with the same values of donor density,

Nd’ and gold density, Nt’ biased so that the

portion of the depletion width in which the
defects are not charged is the same. How-
ever, under such similar bias conditions

the current response of the MOS capacitor is
related to that of the p*n junction in such
a way that the maximum in the dynathermal
current response occurs at the same tempera-
ture, TIe’ for both structures.

The phase 11 current response of an MOS ca-
pacitor depends on the heating rate, £, the
ratio Nd/Nt’ the ratio H = wIIf/wIIi’ and

a geometrical parameter G = eowIIflcsko

where cq is the dielectric constant of sili-

con, & is the dielectric constant of sili-

con dioxide, and Xo is the oxide thickness.

The sensitivity of the phase Il current
response to these parameters was studied
assuming that the temperature is raised
slowly enough that steady state conditions
prevail (NBS Spec. Publ. 400-8, p. 32).
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The parameters were varied one at a time
over the following ranges:

0.2 K/s < 8 < 10K/s
5 < B, /N <100

a1 < B g 0.9
0.1 E @ ¢ 10

When not being varied the parameters were
held at 5 = 10 K/s, Nd/Nt = 100, K = 0.2,

sud G = 1, The
in figures 5-R,
increase in the

individual results are shewn
As shown in figure 5, an
heating rate causes TIIe’

the temperature of the current maximum, to
increase. This 1s the same behavior as that
observed for the phase I current peak TIe'

As shown in figure 6, a decrease in the den-
sity of generation sites Nt relative to the

background dopant density Nd, causes TIIe

to increase, “or it takes higher tempera-
tures (higher hole emission rates) to satis-
fy the inversion conditions at the oxide-
silicon interface. Likewise, as shown in
figure 7, reduction of the number of gener-
ation sites by restrictiop of the initial
depletion width (increasing W) causes TIIe

to increase. Finally, as shown in figure 8,
a decrease in the oxide thickness relative

to wIIf (an increase in G) also results in

ar. increase in TIIe'
The relationship between TIIe and heating

rate scaled by the factor F previously dis-
cussed (1'BS Spec. Publ, 400-4, p. 33) was
shown to be independent of these parameters
over all ranges except for Nd/!"t < 20. It

was also shown that for all values of 1,
F can be determined from measurable capaci-
tances:
2 ?
WEg" = C111)(
=G 2) 5)
Ii

P

: 5 CIIfCIIe(CIIfC
Z
CIIe)(CIIf

F —
cocIf (c0

where the capac'tances are identified in
figure 9 which snws the dynathermal current
and capacitance response of an ideal, gold-
doped n-type MOS capacitor.

—
The complete analysis, summarized here,
is being prepared for publication as a
separate report.
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Figure 5. Calculated reduced phase II cur-
rent from gold acceptor defects in an n-type
silicon MOS capacitor as a function of tem-
perature for N./N_ = 100, H = 0.2, G = 1,
and various va?ueé of B.
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Figure 7. Calculated reduced phase II cur-
rent from gold acceptor defects in an n-typc
=ilicon MOS capacitor as a function of tem-
perature for £ = 10 K/s, Ndmt = 100, € = 1,
and various values of H.
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Tigure 6. Calculated reduced phase 1I cur-
rent from gold acceptor defects in an n-type
silicon 0S capacitor as a function of tem-
perature for 8 = 10 K/s, H = 0.2, G = 1, and
various values of Nd‘mt‘
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Figpure 8. Calculated reduced phase II cur-
rent from gold acceptor defects in an n-type
silicon MOS capacitor as a function of tem-
perature for g = 10 K/s, N /N = 100, H =

0.2, and several values of G.t
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CAPACITANCE
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Figure 9. Capacitance-voltage characteris-
tic and dynathermal current and capacitance
response of an ideal gold-doped n-type sili-
con MOS capacitor.

Experimentally, the factor F was determined
from the thermally stimulated current and
capaci:ance response of a gold doped n-type

MOS capacitor (Device 2107.7, NBS Spec. Publ.

400-1, p. 17). The results of the computa-
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SCALED HEATING RATE
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Figure 10. Scaled heating rate appropriate
to obtain various emission temperatures dur-
ing the phase II response from gold acceptor
défects in an n-type silicon Y0S capaciter.
(Solid curves: theoretical; O: experimental,
device 2107.7, N, /N = 25, F = 0.27, ¢ =
0.90.)

tions are presented in figure 10 in the form
8/F against LT Experimental data from

device 2107.7 are also shown.
(W. E. Phillips and M. G. Buehler)




6. OXIDE FILN

6.1. X-Ray Photoelectron Spectroscopy

Considerable attenticr was given to deter-
mining the origin of the "carbide" carbon
peak previously found on heated silicon
specimens (NBS Spec. Publ. 400-4, p. 42). A
sequence of carbor. (ls), oxygen (1s) and
silicon (2p) XPS scans on an air-stabilized
silicon specimen were performed as a func-
tion of heating condition. Successive tem-
perature levels were maintained for whatever
period of time was necessary for outgassing
to effectively cease. The heating was done
in such a fashion that the total pressure in
the chamber never exceeded 5 x 10~7 Torr

(7 < 10-° Pa), starting from a base pressure
of 3 x 107% Torr (4 x 10~7 Pa).

A quadrupole mass spectrometer was used to
monitor the gas composition. During the in-
itial heating, water was by far the major
gas present; at higher temperatures, first
hydrogen and then carbon monoxide became
prominent. The evolution of carbon monoxide
was accompanied by lesser amounts of hydro-
gen and water. After the specimen had been
heated to approximately 1000°C, allowed to
cool and then reheated, a short initial out-
gassing of hydrogen was observed, followed
by an intense evolution of carbon monoxide.
Yo evidence of an abundant hydrocarbon rass
peak was observed at these higher tempera-
tures. At temperatures below 400°C several
unidentified mass peaks were present which
could be due to outgassing from the silicon
specimen, the molybdenum electrical contact
spring in the specimen holder, or botn.

Measurements of the silicon surface during
heating indicated large amounts of carbon
and oxygen with some silicon (di)oxide
(810;), figure 1lla. Mild heating to 870°C,
figure 11b, caused the carbon peaks to de-
crease. The oxygen signal appeared to in-
crease, presumably because the overburden of
carbon containing material was removed.
Heating the specimen to 930°C, figure llc,
caused a profound change in the spectra.
Most of the oxygen was lost, the silicon
(di)oxide peak practically disappeared, and
the smaller remaining carbon peak shifted to
higher kinetic energies. At 960°C, figuie
11d, there appeared a further loss in oxy-
gen, a further shift in the carbon peak to
higher kinetic energies characteristic of
"carbide" carbon (SiC) and the appearance
of a new shoulder on the Si(2p) peak at the
position expected for silicon as silicon
carbide (51C). The specimen was then al-
lowed to couol overnight. Spectra taken the

CHARACTERIZATION

next day beiore heating, figure lle, showed
that a considerable amount of low kinetic
energy carbon and some additional oxygen

had been deposited. On heating to 960°C,
figure 11f, most of the elemental carbon

was lost, some seemingly converted to car-
bide as manifested by the growth of the
"carbide" carbon (SiC) and silicon (SiC)
peaks. The intensity of the oxygen peaks
was also observed to diminish until at
1000°C oxygen could not be seen on the sur-
face, figure 11g. Although there was no
apparent change in the total amount of car-
bon present on the surface, both a narrow-
ing of the carbide carbon peak and a further
growth of the carbide silicon peak were ex-
perienced. In an additional experiment, the
sllicon specimen was bombarded with argon to
sputter all carbon from the surface and then
annealed at 950°C. After allowing the spec-
imen to sit overnight in the vacuum, a con-
tamination layer appeared which was similar
to that which appeaved after the specimen
was cooled overniglt after heating to 960°C
(fig. 1lle). When the specimen was reheated
to 960°C silicon .arbide was again produ:ed
(cf fig. 11f). rhe conclusion is that most,
if not all, of the silicon carbide that
forms results from the interaction of resid-
ual carbon containing gases in the spec-
trometer with the silicon surface.

The large surface carbon to surface oxygen
ratio observed before heating is too large
to be due to a simple deposition of carbon
monoxide, although carbon monoxide was the
only carbon containing gas indicated by the
mass spectrometer. One possibility is that
the carbon monoxide dissociates on the sil-
icon with a loss of oxygen from the surface.
Another is that the hydrogen which evolved
during the initial stages of reheating is
not only the result of thermal desorption
from the silicon and/or molybdenum surfaces
but could be due to a cracking of some ad-
sorbed hydrocarbons such as methane, ethane,
ethylene, or even acetylene. Thus, although
the exact gaseous species responsible for
the formation of silicon carbide has not yet
been identified, it does seem clear that the
majority of the carbide comes not from the
bulk of the silicon but instead is a reac-
tion product with an as yet unidentified re-
sidual gas in the spectrometer.
(li. L. Erickson®, A. G,
T. L. Madey*, and J. T.

Lieberman,
Yates, Ir.®)

%
RS “urface Processes and Catalysis Tec-
tion, Physical Chemistry Division.
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6.2.

X-Ray Dose in Electron Beam
Evaporators

Electron beam evaporation of aluminum in
vacuum is widely used in the metallization
process for fabricating semiconductor de-
vices. Typically, the aluminum, held in a
water cooled crucible, is melted by an elec-
tron beam with a beam energy and beam cur-
rent of 10 keV and 0.5 A respectively. The
electron bombardment, in addition to evapo-
rating the aluminum, generates characteris-
tic x-rays and bremsstrahlung radiation (a
continuous spectrum of photons with energy
0 < E < electrn beam energy) at the alumi-
num surface. .The wafers being metallized
are also exposed to some of this radiation.

The effect of the low energy radiation pro-
duced in the metallization process on the
thermal oxides of MOS devices has been re-
ported [15]. MOS transistor threshold volt-
age shifts of typically several volts were
observed after aluminum evaporation. These
shifts in threshold voltage were then re-
moved by heating the metallized wafers to
temperatures of 400°C or higher for short
periods of time. However, a residual effect
which affected the future radiation sensi-
tivity of the device was observed in this
experiment.

The purpose of the work reported here was to
examine a measurement technique for deter-
mining the magnitude and characteristics of
the radiation impinging on wafers during the
metallization process by electron beam
evaporation.

Using published data, an estimate of the
energy deposited during metallization can be
made. The yield, Y, of Ku x-rays emitted in

the backward direction (laboratory angle

{L = 180 deg or 120 deg) from aluminum

bombarded by 10 keV electrons impinging nor-
mally to the surface (target angle a = 0
deg) is 2.4 ~ 10~* photons per steradian®
electron [16]. These x-rays have an energy
of 1487 eV (2.382 x 107'¢ J). 1In an elec-
tron beam evaporator, the solid angle, {,
subtended 'y a 2 inch (5 cm) diameter wafer
is approximately 10-2 sr; the exposure time
may vary between 100 and 300 s depending on
the evaporation rate and the thickness of
metal film to be deposited. The energy LF
(foules) deposited in a wafer by the alumi-
num Kq x-rays produced in this process (in

joules) can be calculated from

OXIDE FILM CHARACTERIZATION

AE = YthE(Ka) (6)

where I is the beam current (amperes), t is
the exposure time (seconds), aund H(Ka) is

expressed in electron volts. For an expo-
sur> cime of 200 s and a bcan current of

0.5 A, the energy deposited in the wafer is
approximately 0.36 J. The energy deposited
due to the continuous bremsstrahlung radi-
ation i1s not included in this estimate since
precise data are not available for 10 keV
electrons interacting with thick aluminum
targets; as will be shown later, the brems-
strahlung dose may be of approximately simi-
lar magnitude to that of the Ka radiation.

The energy deposited must be corrected ior
the shielding effect of the metal film on
the wafer; as this film becomes thicker, it
creates a protective shield against the
radiation.

A preliminary experiment* to measure the ra-
diation field present during the operation
of an electron beam evaporator was performed
using calcium fluoride thermoluminescent
dosimeters (TLDs), 1/32 in. (0.79 mm) thick
and 1/8 in. (3.2 mm) square. Ten TLDs were
covered with Kaptont foils of varying thick-
ness to avoid direct aluminization; for the
purpose of this experiment the electron beam
current was reduced to about 25 percent of
the value normally used for metallization.
These measurements vielded an absorption
curve showing at least two components of the
radiation field present during metallization
in an electron beam evaporator; a short
range component corresponding to 1.487 keV
aluminum K,1 characteristic radiation and a

long range component corresponding to the
continuous background. The evaporator para-
meters for this experiment are given in
table 4 and the absorption curve is shown

in figure 12.

This experiment was performed with the as-
sistance of Dr. M. Ehrlick, NBS Applied
Radiation Division, who supplied the TLDs
and the measuring equipment.

This material is identified in this re-
port in crder to specify adequately the
experimental procedure. Such identifica-
tion does not imply recommendation or en-
dorsement by the National Bureau of Stan-
dards, nor doec it imply that the material
is necessarily the best available for the
purpose.
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Figure 12. Absorption of x-rays generated

by bombarding atluminum with 10-keV electrons.

To convert the TLD readings to absorbed
energy requires a calibration factor. The
TLDs were calibrated™ using the radiation
emitted at 180 deg when 10 keV electrons
from the NBS constant potential accelerator
impinged normally (a2 = 0 deg) on a thick
aluminum target. Using various thicknesses
of Kapton as an absorber, an absorption
curve similar to that resulting in the evap-
orator was measured. The results are also
shown in figure 12. The zero-thickness
reading was approximately 4 uC, From eq (6)
with Y = 2.4 x 10~* photons per steradian-
electron, the total energy deposited is

2.8 LJ. The calibration constant for the
TLDs is therefore 0,07 LJ/uC. The total
energy deposited in the TLD in the evapora-
tor corresponding to an extrapolated zero-
Kapton-thickness reading of 135 uC is

9.5 uJ. 1If this is converted to the normal
metallization conditions for a 2 in. (5 cm)
wafer, the energy deposited on the wafer
would be 0.02 J. Since this value does not
compare favorably with the previously cal-
culated value of 0.36 J, the discrepancy
must be investigated. However, either of
the values leads to a large radiation dose
if the energy is uniformly incident on a

film of silicon dicxide 100 nm thick on a

2 in. (5 cm) diameter silicon wafer. From
cross-section data [17) the fraction of in-
cident energy absorbed in the oxide can be

calculated to be 2.4 percent. Therefore,

OXIDE FILM CHARACTERIZATINN

Table 4 — Calibration of TLDs using the
Backward Radiation from Thick Aluminum
Target Bombarded by 10 keV Electrons

evaporator accelerator

Beam energy, keV 10 10
Beam current, A 0.15 g & o=
Exposure time, s 60 500
e deg 120 180
a, deg 0 0
. ST 4.8 x 1075 7.9 x 1075
TLD reading, uC 135 4

the abscorbed dose in the oxide 1s about

1.8 x 10* J/kg (1.8 x 10° rads($i0,)) for
incident energy of 0.36 J and about

10° Jke (105 rads(Si0,)) tor incident en-
ergy of 0.02 J. This estimate does not in-
clude the bremsstrahlung contribution.

The shielding effect of the deposited alumi-
num is rather small for the aluminum Ka ra-

diation since a 1 um thick aluminum film
transmits about 96 percent of the incident
1.5 keV photons. The low energy portion of
the bremsstrahlung continuum, however may be
absorbed by the deposited aluminum. Since
the phcton distribution with energy in the
bremsstrahlung continuum is not known, it is
difficult to assess the dose absorbed in the
oxide. However, it seems likely from the
data obtained in this preliminary experiment
that an additional dose of -approximately
similar magnitude to that of the Ka radia-

tion arises from the hremsstrahlung con-
tinuum, (S. Mayo)

X The calitration was performed in collabo-
ration with Dr. C. E. Dick, NBS Applied
Radiation Division.
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7.1. Sheet Resistors

As part of a study of the structures on test
pattern NBS-3 (NBS Spec. Publ. 400-12, pp.
19-22), an analysis was undertaken of the
four base sheet resistors (devices 3.11,
3.22, 3.28, and 3.30). The analysis includ-
ed an intercomparison of sheet resistance
values which shiowed that van der Pauw struc-
tures [18) whose active areas differ by
forty times yield values that generally dif-
fer by less than 1 percent. In addition,
the width of the base diffusion window as
determined by electrical measurements on van
der Pauw and bridge structures was found to
agree with measurements made on photomicro-
graphs. The electrical measurements are
sensitive to width changes that are smaller
than 5 upin., (0.12 um). These measurements
are important in the manufacture of semicon-
ductors because of the significance of con-
trol of dimensions in designing and fabri-
cating devices.

Base sheet resistors were fabricated in nom-
inally 5 Q*cm, rn-type (111) silicon sub-
strates on which a 300 nm thick oxide was
grown in steam at 1100°C. Base diffusion
windows were etched in the oxide using a
buffered hydrofluoric acid solution for

3 min. The boron nitride, predeposition
base diffusion was at 965°C for 25 min in
dry nitrogen. After a deglaze in 10 pergent
hydrofluoric acid solution, the base drive-
in diffusion was at 1100°C for 18 min in wet
oxygen, followed by 40 min in dry oxygen,
followed by 15.min in dry nitrogen. After

a subsequent phosphorus emitter diffusion at
1000°C for 20 min and a reoxidation at 925°C
for 45 min. followed by contact window open-
ing and aluminum metallization, the base
sheet resistance was about 175 /0 and the
junction depth as measured by the angle lap
and stain method [19] was abcu*t 2.1 um,

Line drawings of sheet resistors 3.22 and
3.28 are shown in figure 13. The bridge
structure (3.28) was designed where possible
in accordance with the ASTM standard {20]
which requires that W > 3D, Ls 2> 5W, and

B > 2W. In addition, the following are re-
quired to minimize lateral diffusion and
over-etch effects: L > IOXj, A > ij, and

C> ij, where Xj is the junction depth.

Analysis of the potential distribution in

the van der Pauw structure (3.22) by means
of a conducting paper analog indicated that
it i{s necessary to have S > 3D and A > 5/2
to insure that the error in the calculated
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resistivity is less than 1 percent. Both
sheet resistors 3.22 and 3.28 have recti-
linear boundaries to facilitate reproduction
by computerized pattern generation.

The sheet resistance was measured by the dc
four-probe method. Current was passed bi-
tween contacts I; and I,, shown in figure
13, and the potential between contacts Vi
and V; was measured by means of a digital
voltmeter with 1 uV resolution. The line-
arity of the current-voltage characteristics
was studied for various values of current.
It was established that a current of 100 LA
is within the linear range of these resis-
tors and produces a stable, noise-free vclt-
age reading pgreater than 1 mV. 1In the case
of van der Pauw structures, an additional
measurement must be made with the contact
positions rotated 90 deg. In every config-
uration, the current is reversed to confirm
the linearity of the current-voltage rela-
tionship. Measurements were made on the
same wafer as quickly as possible so as to
minimize room terperature drift effects.
For resistors 3.22 and 3.28 measurements

{c

RRBN
[ =)

a. Bridge structure (3.28). The center-
to-center pad spacing is & mil (C.15 mm).

F Y

ﬂ
™ v

D

Vi Va

i

b. rthogonal van der Pauw structure (3.22).
The center-to-center pad spacing is 8 =il
(C.20 mm).

Figure 13. Scaled line drawings of base
sheet resister structures or test pattern
%BS-3 showing critical dimensions.




were made in room light and with grounded
substrates. For resistors 3.11 and 3.30,
measurements were made in the dark using
ungrounded substrates. These conditions are
necessary when significant junction leakage
exists as in resistor 3,30 which has a junc-
tion area significantly larger than that of
resistor 3.28. The field plate of resistor
3.11 was shown to have negligible influence
on the measured sheet resistance; it was
permitted to float during the measurements.

For the van der Pauw structure, the shee*
resistance was computed from [18]

\'
R (VDP) = —= *| | €2
S In 2 1 vDP

where the voltage current ratio is averaged
for both directions of current and for both
contact orientations. For the bridge struc-
ture the sheet resistance is computed from

(8)

where L can be taken equal to the mask di-
mension L(mask) because it is not affected
by lateral diffusion or over etching. How-
ever although the width W is greater than
the mask dimension:

W = W(mask) + 3XJ + woe’ 9)
180 T T T Y - T
0} ]
u - —
[X] ™ -
. —
-]
w 170 =
E W 4
v}
- -
[
Eg L
160 i | L 1 i |
-800 =200 0 200 090
DISTANCE ACROSS WAFER (mil]
I'igure 1l&. Sheet resistance as a function

of position along a wafer diameter. (van

der Pauw structures: Q, 3.30; O, 3.22; 4,
3.11; Bridge structure: &, 3,28.)
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where woe accounts for over etching and uxj
(with a = 0.3 and xj

counts for lateral diffusion [21], W is fre-
quently taken as W(mask).

the junction depth) ac-

Sheet resistance values as a function of po-
sition across a wafer are shown in figure
14. The sheet resistance values for the
bridge structure were calculated from eq (8)
using the nominal mask dimensions, W =
W(mask) = 1.5 mil (38 um) and L = L(mask) =
6.0 mil (152 um). The general shape of all
the curves is the same, but the sheet resis-
tances measured on the three van der Pauw
structures are tightly clustered while the
v& .4e measured on the bridge structure is
significantly lower. This result suggests
that the true value of W is significantly
greater than W(mask).

In order to test the sensitivity of these
resistors to over etching of the base dif-
fusion window, etch times wcic zhosen so
thal one wafer was etched for 3 min, another
wafer for 6 min, and a third wafer for 9
min. The sheet resistance values shown in
figure 15, were computed as before using the
mask dimensions for W and L in computing
sheet resistance from measurements on the
bridge structure. The results show that the

180 T T T T T T
éwo i
d
]
=
=
“

2
- 160 =~
i

'/..'lllll

-200 0 200 600
DISTANCE ACROSS WAFER (mil

Figure 15. Sheet resistance as a function
of position ~long the diameter of wafers
etched for different times. (4, O, O: van
der Pauw structure (3.22); A, @, @: Bridge
structure (3.28); A, A: 3-min etch; O, @:
6-min etch; O, @: 9-min etch.)
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measurements on the bridge structure (3.28)
are sensitive to the time used to etch the
base diffusion windows while the measure-
ments on the van der Puuw siructure (3.22)
are not.

Equating RS(B) and RS(VDP) and combining eqs
(7)-(9), with L = L(mask) leads to

W= Lemask) R_(OP) £ - ax,.  (10)
: Mt

Figure 16, demonstrates the effect of in-
creased etch time on the width of the base
diffusion window as determined from measure-
ment of Rs(B) and RS(VDP). The measurements

were repeatable to within the range covered
by the open circles on the figure.

As an independent check of the diffusion
window widths calculated from the electrical
measurements, measurements were made di-
rectly on photomicrographs of various test
structures. An optical micruscope with a
40X objective was operated in the Nomarski
differential interference contrast mode.
The magnification as measured on the photo-
micrograph was 585X. From these phoco-
micrographs it was established that test
structure dimensions determined from "like
boundaries" are transferred from photomask

1.70

F 3
(A
pmi

e
L

1.65-

1.60 |-

&
o

(=]

BASE OIFFUSION WINOOW WIOTH (mil)
o
L.
;
1
=
BASE DIFFUSION WINDOW WIDTH |

1.5 i ] | | i |
'200 -200 0 200 600

DISTANCE ACROSS WAFER (mil)

Figure 16: wWidth of Lase diffusion window
4s measured electrically using eq (10) with
X; = 0,083 mil (2.1 um) (O) and from photo-
]microzraph:(o) along the diameter of wa-
fers etched for different times. (A: 3-min
etch; Z: G-min eteh; C: 9-min etch.)
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to wafer with a tolerance better than

+20 pin (£0.5 um). Pairs of like bound-
aries, labeled A and C and D and E in fig-
ure 17, are such that the degree of etching
does not affect the distance between such
boundaries. The distance L in eq (10) is

a distance between like boundaries and there-
fore can be taken directly from the photo~-
mask dimensions.

The bounduaries between oxide levels had a
firite width as showr. in figure 17. 3ince
it was assumed that the edges of the base
diffusion window occurred at the centers of
the appropriate transition regions, the dis-
tance between edges B and C corresponds to
the width of the base diffusion window. In
measuring this width, the distance between
edges A and C was taken from the photomask
dimensions. A scale was placed on the
photomicrograph at an angle such that the
distance between A and C was a convenient
multiple of the actual dimension. The dis-
tance between C and B could then be read
directly from the scale. The values ob-
tained arz plotted as open squares in figure
16. The 2rror bars shown correspond to one-
fourth the distance between scale divisions.
Both sets of values are in good agreement
and are larger in all cases than W(mask) .
These results illustrate that the electrical
width measurements are scnsitive to width
changes smaller than 5 pin. (0.12 um), In
addition they can be made quickly and at low
cost using available automatic equipment.
Thus, these measurements are important in
the manufacture of semiconductors because

of their potential use as process control
and device design vehicles. (M. G. Buehler)

BASE
DIFF USION

|—' oxioe -4 o

SILICON

Figure 17. Cxpanded schematic views of the
Lridge sheet resistor structure illustrating
the measurement of L and W from the photomi-
crographs. (The boundaries, shown cross-
hatched, are exaggerated in width for
clarity.)
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7.2. Square Array Collector Resistor

{ Structure 3.17 of test pattern NBS-3 (NES
Spec. Publ. 400-12, pp. 19-22) is a square
four-probe array designed to measure the
resistivity of the undiffused or collector

| region of the pattern. The probes are nar-

| row pipes of undiffused material surrounded
by a base diffusion of opposite type as
shown in fipure 18. Emitter areas are dif-
fused into each pipe to give a low resis-
tance contact to the collector material.

The measurement consists of passing current
between two adjacent probes, I, and I, ard
measuring the voltage between the other two
probes, V; and V,. Assuming the substrate
to be semi-infinite in extent, the resistiv-
ity p is determined from (22)

] il s L
o ¥ 27s Y. 10.726 s %_ a. Photomicrograph. (Magnification: ~13%).)

g - ]

where s is the probe spacing, V is the mea-
sured voltage, and I is the current. The
voltage is measured for both directions of
current and averaged. Also for accurate re-
eaults it is necessary to rotate the electri-
cal connections ninety degrees and average
the two sets.

The pipe reglons are protected from the 1 to
; 2 um deep base diffusion by squares in the
o

/

base mask which are 0.25 mil (6.3 um) on a
side. However, the pipe dimensions are re-
duced by lateral diffusion of the base, and
the effective cross sectional area of the
pipe is further reduced by the depletion re-
gion associated with the base-collector
junction. This causes a large voltage drop ] COLLECTOR REGION
along the pipe even at low currents. Above EMITTER REGION
some current (which depends on resistivity \

1 since both the lateral diffusion and the BASE REGION

t. Photomicrograph of pipe regior.

(Magrification: ~675X.)

depletion width increase with increasing 1 OXI0E
collector resistivity but can be quite low G ALUMINUM
x because of the large voltage drop) the @R GOLO

emitter-base junction breaks down, the mea-
sured voltage saturates, and the calculated
resistivity is below the actual value. For
each wafer, a current large emough to pro-
vide a measurable voltage but small enough
to avoid breakdown is chosen on the basis of
preliminary measurements.

The probe spacing used in the calculations H!Spmi"“
is the center-to-center distance of 2.250 mil
(57.15 um) between the collecter pipes as
taken from the design dimensions. The four
probe spacings were checked by measurements
on a photomicrograph of the base mask and Figure 18. Square array collector
found equal to the design value within about resistor structure.

25

c. Schematic cross section, scaled
in horizontal dirvection only.
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Table 5 - Comparison of Resistivity Measured by Square Array Test Structure
with Resistivity Measured by Four-Probe Method Before Processing

Slice No. Four-Probet
A0.27Ph-1 0.287+0.010
Al.CPh-] 1.013+:0.012

5200 5.34+0.08
1., i Froce inf.

Yl (Square Arra Y/ (Four-Proin)

0.5 percent. Based on calculations by Uhlir
[22], the error due to finite wafer thicke
ness is less than one percent for the wafers
used which are typically about 10 mil (n.25
mm) thick and have a conducting back side.

Measurements wece made on three Nn=-type
wafers being used for the reevaluation of
the resistivity-dopant deasity relationship
(sec. 4.4.). Before processing, the resis-
tivity of each wafer was measured along
two perpendicular diameters by the four-
probe method [7] corrected for off-center
position [23]. After the test pattern was
fabricated, resistivity measurements were
made on two or more square-array structures
located near the center of the wafer. The
results are summarized in table 5. The
variability indicated for the four-probe
measurements is the sample standard devia-
tion of the values at the center of the
wafer and at four points 200 mils (5.1 mm)
from the center in each direction. The var-
iability indicated for:the square-array mea-
surements is the sample standard deviation
of measurements made on the si-ucture lo-
cated nearest to the center of the wafer
and three, four, or one adjacent devices lo-
cated on perpendicular diameters for wafers
A0.27Ph-1, Al1.0Ph-1, or 5200, respectively.
Previous experience with material in this
resistivity range has shown that processing
does not significantly change the resistiv-
fty. (W. R. Thurber,
Y. M. Liu, and M. G. Buehler)

7.3. MOS Capacitor Over Collector

Structure 3.8 of test pattern NBS-3 (NBS
Spec. Publ. 400-12, pp. 19-22) is an MOS
capacitor over the undiffused or collector
region of the wafer. This structure can be
used to measure the dopant density in the
wafer. The structure, 11lustrated in figure

Square Array % diff!
---E;E7EZBT6]9 QAR -3.83
1.007+0.030 -0.59
5.19:0.12 -2.81

l]";

19, consists of a central gate electrode,
G1, 15.0 mil (381 um) in diameter over a
uniform layer of oxide which {is typically
0.3 to 0.5 um thick. A circular emitter
diffusion outside the gate electrod: 0~
vides a heavily doped region of the same
conductivity type as the collector which
serves together with a metal ring, G3, as
the topside collector contact. Between G,
and G; there is a circular field plate, G,,
4.5 mil (114 um) wide, which is separated
from G, by 0.5 mil (13 um) and extends over
the edge of the emitter ring. A backside
collector contact is also provided.

Typical use of this structure consists of
measuring the capacitance, C, as a function
of the applied bias voltage, V, on G;, which
is scanned uniformly from accumulation to
inversion and back. When using a three ter-
minal capacitance bridge, the gate G; is the
"HI" electrode and either G3 or the backside
contact is the "LO" electrode; if the back-
side contact {s used, G; is left floating,
and vice-versa. The field plate, Gz, is
biased according to the needs of the situa-
tion. For an n-type MOS capacitor, G; is
usually grounded since the surface is accu-
mulated at zero bias. For a p-type MOS
capacitor it is necessary to bias G2 with
sufficient negative voltage to cause accumu-
lation at the surface. This is illustrated
in figure 20 which shows C-V characteristics
for a p-type MOS capacitor under different
bias conditions on G,.

At a blas on G; more negative than the flat-
band voltage, Vfb (-18 V in this case), the

true high frequency C-V characteristic {is
obtained as 1llustrated by the curve labeled
ch = -20 V in the figure. From this curve,

it is possible to derive the dopant density
within a depletion depth of the surface of
the collector regioa by means of the usual




f.

a. Photomicrograph. (Magnification: ~90X.)

cmax - Cmin method (NBS Spec. Publ, 40C-4,

pp. 37-38).

If the rate of scanning Vbl is increased so

that it is high enough to prevent minority
carrier equilibrium, the deep depletion
characteristic (CD in fig. 20) 1s obtained.

From this curve, the dopant density charac-
teristic of the bulk of the undiffused col-
lector region can be determined by means of
the dynamic MOS C-V method (sec. 4.2.).

(R. Y. Koyama and #. G. Buehler)

| | [
1.0—\ _ » p-MOS -

o 0.8 Yoz +201_
O P e
S 0.6 Voy? ~20V|
0.4 -y
Vb |
0.2 ~
ol__1 T 1

-20 -10 0 10 20
Vey (volts)

Figure 20. Typical high-frequency
capacitance-voltage characteristics of a
p-type silicon MOS capacitor showing the
effect of surface inversion around the
periphery (V ., = +20 V), the true equi-
librium characteristic (V__ = -20 V), and
a non-equililtrium, deep dépletion charac-

isti G T U= e
teristic (CD). (..o 12,4 pF, /fb LRG0 )
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b. Schematic cross section, scaled in
horizontal directicn onlv.

Figure 19. MOS capacitor over collector
structure.

7.4. Base-Collector Diode

Structure 3.10 of test pattern NBS-3 (NBS
Spec. Publ. 400-12, pp. 19-22) is a base-
collector diode from which the dopant den-
sity in the undiffused or collector region

of the pattern can be measured by the junc-
tion C-V method. The structure, which is
illustrated in figure 21, consists of a

17.0 mil (432 um) diameter diffused base
region of conductivity type opposite to that
of the collector to form a p*n or n*p junc-
tion. The junction depth is typically 2 im.
Contact to the diffused region is made by
means of an aluminum ring and disc configura-
tion evaporated into windows cut in the ox-
ide. Contact to the collector region is made
either by means of a doped gold layer alloyed
to the backside of the wafer or an emitter
ring diffusion on the topside of the wafer.
The emitter ring, which is of the same con-
ductivity typo as the collector, also serves
to limit the formation of surface channels
outside the active region of the structure.
Between the base diffusion and the emitter
ring there is a circular aluminum electrode
(gate) over the oxide to control the surface
near the junction (NBS Tech. Note 788, pp.
9-11).

When capacitance-voltage (C-V) measurements
are being made, the device is connected in
the manner shown in figure 21b., 7The gate is
held at ac ground and biased by a low
impedance voltage supply at some suitable
voltage such as the flat band voltage. The
10 ki series resistor serves to limit the
current in event the gate is shorted to the
collector. Bilas is applied to the p-n junc-
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a. Photomicrograph. (Mlagnificaticn: ~90X.)

Plgure 21.

tion through the capacitance meter. The
10 k2 series resistor serves to limit the
junction current when breakdown occurs.
capacitance is read using a digital volt-
meter connected to the analog output of the
meter. A second digital voltmeter is used
to read the junction bias voltage. A dopant
density profile is then calculated from the
C-V data using a BASIC computer program
which includes appropriate corrections for
peripheral effects and for back aepletion
into the diffused layer [24].

(F. L. Mattis and ¥. G.

The

Buehler)

7.5. Charge-Coupled Device Test Pattern
This study was undertaken to investigate the
applicability of the charge-coupled device
(CCD) as a test structure for use in semi-
conductor process control. Before the CCD
is considered for use as a process control
tool, the parameters measured from the CCD
must be correlated with those measured by
other, better known, devices such as MOS
capacitors and MOS transistors. During this
quarter a model was developed for the CCD
operating as an MOS capacitor and compari-
sons of characteristics derived from mea-
surements on a CCD were made with character-
istics derived from measurements on MOS
capacitors and MOS transistors fabricated

on the same wafer (NBS Spec. Publ, 400-8,
pPP. 26-27).
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Base-zollector diode,

When the CCD is operated as a capacitor, the
capacitance is measured between the phase
three electrodes, connected to the aluminum
interconnect, and the substrate. The equiv-
alent circuit model for this configuration
consists of the following five capacitors
connected in parallel:

1. Thin oxide/p- substrate

2. Thick oxide/p~ substrate

3. Thin oxide/p* channel stop diffusion
4. Thick oxide/p* channel stop diffusion

5. Thick oxide/n* interconnect diffusion

These capacitors can be identified in the
cross sectional view through a phase three
electrode shown in figure 22.

The MOS capacitors formed over the P~ sub-
strates are voltage sensitive, but those
formed over the p* and n* diffusions are
assumed to be Insensitive to voltage and

have capacitance values taken as the oxide
capacitance., It should be noted that the
MOS capacitor formed over p~ substrates in-
cludes the capacitance contributed by the
bonding pad. Because the n' phase one and
phase two interconnect diffusions are
grounded (NBS Spec. Publ. 400-12, pp. 22-23),
the capacitance associated with these capaci-
tors is eliminated from the measurement.

The CCD can also be operated as a capacitor
by using the input gate electrode. In this
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Figure 22,

configuration, the model must include the
first four capacitors listed above, but the
areas of each are di¥ferent.

The analysis of the MOS capacitance-voltage
characteristics of the CCD (NBS Spec. Publ.
400-12, pp. 23-24) using the above equiva-
lent circuit model involves evaluating the
area of the mztallization over each region,
the thickness of the thin and thick oxides,
and the p~ substrate dopant density. The
area of the metallization over each region
was determined from the artwork supplied to
the photomask manufacturer; the procedure
ignores lateral diffusion and over-etch
effects (sec. 7.1.). The area calculated
for each of the capacitors identified above
is given in table 6 along with the areas of
the two MOS capacitors which were used in
the subsequent correlation studies.

Thz two oxide thicknesses were determined
from two capacitance measurements on the CCD
in the accumulation region, one using the
phase three electrodes and the second using
the input gate. These measurements provide

Cross sectional view through phase 3 electrode of CCD test structure.

capacitance values for two equations contain-
ing the two unknown oxide thicknesses. To
determine the p~ substrate density the CCD
was connected as an MOS capacitor biased into
inversion. Care was taken to apply enough
bias so that both thin and thick MOS capaci-
tors were inverted. To obtain the thin ox-
ide inversion capacitance, the three other
capacitances described above were subtracted
from the measured inversion capacitance using
the appropriate areas and oxide thicknesses.
The substrate dopant density was determined
using the thin oxide capacitance, the thin
oxide inversion capacitance, and the strong
inversion approximation (which states that
the onset of inversion occurs when the sur-
face potential is twice tlhie difference be-
tween the bulk and intcinsic Fermi poten-
tials.)

The results of these measurements on one 32-
bit circular CCD (device 2) on wafer 1 are
summarized ir table 7. For comparison, av-
erage values of dopant density and oxide
thickness obtained from measurements on
about 15 thin oxide MOS capacitors (device

Table 6 - Metallization Area

Device MOSCAP MOSCAP CCD (PHASE 3) CCD (INPUT GATE)
Device Number 21 13 2 2
Thin Oxide p- —_— 6.59 x 10°% cm2 7.39 x 107° cm?  2.42 x 1076 cm?
Thick Oxide p~ 2.06 x 1073 ¢m2 —_ 2.90 x 107* 2.09 x 1074
Thin Oxide p* —_ — 2.44 x 107° —
Thick Oxide p* —_ —_ .65 x 1074 1.28 x 1076
Thick Oxide »n* _— —_— 6.33 x 107° —_—
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Table 7 - MOS Capacitor Parameters (Wafer 1)

Device ccpa MOSCAPD MOSCAPD

Device Number 2 21 13
Substrate Dopant

Density, cm-3 1.6 x 1016 (9.4:0.6) x 105 (8.5:0.4) x 10!5
Thin Oxide

Thickness, A 1200 b 950:30
Thick Oxidé

Thickness, A — 7770:20 -~

d4Single measurement.

bMean value *+ one sample standard deviation of measurements on about 15
capacitors of each type.

Table 8 - MOS Transistor Parameters (Wafer 3)

Device MOSFET cco
Device Number 26 2

Operation: Linear Region

Vi, V 0.26 0.19

Xo» A (Thin Oxide) ~——9502 ~—960"
W/L f—31.4c = 0.048 —

bps CM2/V=s 590 590

Operation: Saturation Region

Vi, V 0.1 1.1

Xo» A (Thin Oxide) re— 9502 ~— 960>
W/L re— 31.4° la— 0.044 -

ups CM2/Ves —=660 —440

Apetermined from measurements on device 13 on Wafer 1.

“An average value where depletion in the p~ region under the thick
oxide was not included.

CCalculated from the photomask dimensions, W(mask) = 10.0 mil (254 um)
and L(mask) = 0.400 mil (10.16 um), corrected to account for lateral
diffusion; end effects were ignored.

30
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13) and thick oxide MOS capacitors (device
21) on wafer 1 are also listed in the table.

Threshold voltages and channel mobilities
were determined from measurements on a 32-
bit circular CCD (device 2) (on wafer 3) op-
erated as an MOS transistor and correlated
with similar quantities determined from mea-
surements on an MOS field effect transistor
(device 26) on the same wafer. The opera-
tion of the 32-bit circular CCD as an MOS
transistor consists of holding all elec-
trodes and the output gate at a dc potential
(45 to 50 V) and stepping the input gate (1
to 10 V). Oscilloscope traces were obtained
by this method and parameters determined in
the linear and saturation regions using the
mathematical relations presented previously
(NBS Spec. Publ. 400-12, pp. 23, 25).

The results of this analysis are shown in
table 8 where the arrows indicate how re-
sults were combined to obtain the channe'

31

mobilities. For the MOS transistor, the
channel mobilities in both the linear and
saturation regions were calculated from the
appropriate equations; the oxide thickness
was assumed as the value found from measure-
ments ‘on the MOS capacitor (device 13) on
wafer 1, and the W/L ratio was calculated
from the photomask dimensions with 1. re-
duced by 2 um and W increased by 2 um to
allow for lateral diffusion (end effects
were ignored).

The W/L ratio for the CCD was obtained using
the channel mobility of the MOS transistor
operating in the linear region and the oxide
thickness determined from measurements on
the CCD connected as an M0S capacitor. This
ratio was found to be close to the design
value of about 0.01. This value of W/L and
the same value of oxide thickness were used
to calculate the channel mobility for the
drain current in the saturation region.

{I. Lagnado® and M. G. Buehler)

&
Naval Flectronics Laboratory Center, San

Diego, California. Work conducted under
NBS Order No. 502u98,
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8.1. Automated Photomask Inspection
Detailed analyses were begun of the state-
of-the-art technologies previously identi-
fied (NBS Spec. Publ, 400-4, pp. 49-50) as
applicable to automated photomask inspec-
tion. The objects of these analyses are to
assess the soundness of the physicsl princi-
ples on which a specific technology 1s
based, to identify the limitations of each
technology in the ability to detect photo-
mask defects and the time required to do
this, and to identify areas where improve-
ments could be made. ;

The smallest visual defect dimension to be
detected was chosen to be 2 pm. This dimen-
gion wss chosen since defects of this size
or larger may be expected to print on a
wsfer while smaller defects generally will
not print [25]. The precision of registra-
tion of successive photomask functional pat-
terns was chosen to be *0.25 um or less
which is the registration criterion that is
now widely used in the industry [26]. Both
surface imperfections and surface flatness
were considered in assessing the applicabil-
ity of a technology to photoplate inspec-
tion.

The first technology analyzed consisted of
a system which employs a TV camera tube to
view the array of patterns through a micro-
scope. The photomask is on a movable stage
which is stepped across the field of view of
the microscope. The photomask pattern in-
formation is imaged on the tube target, dig-
itized, and compared with data representing

TV Camera
N

Microscope

e

y

IC Mask

A\

Figure 23.
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the correct pattern that is stored in a
computer memory. This technology has its
primary application in visual defect de-
tection. It may be applied to registration
inspection if the position of the stage is
known to sufficient accuracy which involves
the use of either a linear encoder or a
laser interferometrically controlled stage.
A schematic diagram of this system is shown
in figure 23.

The required resolution of the microscope
objective is determined by the smallest di-
mension, ¢, of the defect that is to be de-
tected. This resolution determines the min-

jmum value of tbe numerical aperture, NA n

min’

of the objective:

NAmin =1.2)/% ,

where A 1s the wavelength of the light used
to view the image. This equation 1s based
on the criterion that the light intensity be
zero between the nearest two points to be
resolved [27]. For a 2 um defect criterion
and X = 0.55 um, a numerical aperture of
0.33 or larger is required.

The magnification of t%e microscope objec-
tive, Hobj' may be selected from a host of

commercially available objectives provided
the numerical aperture criterion is satis-
fied. Another critical factor is the field
of view of the objective because it is this
that determines in part how fast the mask
may be inspected. An objective with a high-
er magnification produces a larger image at

TV
monitor
Mag
tape
Digital “ deck
computer

Teletype
output

Block diagram of TV/microscope automatic mask inspection system.
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the expense of reducing the size of the
field of view.

An image of the patterned mask is projected
onto the tube target through the microscope.
To utilize the tube efficiently the project-
ed image must fill the target area which is
usually square or rectangular. Consequently,
the smaller target dimension, t; the side,

s, of the square inscribed in the circular
field of view of the microscope objective;
and the total optical magnification of the

microscope, Mtot' are related by

Mtot =t/s .

~he smallest image dimension that must be
resolved by the tube, Rr' is the product of

the smallest defect dimension, §, times the
total optical magnification:

B © Mg

The minimum number of scanned lines per
millimeter, 2, is the reciprocal of this
product. Calculated values for comparison
of these parameters are given in table 9
for 20 by 20 mm target and selected values

of 5 and Mobj' For these calculations X

was chosen as 0.55 um, and the values of s
were calculated assuming fields of view of
typical microscope objectives (27].

The resolution of the TV tube and its modes
of operation are dependent on the tube de-
sign and construction. Both vidicon and
image dissector tubes are compatible with
this technology and each offers different
advantages.

The target of the vidicon tube 1is coated
with a photoconductive coating such as anti-
mony trisulfide or lead oxide. This target
is given a uniform negative charge by sweep-
ing an electron beam across it; when a light
image is projected on the target, the target
coating discharge is.proportional to the
light intensity. This charge pattern is re-
tained on the target; a sweeping electron
beam recharges the screen. The beam current
necessary to recharge an area of the screen
and the coordinates of the recharged area
provide data that are digitized and read
into a computer. In this image data gather-
ing process the charge pattern is erased.
Before data on a new target image can be
taken, 1t is necessary for the target to be
uniformly charged. Consequently, the entire
target area must be swept a second time by
the electron beam before a new image 1s pro-
jected on it. The tube cycle time is the
sum of the time necessary to read the charge
pattern information and the time necessary
to completely erase th2 previous image. One
property of the vidiccn is that the target
charge pattern remains after the target il-
lumination ceases. Thus, stroboscopic tech-
niques may be used with this tube.

The image dissector tube target is coated
with a photocathode material, generally some
combination of sodium, potassium, cesium,
and antimony. When a spot of light strikes
the target, electrons are released and are
focused onto an anode plate containing an
aperture. A deflection field is applied,
and photoelectrons from various areas are
selectively made tu pass through this aper-
ture. The current passing through this
aperture is amplified and recorded as a
function of the location of the emitting

Table 9 - Critical Parameters for TV/Microscope Mask Inspection
Systems with a 20 by 20 mm Image Tube Target

Ay um NAnin Mobj s, mm Miot Rp, um %, mm”}
2 0.33 10X 0.8 25X 50 20
4 0.16 10X 0.8 25X 100 10
2 0.33 5X 1.6 12.5X 25 40
4 0.16. 5X 1.6 12.5X% 50 20

e T T e —
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target area by a computer. Unlike the vidi-
c¢~n, this tube has no image storage capabil-
fty and the image disappears immediately
when the target illumination ceases. Conse-
quently, although stroboscopic techniques
cannot be used with this tube, it is not rep-
imented by a raster-scan mode. The flexi-
bility this tube offers is a random-access
scanning capability that can be interfaced
with a computer programmed to recognize par-
ticular features in a scan and analyze auto-
matically these features in greater detail
{28). Electronic zoom is also possible with
this tube by changing the scan amplitude or
frequency. Image dissector tube are avail-
able with a matrix of 2000 by 2000 resolv-
able points that are scanned at the rate of
0.5 microseconds per point or 2 seconds per
complete target scan. These tubes are not
used in conventional raster-scanned ™
applications because of their illumination
requirements which are 103 to 10° times
greater than vidicons.

The rate at which the image information can
be read from these targets is a function of
the time required to scan the target. The
standard (U.S.) television picture contains
a nominal 525 lines which are scanned 30
times a second. The advantage of using this
,can rate is the economics of system con-
struction; there is a myriad of commercial
electronic equipmeat that is designed to op-
erate at this scanning rate. The use of a
different scanning rate or a different num-
ber of scanning lines is possible, but may
involve the design and construction of spe-
cial equipment.

The resolution of the TV tube is a function
of the target coating, the spot size of the
scanning beam for a vidicon or aperture size
for image dissector, and the number of scan
lines. The size of the scanning spot or ap-
erture is a major factor in the ability to
read the detail in the carget image. Any
defect smaller than the spot is read as if
it were spread over the same area as the
spot, with correspondingly less intensity.
1f two defects in the target image are sepa-
rated by a distance of one spot diameter or
less the tube signal may not drop below the
threshold between the spots and they may not
be recognized as separate.

A criterion for defect detection is that the
spacing between successively scanned lines
be equal to or smaller than the tube image
of the smallest defect to be detected. This
spacing can be equated to the spot size.
Since the entire target area is scanned in

34

525 lines, the spot size or tube resolution,
Rt' is given by

Rt = H/525 ,

where H is the dimension of the target in

the direction perpendicular to the scan.

The value of R must be equal to or less
t

than Rr'

Scanning the mask on a stage through succes-
sive fields of view under a microscope is
accomplished most rapidly by accelerating
the stage th-ough a distance approximately
one half the edge dimension of the field of
view and decelerating the stage through the
remaining distance to the next field of view
so that it stops precisely positioned. The
stage may be designed so that the natural
frequency of the table moving as a rigid
body on its ways as a result of elastic de-
formation is tuned to the applied torque of
the motor and time of traverse [29]. When
this tuning is accomplished the stage vibra-
tion is negligible when the table stops

[29, 30].

The time required to inspect the mask is

the complete cycle time multiplied by the
number, N, of fields of view. The complete
cycle time is the sum of the time it takes
the stage to index to the next field of view
and the tube cycle time, if these steps are
done sequentially. A comparison is given in
table 10 of the times required to scan a 3
by 3 in. (76 by 76 mm) field with a vidicon
tube with a 10 by 10 mm target area and with
an image dissector tube with a 25 by 25 mm
target area. In making the calculations it
was assumed that the optical magnification
was 25X, that the stage acceleration was

4.9 m/si, and that the distances for accel-
eration and deceleration were equal.

The shorter of the times shown in table 10
is too long compared to the reprezentative
time of about 10 min which is typically al-
lowed for an inspector to inspect the same
mask [26]. However, it should be noted that
an inspector only partially inspects the
mask and relies on sampling statistics for
quality control. The automatic inspection
system does a 100 percent pattern inspection
on all of the arrays in the mask.

Equipment has been constructed using this
technology and a vidicon tube capable of
counting pinholes and spots in masks which
have device geometries with 2.5 ym line-
widths [31, 32]. The combined optical and




PHOTOL I THOGRAPHY

Table 10 - Scan Times for Two State-of-the Art
TV/Microscope Mask Inspection Systems

Scan Index Erase Total cycle Inspection
Tube s, mm time, ms time, ms time, ms time, ms N time, min
Vidicon 0.4 33 18 33 34 35000 49
Image A
DiESaEBr 1.0 2000 30 0 2030 5600 190

electronic magnification is 250X with a 10X
objective. The pinhole and spot counter op-
erates with a fixed field of view which re-
quires that the stage holding the mask be
indexed in fixed increments. The equipment
is capable of inspecting masks for wafer
sizes up to 2 in. (5 cm) in diameter. 1In
operation defects are counted as many times
as they are intercepted by the TV camera
scan line. The size o’ the ,smallest defect
counted is a function of the smallest mask
geometry. The electronics were designed so
that defects are counted which are approxi-
mately 80 percent or more of the size of

the smallest line width on the mask. A
complete indexing cycle occurs every 8/30 s.
The indexing cycle consists of 1/30 for in-
formation reading, 3/30 s for indexing and
4/30 s for complete tube erasure.

With such a system, a 100-percent inspection
of a 3 by 3 in. (76 by 76 mm) mask with a
field of view of 0.8 by 0.8 mm would require
about 39 min. This time could be shortened
to about 11 min by performing the stage in-
dexing and erasure simultaneously in 1/30 s.
This would require the use of a stroboscopic
technique because the vidicon target could
not be 1lluminated during stage indexing.
Thus, the field of view could be illuminated
for 10 us or less with a strobe and stage
indexing could be done during the informa-
tion read out-erasure process. These modi-
fications are within the current state-of-
the-art using vidicons with more sensitive
target coatings and stages that can cperate
and index to the required accuracy at accel-
erations of about 10 m/s? [30].

The speed of the system using an image dis~
cector tube can also be improved. In prin-
ciple, it is possible to construct a diesec-
tor tube using a 4 by 4 matrix of apertures,
although construction of such a tube would
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be very expensive. This tube would scan a
single field of view in 1/16 of the time

now required. This would decrease the total
inspection time per mask to less than 12
min. The inspection time could be reduced
further by exploiting the random scanning
capability and the programmable features of
the image dissector tube to examine only

the critical portions of the patterns on the
mask. These features also would enable de-
taliled examination of defects as they are
scanned which is necessary for defect iden-
tification, but this is done by sacrificing
inspection speed. These operations are
normally not possible with a vidicon.

For this system to operate using either a
vidicon or an image dissector tube, the
signal change on going from a transparent

to opaque area must be sufficient that an
electronic threshold setting can distinguish
between them. This places restrictions on
both the signal-to-noise ratio of the TV
tube and on the resultant modulation trans-
fer function (MTF) of the microscope and TV
tube. If the resultant MTF is too low the
system can not distinguish between the clear
and opaque areas and an erroneously low de-
fect count may result. If the signal-to-
noise ratio is not sufficiently low an er-
roneously high defect count may result.

The application of this technology to regis-
tration and critical dimension measurements
is possible in principle. The location of
a line edge to a precision of 0.25 um in-
creases the resolution requirements of the
tube and optics. This can be accomplished
by using greater optical magnifications and
numerical apertures, and a larger number of
scan lines on the tube target. Much more
stringent requirements are also placed on
knowing the precise location of the stage.
The stage location can be monitored with
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Figure 24. Polarizing las-r .nterferometer mounted

on window of scanning electron mic

the use of linear encoders or interferome -
ters. The implementation of these modifi-
cations into this system can only be accom-
plished with a corresponding decrease in

speed. (D. B. Novotny and D. R. Ciarlo*)

8.2. Photomask Metrology

A polarizing laser interferometer with a 1
nm displacement resolution was constructed
for use with a scanning electron microscope
(SEM). The SEM is being used for the accu-
rate detection of a photomask line edge as
the line is moved on a stage under a sta-
tionary electron beam. The interferometer
measures the distance traversed from one
line edge to the other. A helium-neon laser
is the light source. Two perpendicular,
linearly polarized light beams, one from the
artifact mirror and one from a reference
mirror located within the interferometer,
overlap as they enter an analyzer. The ana-
lyzer measures the angle through which the
plane of polarization of the resultant light
beam rotates. An analyzer rotation of 180
degrees corresponds to an artifact mirror
movement of one quarter of a wavelength.

The beams reflect twice from the artifact

or stage mirror and twice from the reference
mirror. This doubles the interferometer
sensitivity as compared to single pass in-
terferometer systems. A photograph of the
instrument, mounted on the SEM window, is
shown in figure 24.

oscope.

To determine the stability of the SEM stage,
a mirror was mounted directly on the stage
and the stage position monitored over ex-
tended periods of time. The stage used was
a typical stage with x, y, z, and ¢ degrees
of freedom and.was not specifically designed
for this measurement. A positional stage
drift in one direction of about 20 nm/minute
was observed. Superimposed on this drift
were occassional sporadic stage jumps of
about 100 nm.

This experimental arrangement is sensitive
to differences in optical path lengths

which may be caused by subtle movements of
the SEM vacuum housing. Such movements can
be eliminated by mounting the interferometer
within the SEM vacuum chamber. In addition,
a more rigid stage with fewer degrees of
freedom is being obtained for use with this
system, (A. W. Hartmant,

J. M. Jerke+

B. Novotny)

and

A preliminary experiment was carried out in
order to determine whether a line-center to
line-center (or line-spacing) measurement
made on an artifact designed for calibration

Lawrence Livermore Laboratory

» Livermore N
‘alifornia 94550, Work conducted under
NBS Order No. 503183,
+
NBS Optics and Micrometrology Section, Op-

tical Physics Division.
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of the magnification of an SEM can also be
used to calibrate a microscope equipped with
a micrometer eyepiece and whether this in-
strument can, in turn, be used to measure a
line width with desired accuracy. The arti-
fact consisted of gold lines approximately
l-ym wide in a nickel matrix. These gold
lines were separated by from 3 to 12 um.
This artifact also contained a copper line
approximately 3-um wide in the nickel matrix
that was parallel to and separated by many
micrometers from the gold lines. The line-
width measurements were made on this copper
line since it could be unambiguously identi-
fied and its edges could be more easily dis-
tinguished in the nickel matrix.

The distance between the centers of the par-
allel gold lines was accurately measured on
the NBS line-standard interferometer [33]
which related this distance to,the wave-
length of light with a sample standard de-
viation of 0.007 um.

The experiment was performed by taking a
scanning electron micrograph of the artifact
which iicluded both the gold lines and the
copper line. The transparent negative of
this scanning electron micrograph was placed
in an optical comparator and the width of
the copper line was determined to be 3.13 um
by scaling from the previously determined
line separation. The sample standard devi-

ation for this measurement was about 0.02 um.

The width of the copper line was also mea-
sured using a microscope fitted with a fi-
lar eyepiece. The artifact was examined

10

0{304»

under bright field reflected illumination;

a narrow-pass filter with a band center-at
486 nm was used on the illuminator. The
eyepiece was calibrated from the previously
determined line separation. With the filar
eyepiece the line width was found to be 3.25
um with a sample standard deviation of

0.10 ym.

The results of this preliminary experiment
indicate that line-spacing to line .idth
measurement transfer may be possible with
this type of artifact and that such a cali-
bration method may be used for line-width
measurements of metal lines in metal matri-
ces. (F. W. Rosberryt,
J. M. Jerkef, and D. B. Novotny)

It must be stressed that the artifact used
in the experiment described above differs in
several significant ways from an artifact
that would simulate the properties of a
chromium-on-glass photomask. In the former,
there is no large difference in the optical
properties of the gold, nickel, or copper
lines. They all reflect light well, are
opaque, and are good electrical conductors.
These lines are all in the same plane on the
artifact surface with no edge profiles.
Chromium-on-glass photomasks consist of con-
ductive and opaque lines on a non-conductive,
transparent substrate, and the line edges
are distinguished by height variations.

Figure 25 shows portions of an artlfact; de-
signed for use in establishing standards for
line-width measurements in the 1 to 10 um

range, which simulates the properties of
such a photomask.

Figure 25. Typical single-line and three-line patterns on artifact for standardization of
line width measurements. (Dimensions in micrometers.)

Lo Sl
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The pattern is fabricated in a film of
chromium or iron oxide on a 6.4 mm thick,
optically flat glass substrate coated with
a thin layer of tin oxide, or other trans-
parent, conductive material. This coating
is provided in order to perrit the artifact
to be imaged both in the optical microscope
using transmitted light and in the SEM.

The flatness tolerance of the glass (A/10 for
for A = 500 nm) is required in order that
the height variation of the artifact does
not cause magnification changes when the
artifact is used in the SEM. The pattern in-
cludes two narrow lines which are nominally
2 ym in width and separated by about 30 um.
Adjacent to these lines are 3 opaque bars,
nominilly 1 uym, and 10 ym in wilth in a
clear field. Nearby is an opaque field in
which there are 3 clear lines of the rame
nominal widths as the opaque bars. Addi-
tional similar patterns containing two,
three, and four bars and openings of each
width spaced bv a distance nominally equal
to the line width are also included in the
pattern.

The spacing betweuvn the two narrow ilines can
be measured to an accuracy of about 20,02 um
by the existing NBS line standard interfer-
ometer [33]. The opaque bars on a clear
background and the reversed condition of
clear bars on an opaque background simulate
the two conditions of contrast typically en-
countered in chromium and emulsion photo-
masks. The nominal widths of these bars
were chosen to span the measurement range

of interest. The multiple patterns simulate
patterns found in integrated circuit masks
and can be used to study the effects of ad-
jacent bars and spaces on the measurement.

In use it is intended that the line widths
on this artifact be calibrated by accurate-
ly detecting the lin: edges in an SEM and
using an in situ lascr interferometer to
measure the line widths., A serrated edge
is provided at the edge of the opaque field
to assist in locating the position at which
the line-width measurement is actually made
to allow for accurate calibration even if
the bars or openings vary in width along
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their length. Once calibrated, the arti-
fact can be used to calibrate a measuring
system based on an optical microscope such
as a filar eyepiece or an image shearing

eyepiece. (J. M. Jerket and D. B. Novotny)

The width of a chromium line on a glass sub-

strate was measured using both filar and

image shearing eyepieces. Both bright field

and dark field reflected 486 nm i1llumina-
tion were used. The mean values obtained
for 20 measurements on the line, which was
nominally 12 um wide, under each of the
above conditions are listed in table 11.

Table 11 — Comparative Measurements of the
Width of a Chromium Line on Glass

I11umination

Eyepiece
Bright Field Dark Field
Filar 11.76 um 11.06 um
Image Shearing 11.87 um 11.83 um

The sample standard deviation in each case
was about 0,08 ym. The difference between
the widths measured using the filar and
image shearing eyepieces with bright field
illumination is less than two sample stan-
dard deviations while the difference mea-
sured with dark field illumination is
greater than : '1e sample standard devia-
tions. 1If the bright field and dark field
measurements are compared for the same type
of eyepiece, a significant difference oc-
curs for the filar eyepiece. No explana-
tion for this phenomenon has been formula-
ted, but these discrepancies represent typ-
ical measurement dJdiscrepancies currently
found for this size pattern in the photo-
mask and integrated circuit industries.
(F. W. Rosberryt,
J. M. Jerket, and D. B. Novotny)
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9.1. Transient Capacitance Methods

An analysis was performed to study the lim-
ita*ions of the ramp-voltage and step-
relaxation methods for measuring epitaxial
layer thickness (NBS Spec. Publ. 400-4, pp.
51-53). Both of these methods utilize the
transient :apacif.ance of a metal-oxide-
semiconductor (MCS) capacitor or a metal-
photoresist-semicon 'uctur (M(PR)S) capacitor
(NBS Spec. Publ. 400-12, p. 26). Potential
limitations arise for three reasons: (1)
voltage breakdown may occur when the edge of
the depletion region is in the epitaxial
layer, (2) the steady-state depletion width
in inversion may be greater than the layer
thickness, and (3) the carrier lifetime in
the depletinn region may be so short that no
transient can be observed. In discussing
these limitations it is necessary to ask not
only whether a real thickness measurement
can be made but also to inquire under what
circumstances an apparent measurement might
be mistaken for a real thickness measurement.
It i{s assumed that the voltage available to
bias the capacitor 1s sufficient to drive
the depletion region into the substrate.

The ideal capacitance-time characteristics
(case 1) for the ramp-voltage and step-
relaxation methods are {llustrated in figure
26. In the figure, Co is the steady-state

capacitance in accumulation (the oxide ca-
pacitance, C_ is the steady-state capaci-
tance .n inversion, Ct is the capacitance

when the depletion edge is at the layer-
substrate interface, (the value used to cal-
culate the epitaxial layer thickness), Cm

is the capacitance which corresponds to the
maximum applied bias voitage (deep depletion
region), and CBV is the capacitance which

corresponds to the breakdown voltage. The
voltage step In the step-relaxation method
1s applied at a time, ty;. Note that for
both methods a discontinuity in the slope of
the C-t curves occurs at C = C_ and that
By g C_4C b . ¢

BV m 't =

First consider the effects of voltage break-
down under two conditfons which might occur:
case 2, in which breakdown occurs after the
depletion edge has gone beyond the layer-
substrate interface but before the maximum
bias voltage is reached (Cm<CBV<Ct)’ and

case 3, in which breakdown occurs before the
depletion edge has reached the layer-
substrate interface (ct<cBV)' In case 2,

39

EPITAXIAL LAYER THICKNESS

illustrated in figure 27, the slope discon-
tinuity can still be observed and the mea-

surement made by both methods; in the ramp-
voltage method there is a finite slope be-

tween Ct and CBV’ but the capacitance is

constant after breakdown occurs. In case 3,
1ilustrated in figure 28, measurement is not
possible because the capacitance Ct is not

reached. This condition can be identified
by the flat response immediately following
the slope discontinuity in the ramp-voltage
method (fig. 28a) and by the absence of a
slope discontinuity hiiween the minimum and
C, in the step relaxation transient (fig.
28b). Measurements of the step response of
a specimen were made under conditions which
appear to correspond to case 2. In these
irnstances there appeared to be a transition
from the ideal case to case 2 as the voltage
in inversion was made more negative. Case 3}
was simulated using an MOS capacitor fabri-
cated on a bulk n-type silicon slice having
a nominal 0.1 Q+cm resistivity. Response
curves similar to those in figure 28 were ob-
served in this experimen:.

Consider now case 4 in which the steady state
depletion width exceeds the epitaxial layer
thickness. This case occurs if the dopant
Geusity is sufficiently low that the deple-
tion region extends into the substrate. If
the dopant density in the substrate is very
large, the depletion region can penetrate
only a very small distance Into the substrate
so that C_ : Ct. llowever, if the dopant

den: ity in the substrate is not very large,
the depletion regicn may penetrate an appre-
ciable distance and C. < Ct. The transient

in the ramp-voltage method is not affected
by the position of the depletion edge; the
slope discontinuity at Ct occurs whether

Ct>Cm or Ct<cm' However, as shown in figure

29, the step-relaxation transient exhibits
no slope discontinuity between the minimum
and C_. Although C_ = Ct in most wafers of

practical interest, it is not possible to
distinguish the occurrence of case 4 un-
ambiguously from the occurrence of case 3
when using che step-relaxation method.
Therefore this method is not recommended for
use when no slope discontinuity is observed.

The question of measurability of a particular
specimen can be resolved readily with the
help of figure 30 if one has or can assume
some prior knowledge of layer resistivity

T LN —
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Co Co

Ce -
:I'l = C:“ == Figure 26. Ideal capacitance-
Cevl— Covl time characteristics for an
- 1 —p» MOS capacitor on a thin
0 t 0 to t epitaxial layer.

a. Ramp-voltage method. b. Step-relaxation method.

c l c ‘ tigure 27. Capacitance-time
Co Co [ C'xax_‘acteristics for an MOS ca-
pacitor on a tuir epitaxial
‘ layer when voltage breakdown

. Co occurs at voltages less than
Cs C: L the maximum applied bias vol-
C”: Cavl taze but greater than the bias

voltage whici corresponds to

= ] > the depletion edge at the
0 t 0 to t layer-substrate interface.
a. PRamp-voltage method. “. Step-relaxation method,
c c +
Co Co ] )
Figue 28. Capacitance-time
characteristics for an MOS ca-
Co pacitor on a thin epitaxial
C layer when voltage breakdown
w— cev'— occurs at voltages lower than
G- G the bias voltage which corres-
> | —gp ponds to the depiction edge at
0 t o ‘o t the layer substrate interface.
a. Ramp-voltage method. b. Step-relaxation method.
ch
Co
CQ - Figure 29. Step-relaxation capacitance-
C.vorCm— e bo time characteristic for an MOS capacitor
on a thin epitaxial layer when the steady
1 l - state depletion width equals or exceeds
; 0 ¢t t the layer thickness.
and thickness. This knowledge can be very represented by a point above the solid line
approximate and still be useful. In figure [34]. Such specimens cannot be measured by
30, breakdown normally occurs in the layer either method. The broken line in figure 30
in those specimens whose dopant density and represents the case where the layer thickness

layer ‘hickness are such that they can be is equal to the steady state depletion width
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Figure 30. Plot of epitaxial layer thicknecs
and dopant density showing regions where
thickness can be measured by both the ramp-
voltage and step-relaxation methods (A), by
only the ramp-voltage method (B), ard by
neither of these methods (C). (O: measured
specimens.)

so chat CG-Ct (35]. Specimens whose dopant

density and layer thickness are such that
they caa be represented by a point below the
broken line fall*in case 4 and should not be
measured by the step-relaxation method.
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Whether carrier lifetime presents a limita-
tion depends largely on the response time of
the instrumentation being used to make the
measurement. When the carrier lifetime is
very short, the capacitance transient is
very fast t. that only the steady-state ca-
pacitarce-voltage curve can be observed.

Table 12 - Summary of Analysis of Limitations of Transient Capacitance
Methods for Measuring Epitaxial Layer Thickness

EPITAXIAL LAYER THICKNESS

W P ) wap—

In some cases, cooling the specimen can slow
the response time to the extent that the ca-
pacitance transient can be observed (NBS
Spec. Publ. 400-4, pp. 51-53) [36]. However,
it appears most 1ikely that the measurement
is not possible when the lifetime 1s so
short that no transient response can be ob-
served. The effect of lifetime does not
appear in figure 30.

The results of the analysis are summarized
in table 12. Several words of caution need
to be added. First, for lower dopant den-
sities, breakdown may occur at shallower
depths than indicated by the solid line in
figure 30 because of peripheral breakdown
effects [37). Second, the step response of
bulk specimens may exhibit significant
changes in slope during the course of the
transient, but these are generally differ-
ent from the distinct break which occurs at
a layer-substrate interface. Third, the
methods presented depend on the response
curves having a finite slope in the sub-
strate in the absence of breakdown. rore
heavily doped substrates tend to have flat-
ter response curves which may make it dif-
ficult to distinguish between slope dis-
continuities at Ct and CBV' However, even

for very heavy doping, sidewall spreading
of the depletion layer should cause the
slope to be finite. Fourth, the analysis,
although carefully considered, has been
only partially substantiated by experi-
mental data. The specimens for which data
have previously been reported (NBS Spec.
Publ. 440-4, pp. 51-53) ace shown as plot-
ted points on figure 30. Note that they
all correspond to the ideal case which is
the most easily measured.

(R. L. Mattis and M. G. Buehler)

: Breakdown Depletion Lifetime Measurement
! Case Condition Condition Condition Possible By
1 CBV<Cm<Ct Cw>Ct Long Lifetime Either Method
2 CBV<Ct Cm>Ct Long Lifetime Either Method
e Neit d
3 ct<cbv Cm>Ct Long Lifetime Neither Metho
4 ch<cw’ Cm<Ccn CwiCt Lona Lifetime Ramp-Voltage Method
3 any any Short Lifetime Neither Method
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10.1. Flying-Spot Scanner

Additional modifications were made to the
optical flying-spot scanner to enhance its
usefulness., Additions and changes to the
optical system are illustrated in figure 31,
The original laser (NBS Spec. Publ. 400-8,
pP. 34-36) is now used or'y for 1.15 um ser-
vice, and an additional laser, shown on the
left, has been added for dedicated 0.633 um
operation. Scanning is shifted between
these two wavelengths by moving mirror Mj
which is mounted on a slide. As shown in
the figure, M3 blocks the beam from the

1.15 uym laser and inserts the 0.633 um beam
into the light path between the [ixed mirror
M; and the first scanning mirror V; for 1.15
um operation, M3 is withdrawn from the 1light
path to the dotted position in the figure,
In addition, a half-wave plate has been
added to the light path of the 1.15 um beam
to allow the polarization plane of the radi-
ation to be rotated and the intensity of the
reflected-light signal to be adjusted.

The video amplifiers between the scanned
specimen and the display screen were re-
placed by custom designed direct-coupled
amplifiers when it was discovered that under
certain conditions the former oscillated and
produced harmonics at frequencies close to
the laser-mode-beat frequencies and so ob-
scured these high-frequency measurements.

As an additional benefit, the present cir-
cult permits one to obtain the response of
the specimen to laser-mode-beat modulated
light (NBS Spec. Publ. 400-12, p. 27) sim-
ultaneously with the response to unmodula-
ted light. These two responses may be

electronically summed to present a compos-
ite response map on the display screen. In
addition, a high-impedance specimen probe
was designed and added to the system to
couple the scanner to MOS circuits. It
features an input impedance of 22 M| in
shunt with a 3.1 pF capacitance, and {t is
both direct-coupled and wide-band in cor-
sonance with the amplifiers which follow 1it.

Attempts to vary the light from the 0.633 um
laser by modulating the laser tube current
were successful, and a modulator was con-
structed which yields a 10 perzent or great-
er modulation of the light for frequencies
between dc and 100 kHz, This is expected to
enable the instrument to perform stroboscop-
ic scanning measurements on integrated cir-
cuits to follow the internal information
flow, and locate defects which impede this
flow.

Several integrated circuits were observed
with the scanner in order to gain further
information regarding its operation. Most
of the observations were made using only
the two supply bus contacts; the display-
screen signal was obtained by sensing, via
a resistor, changes in the bus current.
This signal was combined with the one from
the reflected-light circuit to produce on
the screen the electrical response of the
integrated circuit superimposed on a map of
the surface metallization.

One of the circuits studied was a bipolar,
Junction-isolated, two-input, NAND gate
(7438). The electrical respcnse of the cir-
cuit to the scanning light spot arises in

M.' =) M_
A i U v :
My M,
A M
ANALYZER 4
o o Hos, pm
fes - = | LASER
0633 Ly )t
i )
L1 |
L. RECEIVER w1l X
MIXING |} L2 “PuotocELL
AMPLIFIER Y,
SPECIMEN
__11:: SIGNAL
e T REFLECTED LIGHT SIGNAL
DISPLAY SCREEN

Ficure 31. Plctorlal ulegram ot iigut ana sign
e of dual-laser flving-spot scanner.,
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the following way: current injected into
the base of a transistor, whether injected
across a junction or photogenerated within
the base region, is amplified by the tran-
sistor if the transistor is biased appro-
priately. This amplified current is taken
from the supply bus. Thus, transistors op-
erating in the active region, in which there
is significant smail signal current gain,
are readily identified as they show a large
photoresponse to 0.633 um light and conse-
quently produce an image on the display
screen. Changing the state of the NAND cir-
cuit yields a new map of the active ele-
ments.

The 0.633 um radiation penetrates silicon
to a depth of only 1 or 2 um at room tem-
perature, but the 1.15 um light penetrates
quite deeply; the silicon is almost trans-
parcnt at the latter wavelength. As iso-
lation diffusions in integrated circuits
are commonly much deeper than a few micro-
meters, they are not seen on the monitor
screen as readily using 0.633 um light as
the active regions of the transistor which
generally are within a few micrometers of
the surface. However, the isolation dif-
fusions of the NAND gate were easily dis-
played using 1.15 um radiation.

Additional information about the construc-
tion, as well as the operation, of the
integrated circuit is provided by high-
frequency measurements using laser mode
beats: for example, diffusions surrounding
the bonding pads at the periphery of the die
were detected. Thus, comparing observations
made using all of these available scanning
techniques can yield not only information
about the electrical behavior of the inte-
grated circuit, but also information about
the sequence of steps employed in its fabri-
cation.

As a beginning in the use of the scanner for
MOS integrated circuits, two complementary
transistors in a silicon-on-sapphire 4007
(dual complementary pair plus inverter) were
connected to form an inverter stage and
scanned with 0.633 um light. As for the bi-
polar NAND gate work described above, the
signal for the display screen was obtained
from the supply voltage bus. The operation
of the circuit was changed by changing the
bias conditions, and one could readily dis-
tinguish which were the conducting transis-
tors for each of the bias conditions.

(U. E. Cawyer and D. W. Berning)
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10.2. Scanning Electron Microscopy —

Electron-Beai Induced Damage

The well controlled low-energy electron beam
used by the scanning electron microscope

- (SEM) is a potential source of damage.to mi-

croelectronic devices under examination.
Because an electron energy of approximately
200 keV or greater is necessary to cause
displacement damage in silicon, the bulk
properties of the devices being examined are
usually unchanged at typical electron accel-
erating voltages. Howaver, the electron
energy deposition in the device materials
through ionization processes mar’ result in
changes in the surface oxide properties,

The effect of this energy deposition on the
degradation of device electrical parameters
has been noted for both bipolar [38-42] and
MOS [42-49] devices. To illustrate the ef-
fects of exposure to SEM beams, the electri-
cal parameters of a digital bipolar circuit,
a linear bipolar circuit, and an MOS cir-
cuit were monitored as a function of SEM
operating conditions.

The first integrated circuit to be examined
was a digital bipolar inverter, the 7404,

0f the six inverters on the 7404 chip, only
the characteristics of one were monitored.
Measurements were made to determine if the
device met the manufacturer's minimum speci-
fications for both high-and-low-level out-
1'ts after exposure in an SEM operating with
an electron beam energy, EB' of 20 keV at a

beam current, IB’ of 100 pA scanning an

area, As' of 0.02 cm?. No change in elec-

trical characteristics was detected after a
1000 s exposure with all leads grounded.
The same device was then exposed for 1000 s
with a collector supply voltage of 4.75 V
and an input voltage of 2.0 V and again for
1000 s with the same collector supply volt-
age but an input voltage of 0.8 V. No
change in electrical characteristics was
observed after either exposure. An addi-
tional 1000 s exposure with a beam current
of 1 nA produced no measureable damage.
This particular device appears insensitive
to changes in surface oxide properties and
is not susceptible to SEM damage. Identical
results were obtained with other samples of
this device type.

A linear bipolar device, a 741 operational
amplifier, was the next integrated circuit

examined. The input offset current, Ios

were
os’

and the input offset voltage, V

monitored as a function of exposure time in
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®: Device biased during exposure.)

the SEM. One sample was scanned with the
leads grounded while another had +15 V ap-
plied to the positive collector supply ter-
minal and to the non-inverting input and

-15 V applied to the negative collector sup-
ply terminal and to the inverting input dur-
ing exposure. The SEM operating conditions
were:

A = 0.03 em?, I, = 100 pA. E; = 20 keV.

B

The changes in I _ and V. as a function of
os os

exposure time in the SEM beam are shown in
figure 32. With bias applied during expo-
sure, both Ios and Vos exceeded the manu-

facturer's maximum specifications after an
exposure of less than 100 s. Additional
samples were examined and yielded similar
results.

The third integrated circuit type examined
was a C-MOS 4007, a dual complementary pair
plus inverter. The part’:ular circuit used
vas fabricated using silicon-on-sapphire
technology. The inverter characteristics
were first monitored as a function of SEM
voltage. No change in the inverter charac-
teristics was observed when a single circuit
with leads floating was exposed successively
to 2.5, 5.0, and 10.0 keV beams for 1000 s
intervals with I_ = 100 pA and As -

B
0.02 cm?, Changes, as shown in figure 33,
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Characteristics of 741 operational amplifiers as a function of exposure time
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were observed when the circuit was exposed
to a 20.0 keV beam with the same values of

IB and As. Measurements were made after ex-

posure of the circuit for 50, 500, and 1000
s with the leads floating. Significant
shifts were observed after each exposure,
and the device was inoperative after the
1000 s exposure. Measurements were also
made after exposure of a different circuit
of the same type for 1, 10, and 50 s with

+5 V anplied to both the drain and input
termir._ls. 3Severe shifts in characteristics
occurred after the 10 s exposure and efter
50 s the device was inoperative. As is the
case with exposure of these circuits to
gamma radiation, the degradation of the
inverter characteristics is more severe
exposed with voltages applied.

CMOS
when

The electrical parameters of microelectronic
devices are usvally sensitive to changes in
the oxide characteristics of those oxide
films near the active silicon regions. For
an MOS device such as the 4007, the ionizing
effects of the SEM electron beam can be mea-
sured in terms of the energy deposited in
the gate oxide. In order to facilitate the
comparison of SEM electron beam ionization
damage with the effects of other ionizing
sources, the radiation dose unit, the rad
which is defined as the amount of radiation
which deposits 1() ergs of energy per gram
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Figure 33. Characteristics of C-MOS 4007 circuit after various exposures to a 20 keV Leam

of a scanning electron microscope.

of irradiated material, is ordinarily em-
ployed (1 rad = 10~% J/kg).

If normal beam incidence and uniform elec-
tron flux over the rastered area 1s assumed
and the device structure above the critical
oxide 18 known, the radiation dose levels in
the pertinen* surface oxides for a device
exposed to thie SEM electron beam can be cal-
culated from

I_E th

BB
AT L
s ox

Dose [rads(S10,)] = 100 (11)

where t {s the scan time in seconds, fD is

the fraction of incident energy deposited in
the oxide, Tox is *he oxide thickness in

micrograms per square centimeter, and the re-
mainder of the symbols have been defined
earlier. The fraction fD is the area under

the depth-dose curve [50] for that portion
of the total penetration distance subtended
by the oxide after proper account is taken
of the fraction of energy backscatte-ed, fB’

assumed for the present calculations to be
0.1 [51].

The dose accumulated in the gate oxide of the
4007 circuits was calculated from eq (11).
The structure above the 100 nm gate oxide
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consisted of an aluminum film approximately
1.0 um thick and a silicon dioxide overcoat
approximately 0.6 um thick. The accumulated
dose per second of exposure time is given in
table 13 as a function of beam energy for IB

= 100 pA and A_ = 0.02 cm?. The experimental
observation of°no degradation at 2.5, 5.0,
and 10.0 keV is in agreement with the cal-
culations. A 71 s exposure of 20 keV elec-
trons under these operating conditions re-
sults in a dose of 10% rads(S10,), a suf-

Table 13 — Dose Accumulated in Gate
Oxide for 1 Second SEM Exposure

keV f Dose, rads(Si0,)

B’ D

2.5 0.0 0.0

5.0 0.0 0.0

10.0 0.0 0.0

15.0 0.012 3.8 x 107
20.0 0.033 1.4 x 10
30.0 0.020 1.3 = T
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ficient dose to cause significant electrical
parameter ci:anges for many classes of de-
vices.

The SEM operating parameters utilized in
this report are typical of those used in
SEM topographical examinations of devices.
It is apparent that for some classes of de-
vices little or no electrical parameter de-
gradation occurs. However, for others, even
a brief examination can be destructive.
SEM induced degradation is a function of
accelerating voltage, beam current, scanned
area, exposure time and bias voltages ap-
plied to the device under test. (50 12
Galloway, W. J. ¥eery, and K. 0. Leedy)

-
D

10. Automated Scanning Low Energy

Electron Probe

The initial goals of the investigation of
the automated scanning low energy electron
probe (ASLEEP) (NBS Spec. Publ. 400-12, p.
28) are to constryct the instrument and
demonstrate proof of principle by applica-
tion of the instrument to the determination
of the uniformity of oxide filws. The
effort encompasses research in electron gun
design, fabrication, and test as well as
computer interfacing and software generation.

Basically, ASLEEP utilizes a low energy

electron beam under computer control to mea-
sure surface potential. A simplified block
diagram i{s shown in figure 34. The instru-
ment has potential usefulness in areas rang-
ing in complexity from incoming wafer accep-

In preparation for the alignment and testing
of the electron gun for the AYLEEP system,
a uniform aluminum grid on a silicon dioxide
substrate has been fabricated. This grid is
used to measure the linearity of the beam
positioning circuitry and, as the computer
programming progresses, should allow calcu-
lation of a computerized correction factor
to remove beam steering errors. The system
response to one line of this grid can also

provide an estimate of the electron beam
spot size.

In order for the instrument to provide abso-
lute surface potential measurements, a cali-
brated standard target is required. Since
the work functions of the low index planes
of tungsten have been exhaustively studied,
a standard target was fabricated from tung-
sten ribbon using recrystallization tech-
niques [52-54). When this single crystal
reference target is mounted on a vacuum ma-
nipulator, either the reference or the speci-
men under test may be placed in front of the
electron gun.

The computer control system has been acquired
and the necessary software and interface
projects are underway.

(W, C. Jenkins® and C. P. Nelson®)

Work conducted at the llaval Research
Laboratory, Washington, D. C 20375
under }BS Order No. 501718, NBS contact
for additional technical information:

tance to integrated circuit diagnostics. v, F. Galloway.
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Fipure 34, Block diagram of cutomated scanning low energy electron rrobe.
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11.1. In-Process Bond Monitor

The study of the uniform beam model for motion of an ultrasonic bonding tool (NBS Spec.
Publs. 400-8, pp. 37-39, and 400-12, pp. 29-30) was extended to include the force at
the tool tip during the bonding operation. This force, F(#,t) is related to the third
spatial derivative of the vibration amplitude at the tool tip by

F(o,t) = <EI Y'''(e,t) ,

where EI 1s the flexural rigidity of the tool and ¢ is the tool extension below the
horn. If the tool is driven sinusoidally at the horn, the boundary conditions to be
used are

Y(0,t) = a sinut, Y'(0,t) = 0, Y''(L,t) =0, and Y'''(?,t) = - El%;EL o (12)

where a is the vibration amplitude of the tool at the transducer horn (x = o) and « is
the vibration frequency.

The general solution to the equation which describes the motion of the tool in space
and tlme (NBS Spec. Publ. 400-4, pp. 65-66) is

Y(x,t) = B;sinh(qx) + Bycosh(qx) + B3sin(qx) + Bycos(qx), (13;

where q = (koZ/EI)l/“, o is the volume density of the tool material, and A is the
cross sectional area of the tool. Making use of eqs (12) in eq (13) and introducing
the dimensionless’variables Z = qf, N = x/i, the solution may be shown to be in the
form

a sinut
2D(z)

- 29521 ;iz) { [cosh(2) + cos(2)][sin(NZ) - sinh(NZ)]

Y(i,t) = {A@)[sin(82) - sinh (7)) + B' (Z)cosh(NZ) + B (2)cos (N2)]

+ [sinh(zZ) + sin(2)][cosh(N2) - cos(NZ)]}, (14)

where
D(Z) = 1 + cosh(Z)cos(Z) , A(Z) = sin(Z)cosh(Z) + cos(Z)sinh(Z), and

B (2) = D(2) * sinh(Z)sin(Z).
It should be noted that the first term of eq (14) is just the solution of the driven
uniform beam in the unloaded phase of operation, Y (N,t). Hence, in the limit as the
tool tip-wire force goes to zero, Y(N,t) approaches the previously determined solu-
tion (NBS Spec. Publ. 400-8, pp. 37-39).
The solution, Y(N,t), can be simplified to

Y(N,t) - YO(N't) + F(gnt):(N)n

where 2(N) ic defined as
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O(N) = gzt {leosh(2) + cos () ][s1n(N2) - sinh(NZ)]
+ [8inh(Z) + sin(Z)][cosh(NZ) - cos(NZ)]L

At the jth node, the unloaded beam solution, Yo(Noi’t) is zero so the solution at the
node becomes

Y(Noi,t) - F(l,t)@(Noi). (15)

From eq (15) it can be seen that the temporal evolution of the tool vibration amplitude
at a nodal position of the unloaded beam provides direct insight into the temporal evo-
lution of the force at the tool tip during the bonding operation. An elucidation of
this force can provide information about the mechanism of ultrasonic bonding particu-
larly in regard to the ultrasonically induced plasticity of the aluminum wire and the
relation of this plasticity to the bonding mechanism.

At the tool tip, N = 1, the solution becomes

a sinwt

Y(1,0) = 57 [cosh(2) + cos(2)]+ q—‘}ga%% [cosh(2)sin(2) - cos(Z)sinh(2)].

Hence, the amplitude at the tool tip also provides a measure of the force at the tool
tip during bonding. (J. H. Albers)
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12.1. Dry Gas Gross Leak Procedures

The limiting factor in dry gas leak test pro-
cedures is the rapid depletion of the gas
from the package interior which causes nonde-
tection of large leaks. A Knudsen expansion-
differential sensing method was devised pre-
viously to eliminate this factor (NBS Spec.
Publs. 400-4, p. 70, and 400-8, p. 42). Aa-
other procedure has now been considered as a
possibility for extending the range of cur-
rently available instruments by effectively
reducing the delay between the back pressuri-
zation phase and the detection of tracer gas
which has penetrated the package. This pro-
cedure employs a rapid gas cycling technique.

In addition to reducing the delay time, the
procedure is intended to provide controlled
environmental conditions so that a quantita-
tive relationship between rue and measured
leak value can be reasonably well derived
while maintaining the testing time at an ac-
ceptably low value. While the method may be
applied to either the helium leak detector or
the radiotracer apparatus, the description
which follows {s for the former.

A single chamber doubles for pressurization
and detection. Dwell time is mirimized by
rapid gas expansion, and excess helium {s
diminished by dilution. The gas handling
circuit i{s shown schematically in figure 35;:
standard symbols [55] are used to indicate
the components. All valves are quick acting.
The ratio, r, of the ballast volume, B; or
B>, to the volume of the chamber, A, in which
the devices to be tested are placed should be
100 or more. Helium is introduced into cham-
ber A to the desired pressure for a specified
time of the order of seconds. The chamber is
then vented first to the atmosphere and then
into the ballast tank B, in a continuous se-
quernce of about 1 s duration to reduce the
helium gas pressure surrounding the test
specimens to a pressure of 1/r atm. Nitrogen
gas (or drv air) is then introduced into
chamber A to dilute the remaining helium
within about 1 s by a factor equal to the
product of the nitrogen pressure, Pn (in at-

mospheres), and the ratio r. The mixture in
charber A and associated lines is again vent-
ed to atmosphere and expanded, first into B,
and then into B,. Thus, the pressure in
chamber A is reduced to 1/r? atm by the
double expansion. The partial gressure of
helium in the chamber is I/Pn r’ atm,

At this time, with valves 7 and 8 closed and
valve 2 opened, any helium in the chamber
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remaining from the exparsion and dilution
sequences or leaking from the specimen in-
teriors would pass through the fixed leak,
FL, into the helium leak detector to give an
indication. When the pressure in chamber A
is further reduced by the mechanical pump to
low enough value, valve 1 may be opened and
valve 6 closed for unrestricted passage into
the leak detector.

The fixed leak and the final expanded pres-
sure are of such values that the gas flow
rate into the leak detector does not cause
the detector internal pressure to rise above
operational limits. The maximum allowable
helium concentration in chamber A is then
set by the ratio of the leak detector limit
of indication to the value of the fixed leak
conductance. The minimum detectable indica-
ted leak rate at any instant is approximate-
ly the product of the fixed lec* conductance
and the partial pressure of helium in the
mixture surrounding the sample. This mini-
rum detectahle signal falls off with a time
constant determined by the pumping speed at
the chamber and the chamber volume.

To relate the measured leak rate, Qm, to the

leak size, 1., it is necessary to calculate
the pressure in the specimen package at the
time of measurement. Since the test is con-
cerned with the measurement of gross leaks,

4 A 3

1 Ha LD
s>}

7 8
Do ®

Fipure 35. cas handling circuit for rapid
£as cycling technique for measurement of
fross leaks,
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it is assumed that gas transport is essenti-

Table 14 — Typical Examples of Leak Rates
ally described by laminar viscous flow; un-

Measured using Rapid Gas Cycling Gross

der the conditions selected in the sequences, Leak Test
diffusive flow is not a factor. ]
In the first step, the specimens are back 4
pressurized. The final internal pressure T Y 5, Y, s, qn/L
Pl is

1 1 0.67 0.947 0.175 0.39

(7=+)
1 - 5= Jexp(-Ty /1))
SR el

t Pt =iy P
1+ F-;—§; exp(-Ty/1,)

Pl = YlPt =P
t

where Pt is the helium pressure during pres-

surization, T; is the pressurization timc,
P_ 1s atmosp*eric pressure, the time con-

stant 1) = VP.:/2PtL. and V is the interior

volume of the test package. When the gas
is expanded, the internal pressure falls to

=]
Yt
P-)'Fl?!‘P]l'.' it
f 4 211 ’

where t; is the time interval of gas venting
and expansion. Recharging with nitrogen
causes the internal pressure to increase to

1 - v18,
1~ (m) exp(-T./1;)

Py = vl » Pn T
1+ (l—-_._—m-) exp(=Ty/1.)

’

where T, is the recharging time, Pn is the

recharging pressure, and the time constant
1, = VP 2/2PnL. Finally, the gas is vented,

subjected to a double expansion, and opened
to the leak detector. The internal pressure
at the time of measurement is

szntz =1
Py = 6,P; = Pafl + EF:;T— »

where t; is the time interval for this step.
The partial pressure of helium in the pack-
age is now (P, - P,)P,/P|P; so that the mea-

sured leak rate is
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10 0.6 0.77 0.537 0.789 2.6
100 0.25 0.99 0.257 0.987 0.31

Note: P _ = Pn =svatm; T =1 2t =1 8,
Tao =285 ty=108; v = T) = 12 = V/10 L.

P, -P, P, fP,\?2
Dy 7 nle) (14)

Eq (16) can also be written
Q, = (vimg = 1) §;85%v50; L,

where a; = Pt/P and ap = Pn/P,.

To illustrate this result, calculations were
carried out for the case where Pt = Pn =5

atm, Ty = 10 s, t; =1s, T, = 2 s, and t; =
10 s. For these conditions Tj = 1y=s7*
V/10 L where V is given in cubic centimeters
and L is given in atmosphere cubic centime-
ters per second. Results for time constants
of 1, 10, and 100 s are given in table 14.
The calculations show that for these condi-
tions a package with a 1 cm?® internal volume
and a 107! atmecm3/s leak would evidence a
measured leak rate about 0.4 times the leak
size while a package with a 1072 cm? internal
volume and a 107% atmecm’/s leak would evi-
dence a measured leak rate about 0.3 times
the leak size, all within the limits of typi=-
cal apparatus. For the cases studied, the
helium remaining from the expansion and di-
lution sequences is negligible compared with
that leaking from the package.

Before the next cycle can begin, the ballast
volumes and associated lines must be pumped.
Pumpdown time is determined by ballast vol-
ume, pumping speed, final pressures, and se-




quencing. Calculation indicates that a pump-
down time of about 15 s is possible for bal-
last volumes of 10 ¢ and a mechanical pump

rating of about 2.5 t/s.
(S. Ruthterg and W. A, Cullins)

12.2. Calibration Stand for Gross Leaks

The hermetic test procedures in develupment
(sec. 12.1) and interlaboratory comparisons
such as those being conducted with tentative
or draft procedures [56,57) in cooperation
with ASTM Committee F-1 on Electronics (NBS
Spec. Publs. 400-4, p. 67; &400-8, p. 405 and
400-12, pp. 33-34) require correlation of
data to directly measured leaks. A general
purpose vacuum system has been designed
using available components and 1is heing con-
structed to provide a facility for the mea-
surement and calibration of pross leaks and
vacuum gauges used in such test procedures.
The vacuum circuit is shown schematically in
figure 36; standard symbols [55] are used to
indicate the components. Appropriate mani-
folds may be substituted for the test cham-
ber to permit such procedures as leak mea-
surement by rate-of-rise [58] and precision
! pressure point generation with reference to
micromanometers for gauge calibration
[59-61]. (5. Puthberg and W. A. Cullirs)
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13. THERMAL PROPERTIES OF DEVICE S

Thermal Resistance Methods —
Darlington Pairs

13.1.

1n a continuing effort to assess the feasi-
bility of using electricai measurements to
determine accurately some of the thermal
properties of integrated Darlington transis-
tors, measurements were made to verify sev-
eral of the conclusions previously reached
(NBS Spec. Pubis. 400-8, pp. 46-49, and
400-12, pp. 35-37).

Although most integrated Darlingtons are
three-terminal devices for which some junc-
tion voltages cannot be measured indepen-
dently, sohe Darlingtons have four terminais
as depicted in figure 37. Since the four
terminals are available for measurement, the
individual emitter-base voltages of both the
input and output transistors (V) and V;,
respectively) can be measured directly when
the emitter-only switching method [62]) is
used. Measurements were made on a device of
this type to test the validity of the as-
sumptions made in deriving an expression for
the thermal resistance of the output tran-

sistor, RGJC2’ (NBS Spec. Publ. 400-12, p.

27, eq (8))
= B2 3
Rosca = Ragcae2y ~ Resct R
]
where ROJC(1+2) is the thermal resistance

determined by measuring the series combina-
tion of both emitter-base junctions (using
the voitage V), as the temperature sensitive
parameter) and RMJCi is the thermai resis-

tance of the input tran.istor. In a three-
terminal device, R91C2 cannot be measured

independently. The assumptions made in de-

riving eq (17) are that the calibration con-
stants for the input and output transistors

are equal and that R“JCi can be measured

with sufficient accuracy.

Most three-terminal Darlingtons contain in-
tegral bias resistors. To facilitate com-
parison with such devices, two resistors

were added externally to the four-terminal
parlington as shown in figure 37. This is
necessary because in the measurement of ther-
mal resistance the presence of bias resis-
tors necessitates a larger measuring current,
Im, than would be needed for an isolated dis-

crete transistor in order to insure that the
junction voltages used as temperature sensi-
tive parameters vary relatively linearly
with temperature.

The caiibration constants of the individual
transistors of the four terminal Darlington
were determined for measuring currents of 7
and 50 mA. The results are iisted in tabie
1{5. It can be seen that for Im = 50 mA they

are essentially equal, whereas for 1" = 7 whA

there is a significant difference in their
values. Thus, the assumption that the input
and output transistors in an integrated Dar-
lington pair have equal calibration con-
stants appears to be reasonable if large
values of Im are used.

A series of thermal resistance measurements
was made on the four-terminai Darlington
under various conditions. The results are
summarized in tabie '6.

i
The thermal resistance, RSJC]' of the input

transistor, @, was measured in three ways.
First, the voltage V; was used as the tem-
perature sensitive parameter (TSP) with Im =

7 or 50 mA and emitter-only switching [62].
This measurement is identical to that which
would be performed on a discrete trarsistor
{f the emitter-base voltage were used as the
TSP. Mext, the voltage V), was useo as the
TSP, with emitter-only switching and a mea-
suring current chosen large enough to turn
Q; on but small enouyn to keep Qy, the out-
put transistor, off. The appropriate value
depends on the nagnitudes of Ry and R; and
their ratio; in the present case Im = 1 mA.

Finaiiy the coilector-base voltage, VCBI'
was used »s the TSP with Im = 1 mA and

emitter-and-collector switching (NBS Tech.
Note 743, pp. 34-35). This is sometimes
necessary because the ratio or magnitudes of
P, and R; may be such as to preclude a suit-
abie measure of R, ,., from Vy; using a smail

vaiue of ln. The coilector-base junction

voitage is accessible on both three-terminai
and four-terminal Darlingtons (NBS Spec.
Pubi. 400-12, p. 36). All three methods
yieided essentially the same resuit for

Rosct®
The thermal resistance, Rﬁch, of the output

transistor, Q,, was measured directly by us-
ing the voitage V. as the TSP with lm = 7

and 50 mA and emitter-only switching. Di-
rect measurements of Rch, using the col-

lector-base junction of Q; as tihe tempera-
ture sensitive parameter provec unreiiabie




Figure 37. Four-terminal Darlington tran-
sistor with external resistors. (R; = 107 Qj
Ry = 220€ Q.)
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Table 15 — Calibration Constants for
a Four-Terminal Darlington Pair

Transistor

I, mA Constant, mv/°C

Input
Output

Input
Output

8 &8 L

2.148
1.883
2.129
2.029

Table 16 — Thermal Resistance Measurements on Four-Terminal Darlington

—_ Switching I Quantity Reac®

Pavapeter Method mA Determined °C/W

V‘ emitter-only 7 ReJCI 3.00

v] emitter-only 50 ReJCl 3.0C

Vn emitter-only 1 RaJnd 2.9

Vear emitter-and-collector 1 R 2.92

P v, emitter-only 7 R.ac2 5.12
: '2 emitter-only 50 R_?ch 4.84
; %12 emitter-only 7 Rosetiez) 3.9
Y12 emitter-only 50 RAJC(]*?) 3.84
». Computed from eq (17) P ez 4.84
Computed from eq (17) 50t Roac2 4.72

a
Value of PNC1 used in computation.

b .
e ey
Value of lm used for measuring P”Cn’”.
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Table 17 — Thermal Resistance Measurements on

THERMAL PROPERTIES OF DEVICES

Integrated Darlington Transistors

o e | 0l

R i ' Bl

e we  fe fea fwgar  BE 4R
- = s l (conputed) __(IR)

T, 1.5 0.25 80 0.70 5.5 10.30 12.7
1A 1.5 0.25 76.5 0.61 4.05 7.49 10.7
T, 1.5 1.0 20 0.61 1.09 1.57 1.80
6M-1° 1.75 3.5 20 0.59 1.13 1.67 2.19
N-25° 1.7 3.5 20 0.60 1.10 1.60 1.80

a < e s
These operating conditions caused a severe current constriction.

b pevices 6M-1 and N-25 bear same "2N" number but differ significantly in construction.

Viz (voits

108 —
104 -
100+
096
0921
oX-1-% o
0841

116
ol LT

0.8%0

Figure 38.
and input base as a function of the
collector-emitter voltage of the output
transistor for a constant collector current
showing onset of hot cpot formation and
thermal hysteresis. (IC =

Vce lveits)
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because they varied greatly with the magni-
tude of Im' The results of these measure-

ments are therefore not included in the
table.

Measurements of V); at relatively large
values of Im using emitter-only switching

result in values of thermal resistance,

ReJC(1+2)' intermediate between R&JCl and

RBJCZ' While these values of thermal resis-

tance are significantly lower than the di-
rectly measured value of RGJC°' they can be

combined with Rasc1 (measured using Vy, and
IIn = 1 mA) according to eq (17) to compute
RGJCZ'
ed in table 16 where it can be seen that

they are 5.5 and 2.5-percent below the
values measured directly with Im = 7 and

The calculated values are also list-

50 mA, respectively.

Measurements were made on several other de-
vices to further test the validity of eq
(17). The results of these measurements,
all made on three terminal devices, are
listed in table 17. Listed are the value
specified by the manufacturer for the
thermal resistance, RQJC; operating condi-

tions; R measured using a low value of

8JC1
measuring current; RQJC(1+“\ measured using

a high value of measuring current; RﬂJCQ

computed from eq (17); and R measured by

8JC2
means of an infrared microradiometer. The
agreeuent between the computed RPJCZ and the

infrared measured RGJCZ

different than might be expected for mea-
surements on discrete devices even in the
cases where a severe current constriction
occurs.,

is not significantly

As noted in table 17, the output transistor
of device T; had a severe current constric-
tion for two of the opaerating conditions
listed. It was found that the input-base
current changed only from 4.00 to 4.06 mA
when the constriction formed. Tuus, in con-
trast to the case for a discrete transistor
[63] the dc current gain does not provide a
satisfactory indicator of the formation of
current constrictions in Darlingtons. This
is because of the small magnitude of the
input base current, particularly for the
high voltage-low current case where severe
currert constriction and thermal hysteresis
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occur, and also because of the bypass effect
of the bias resistors. However, the voltage
Vj2 between the input-base and output-
emitter measured during tae power-off por-
tion of the emitter-only switching method of
the thermal resistance measuring cycle was
found to be an excellent substitute. This
is illustrated for device T, in figure 38
which shows Vy; as a furction of collector-
emitter voltage, VCE' for a collector cur-

rent, If’ of 0.25 A as the current constric-

tion forms and the device goes through
thermal hysteresis. (S. Rubir)

13.2. Transient Thermal Response

VWork continued on the development of a mea-
surement technique based upon electrical
measurements for estimating the peak junc-
tion temperature of power transistors. This
technique requires that the total available
active area of the device, AT' be known be-

cause it is assumed that the low level samp-
ling current, lm’ is uniformly distributed

throughout A_ during calibration, but that
IP is confined to the area of power genera-
tionm, AF‘ during measurement. As discussed

previously (NBS Spec. Publ. 400-12, pp.
37-40), if AT is known, the calibration

curve can be corrected to account for the
inereased sampling current density during
measurement.

Measurements made on numerous devices showed
that the heating response of a device can

e
used to estimate AT satisfactorily. If it

is assumed that the current is uniformly
distributed throughout A during the heating

pulse, that the heat flow is one dimension-
al, and that the principle of superposition
can be applied, the total available active
area of the device is given by

]

e
- Vto]

2p [vey + ¢,
A, = s (18)
vokem  [T(t:) - T(0)]

where P is the power applied during the
pulse in watts, ¢ is the mass density in
gram per cubie centimetre, k is the thermal
conductivity in watts per centimeter kelvin,
¢ is the thermal capacity in watt seconds
per gram kelvin, t; is the width of the
heating pulse in seconds, t- is the time

|



between the end of the heating pulse and the
measurement in seconds, T(t;) is the junc-
tion temperature at the time of measurement
in degrees Celsius, and T(0) is the junction
temperature before power is applied in de-
grees Celsius. The power applied must be
great enough to raise the junction tempera-
ture by at least 30°C to achieve adequate
measurement precision. The pulse width was
chosen as 1 ms because this pulse width is
generally long enough to result in a satis-
factory temperature rise for reasonable
power levels while it 's not too long to in-
validate the assumption of uniform current
distribution. This is most likely to be the
situation for current levels rear but below
the maximum allowed current, Ic(max)' for

the device. Measurements were made on a
number of devices with the result that the
value of AT calculated from eq (18) usually

varied by less than 10 percent when the
heating current varied from %I to
C(max)

Ty
IC(max)' Eq (18) contains a cirrection to

allow for cooling during the delay following
the end of the heating pulse. This delay is
necessary to allow electrical switching
transients to subside before a reliable

THERMAL PROPERTIES OF DEVICES

electrical me:surement can be made.

The computer model used to simulate the tem-
perature distribution on the surface of a
silicon chip heated in a central region was
refined by the inclusion of a copper slug
between the chip and the heat sink. The re-
sults of Kokkas [64] were used for this re-
finement which enables the model to simulate
better an actual device. Curves of the
electrically measured average junction tem-
perature expressed as a fraction of the peak
junction temperature are plotted against the
effective size of the heat source at steady
state in figure 39, The three curves are
for chips 100 mil (2.5 mm), 150 mil (3.8 mm)
and 200 mil (5.1 mm) on a side. The silicon
chip was chosen to be 10 mil (0.25 mm) thick.
These curves are for the silicon chip rest-
ing on a copper slug, 50 mil (1.3 mm) thick,
which in turn rests on an infinite heat sink.
It is interesting to note that the inclusion
of the copper slug has an insignificant ef-
fect on the curve for the 100 mil chip pre-
viously reported (NBS Spec. Publ. 400-12,
pp. 39-40). However, the curves for the 150
mil and 200 mil chips do show differences
between the two models. (D. L. Blackburn)
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junction temperature as a function of the
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SEMICOHNDUCTOR TECHNOLOGY PROGRAM PUBLICATIONS

B.l. Prior Reports

APPENDIX B

A review of the early work leading to this Program is #ziven In Bullis, W, M., Measurerent

Methods for the Semiconductor Device Industry — £ Review of MBS Acti
511 (December 1969).

vity, NBS Tech. MNote

Progress reports covering the period July 1, 1968, through June 30, 1973, were publ i shed

as NBS Technical Notes with the title, Methods of Measurement for
Process Control, and Devices:

Quarter Ending

eptember 30, 1968
Jecember 31, 1968
March 31, 1969
June 30, 1969
September 30, 1969
December 31, 1969
March 31, 1970
June 30, 1970
September 30, 1970
December 31, 1970
March 31, 1971
June 30, 1971
September 10, 1971
December 31, 1971
March 31, 1972
June 30, 1972
September 30, 1972
December 31, 1972
March 31, 1973
June 30, 1973

472
475
486
495
520
527
555
560
571
592
598
702
717
727
733
743
754
773
788
806

NBS Tech. lNote

After July 1, 1973, progress reports were issued
series with the title, Semiconductor Measurement

Quarter Ending

September 30, 1973
December 31, 1973
March 31, 1974
June 30, 1974
September 30, 1974

B.2, Current Publications

As various phases of the work are comp
results or to describe the
been issued recently are listed below:

Ciarlo, D. R., Schultz, P, A., and Novotny,
Proe. Soe. FProto-Optical Imegtrument
Micro and Sub-Micro Photofabrication Imagery, Society
Engineers, San Diego, California, August 21-23, 1974, pp. 84-89,

400-1
400-4

400-8
«00-12

NBS Spec. Publ.

ition Engineers, Vol.

Date Issued

December 1968
February 1969
July 1969
September 1969
March 1970

May 19706
September 1970
Yovember 1970
April 1971
August 1971
October 1971
November 1971
April 1972
June 1972
September 1972
December 1972
March 1973

May 1973
August 1973
November 1973

emiconductor Materials,

NTIS fAccession lNn.

AL 6717330
AD 623507
£D 692232
AL 693520
AD 7062833
2L 71990%
AD 7185334

&D 732553
2D 734427
AD 74067¢L
744547
748640

in the NBS Special Publication 400 sub-

Technology:
Date Issued

March 1974
November 1974

February 1975
May 1975

NTIS Accessicn ‘o,

AD 775919
CoM 74-51222

AD/A 005669
AD/A 011121

leted, publications are prepared to summarize the
work in greater cetail,

D. B., Automated Inspection of IC Protomasks,
55, Technological Advances in
of Photo=Optical Instrumentation

Marsden, C. P., Tabulation of Published Data on Electron Devices in the U.S.S.R. Through

December 1973, NBS Technical Note 835 (November 1974) .

715.)
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Ehrstein, J. R., Ed., Semiconductor Measurement Teeimology: Spreading Resistance Sympos-
ium, NBS Spec. Publ, 400-10 (December 1974).

Schafft, H. A., Semiconductor Measwremenmt Technology: ARPA/NBS Workshop II. Fermeticity
Testing for Integrated Circuits, NBS Spec. Publ. 400-9 (December 1974),

Ehrstein, J. R., Improved Surface Preparation for Spreading Resistance Measurements on
p-Type Silicon, Semiconductor Measwrement Technology: Spreading Resistance Symposium,
J. R, Ehrstein, Ed., NBS Spec. Publ. 400-10 (December 1974), pp. 249-255.

Rogers, G. J., Sawyer, D. E., and Jesch, R. L., Semiconductor casiwermert Teolniol ogu:
Measurement of Transistor Scattering Parameters, NBS Spec. Publ. 400-5 (January 1975).

Sher, A. H., Semiconductor Measurement Tecimology: Improved Infrared Response Technique
for Detecting Defects and Impurities in Geimanium and Silicon r-7-» Diodes, NBS Spec.
Publ. 400-13 (February 1975).

Lewis, D. C., On the Determination of the Minority Carrier Lifetime from the Reverse Re-
covery Transient of puKk Diodes, Solid-State Flectronice 18, 87-91 (January 1975).

Blackburn, D. L., An Electrical Technique for the Measurement of the Peak lunction Tem=

perature of Power Tramsistors, Thirteenth Awmual Froceedinge, Relichilit, Phueies 1876,
Las Vegas, Nevada, April 1-3, 1975, to appear.

Blackburn, D. L., and Oettinger, F. F., Transient Thermal Response of Measurements of
Power Transistors, IEEE Trans., Industrial Flectrowice and Uomtrol Tnatrumentation
IECI-22, 134-141 (May 1975).

Galloway, K. F., Keery, W. J., and Leedy, K. 0., Integrated Circuit Damage Resulting from
SEM Examination, Mroe. 25th Annual Electronie Corponente Cownfererce, Washington, D. C.,
May 12-14, 1975, pp. 263-266.

Buehler, M. G., Planar Test Structures for Characterizing Impurities in Silicon, Fxtondel
Abstracte of the Meeting of the Electrochemical Society, Toronto, Ontario, May 11-16,
1975, pp. 403-404.

Rubin, S., Thermal Resistance Measurements on Monolithic and Hvbrid Darlington Power Tran-
sistors, Proccedinge 1375 IEEF Power Flectronics Specialicts Confiremce (PESC), Culver
City, California, June 9-11, 1975, to appear.

Kraft, R,, Finite Difference Techniques for Diffusion and Redistribution Problems with
Segregation-type Boundary Conditions, Froccedings of the ATCA Irteratiomal Sympoeten on
Computer Methods for Partial Differential. Fquations, Lehigh lnlvorbitv, Bethlehem, Pa.,
June 17-19, 1975, pp. 328-334.

B.3. Availability of Publications

In most cases reprints of articles in technical journals may be obtained on request to
the author. NBS Technical Notes and Special Publications are available from the Superin-
tendent of Documents, U.S, Government Printing Office, Washington, D. C. 20402, or the
National Technical Information Service, Springfield, Virginia 22161, or both. Current
information regarding availability of all publications issued by the Program is provided
in the latest edition of NBS List of Publications No. 72 which can be obtained on request
to Mrs. K. 0. Leedy, Room B346, Technology Building, National Bureau of Standards, Wash-
ington, D. C. 20234,

B.4. Videotapes

Color videotape cassette presentation on improvements in semiconductor measurement
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technology are being prepared for the purpose of more effectively disseminating the re- { i
sults of the work to the semiconductor industry. These videotapes are available for dis-

tribution on loan without charge on request to H. A. Schafft, Room A317, Technology Build-

ing, National Bureau of Standards, Washington, D. C. 20234. Copies of these videotapes

may be made and retained by requestors. The first videotape, Defects in PN Junctions and

MOS Capacitors Observed Using Thermally Stimulated Current and Capacitance Measurements,

by M. G. Buehler has been completed and released for distribution. As an added feature,

arrangements can be made for the author to be available for a telephone conference call

to answer questions and provide more detailed information, following a prearranged show-

ing of the videotape.
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APPENDIX C

WORKSHOP AND SYMPOSIUM SCHEDULE

Proceedings or Reports of Past Events:

C.2.

Symposium on Silicon Device Processing, Gaithersburg, Maryland, June 2-3, 1970.
(Cosponsored by ASTM Committee F-1 and NBS). Proceedings: NBS Spec. Publ. 337
(November 1970).

ARPA/NBS Workshop I. Measurement Problems in Integrated Circuit Processing and Assem-
bly, Palo Alto, California, September 7, 1973. Report: NBS Spec. Publ. 400-3
(January 1974).

ARPA/NBS Workshop Il1. Hermeticity Testing for Integrated Circuits, Gaithersburg,
Maryland, March 29, 1974. Report: NBS Spec. Publ. 400-9 (December 1974).

Spreading Resistance Symposium, Gaithersburg, Maryland, June 13-14, 1974. (Cospon-
sored by ASTM Committee F-1 and NBS). Proceedings: MNBS Spec. Publ. 400-10
(December 1974).

ARPA/NBS Workshop TII. Test Patterns, Scottsdale, Arizona, September 6, 1974.
Report: NBS Spec. Publ., 400-15 (to appear).

ARPA/NBS Workshoo TV. Surface Analysis for Silicon Devices, Gaithersburg, Maryland,
April 23-24, 1975. Report: NBS Spec. Publ. 400-23 (to appear)

Calendar of Future Events:

Reliability Technology for Cardiac Pacemakers, Gaithersburg, Maryland, July 28-29,
1975 (Workshop cosponsored by Food and Drug Administration and NBS).
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APPENDIX D

STANDARDS COMMITTEE ACTIVITIES

ASTM Committee F-1 on Electronics

H. Albers, Secretary, Packaging Subcommittee: Hybrid Microelectronics Subcommittee

G. Buehler, Chairman, Task Force on Test Patterns, Process Controls Section; Semi-
conductor Crystals and Semiconductor Measurements Subcommittees

M. Bullis, Secretary; Editor, Semiconductor Crystals Subcommittee

R. Ehrstein, Chairman, Resistivity Secticn; Semiconductor Crystals and Semicon-
ductor Measurements Subcommittees

C. French, Chairman, Editorial Subcommittee; Awards Committee

G. Harman, Secretary, Interconnection Bonding Section; Hybrid Microelectronics
Subcommittee

0. Leedy, Chairman, Packaging Subcommittee; Chairman, Interconnection Bonding
Section; Hybrid Microelectronics and Quality and Hardness Assurance Subcommittees

C. Lewis, Semiconductor Measurements and Quality and Hardness Assurance Subcommit-
tees

P. Marsden, Honorary Chairman

L. Mattis, Editor, Semiconductor Measurements Subcommittee; Semiconductor Crystals
Subcommittee

F. Mayo-Wells, Secretary, Editorial Subcommittee
B. Novotny, Editor, Semiconductor Processing Materials Subcommittee

E. Phillips, Chairman, Lifetime Section; Secretary, Semiconductor Crystals Sub-
committee; Semiconductor Processing Materials, Semiconductor Measurements, and
Hybrid Microelectronics Subcommiltees

J. Rogers, Quality and Hardness Assurance Subcommittee

Ruthberg, Chairmai, lermeticity Section; Semiconductor Processing Materials,
Hybrid Microelectronics, and Quality and Hardness Assurance Subcommittees

A, Schafft, Chairman, Publicity Committee

H. Sher, Semiconductor Crystals, Semiconductor Processing Materials, and lybrid
Microelectronics Subcommittees

R. Thurber, Semiconductor Crystals and Semiconductor Measurements Subcommittees

ASTM Committee E-10 on Radioisotopes and Radiation Fffects

M. Bullis, Subcommittee 7, Radiation Effects on Flectronic Materials
C. French, Subcommittee 7, Radiation Effects on Flectronic Materials

C. Lewis, Subcommittee 7, Radiation Effects on Flectronic Materials

Electronic Industries Association: Solid State Products Division, Joint Electron Device
Engineering Covncil (JEDEC)

F. Oettinger, Chairman, Task Group JC-11.3-1 on Thermal Considerations for Micro-
electronic Devices, Committee JC-11.3 on Mechanical Standardization for Micro-
electronic DPevices; Chairman, Task Group JC-25-5 on Thermal Characterization of
Power Transistors, Committee JC-25 on Power Tramsistors; Techmical Advisor,
Theitmal Properties of Devices, Committees JC-13.1 on Govermment Liaison for Dis-
crete Semiconductor Devices, JC-22 on Rectifier Diodes and Thyristers, JC-20 on
Signal and Regulator Diodes, and .JC-30 on Hybrid Integrated Circuits

Rubin, Chairman, Council Task Group on Galvanomagnetic Devices
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D. E. Sawyer, Task Group JC-24-5 on Tramsistor Scattering Parameter Measurement
Standard, Committee JC-"4 on lLow Power Transistors

H. A. Schafft, Technical Acdvisor, Second Breakdown and Related Specifications Commit-
tee JC-25 on Power Transistors
Electronic Industries Association: Government Products Division

F. F. Oettinger, Chairman, Task Group G-12-08-74 on Recommendations for Military Usage
of Proposed Standards and Test Methods for Thermal Resistance, Committee G-12
on Solid State Devices

IEEE Electron Devices Group
J. C. French, Standards Committee

F. F. Cettinger, Standards Committee Task Force on Second Breakdown Mcasurement Stan-
dards

H. A, Schafft, Standards Committee Task Torce on Second Breakdown
Measurement Standards
IEEE Magnetics Group

S. Rubin, Chairman, Galvhnomugnetic Standards Subcommittee

Society of Automotive Fngineers
J. C. French, Subcommittee A-2N on Radiation Hardness and Nuclear Survivability
W. M. Bullis, Planning Subcommittee of Committee H on Flectronic Materials and Pro-
cesses
IEC TC47, Semiconductor Devices and Integrated Circuits

S. Rubin, Technical Expert, Calvanomagnetic Devices; U.S. Specialist for Working
Group 5 on Hall Dev ces and Magnetoresistive Devices




APPENDIX E

SOETB-STATE TECHNQLOGY & FABRICATION SERVICES

Technical services in areas of competence are provided to other N' activities and other
government agencies as they are requested. Usually these are shori-term, specialized
services that cannot be obtained through normal commercial channels. Such services pro-
vided during the last quarter, which are listed below, indicate the kinds of technologv
available to the program,

E.1. Semiconductor Device Fabrication (J. Krawczyk and T. F. Leedy)

MOS capacitors with gates transparent to ultraviolet radiation were fabricated for the
llarry Diamond Laboratories.

E.2. Scribing (J. Krawczvk)

Iron-oxide-coated glass substrates were cut to size using the wafer scriber for the Harry
Diamond Laboratories.

E.3. Thermocouple Repair (H. K. Kessler)

Miniature multijunction thermocouples were repaired for the NBS Flectricity bivision.

F.4. Semiconductor Device Assembly (H. K. Kessler)

. Silicon wafers containing fifty arrays were diced and mounted to T0-5 headers for the Army
Electronics Command, Fort Mommouth, MNew Jersey. The interconnections were made by means
of ultrasonic bonding using aluminum and silver ribbon wire. These devices are to be used
for current density stu ies.

E.5. Scanning Electron Microscopy (W. J. Feery)

Scanning FElectron Micrographs were taken of various cement samples for the NBS Materials
and Composites Section.

Scanning electron micrographs were made of diesel exhaust smoke particles for the NBS VFire
Technology Division.

A specimen of a Moire pattern test structure was examined for the XBS Optics and Micro-
metrology Section.
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Announcement of New Publications on
Semiconductor Measurement Technology

Superintendent of Documents,
Governmenut Printing Oftice,
Washington, D.C. 20402

Dear Sir:
Please add my name to the anmonncement list of new publications to
be issued in the series: National Buwreau of Standards Special Publi-

cation 400-.

Name

Company

Address

Cuy State Zip Cude

(Notilication Key N«{13)
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acoustic emission 4

ARPA/NBS Workshop on Surface Analysis for
Silicon ‘evices €5

ARPA/NBS Workshop on Test Patterns 638

ASTM Method F 84 8

base-collector diode 27-28
base window width 22-24
beam-lead bonding 4

bond monitor, in-process 47-48
boron nitride 6-7

boron redistribution 11-13
bridge resistor 22-24

C -C method 11
max min

carbon contamination 18-19
charge-coupled device test pattern 28-31

Darlington pairs 52-55

deep depletion 8, 10-11
diffusion window width 22-24
dopant profiles 8, 10-11

dry gas gross leak tests 49-51

electron beam evaporator 20-21

electron beam induced damage 43-46

electron spectroscopy for chemical analysis
18-19

emitter-only switching method 52-55

epitaxial layer thickness 139-41

filar eyepiece 38

four-probe array, square 25-26
four-probe method 8-9
flying-spot scanner 42-43
furnace qualification tests

gold-doped silicon 15-17
gross leak tests 49-51

hermeticity 49-51
hot spot formation 54=55
hydrogen chloride gas 6-7

image shearing eye.iece 38
infrared microradiometer, automatic @
Irvin's curves 13-14

junction canacitance-voltage 14

INDEX

69

laser interferometry 36
leak rate, calibration 51
line-width standards 36-38

micrometrology 36-38

MIL-STD-750B &

MOS capacitance-voltage 8, 10-11; 14
MOS capacitor 15-17; 26-27; 28-30
MOS transistor 30-31

NBS-3 tes® pattern 13; 22-28

over-etch characteristics 22-24
oxidation furnace qualification tests J

photomask inspection 32-36
photomask measurement 36-38
p-n junction 27-28

radioisotope leak test ¢
ramp-voltage method 39-41
rapid gas cycling gross leak test 49-51
resistivity standards 8-9

scanning electron microscopv, calibration
36=37

scanning electron microscopy, inspection by
43-46

scanning low energy electren probe 46

sheet resistor 22-=24

square array collector resistor 25-26

SRM 1520 8-9

step-relaxation method 39-41

test patterns 22-28; 28-31; 37-38

thermal resistance 52-55

thermal response 55-56

thermally stimulated capacitance 15-17
thermally stimulated current 15-17
transient capacitance methods 39-41
TV/microscope mask inspection system 32-36

ultrasonic bonding 47-48
uniform beam model 47-48

S e AR

van der Pauw resistor 22-24

x=-ray damage 20-21
X=ray phntnclcctrun spectroscopy 18-19
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CALL FOR LEVEL OF INTEREST

WORKSHOP ON MICRODEFECTS - THEiR CHARACTERIZATION
AND EFFECTS ON SILICON DEVICES

SPONSOR: ASTM Committee F-1 on Electronics

WHEN: September 16, 1976, in conjunction with the meeting of
Committee F-1, September 14-16, 1976

WHERE: Town and Country Hotel - San Diego, California
WHAT : A series of invited papers is planned covering the following areas:

- A general survey of the field of microdefects in silicon

. Crystal properties; native and mechanically induced defects
and their characterization

. Gettering and other effects of thermal processing on defects
- The impact of microdefects on MOS and on bipolar devices
. The effect of microdefects on radiation hardening of devices

The talks will be followed by an extensive discussion period
involving both a panel of experts and audience participation.

NOTE: Since facilities for this workshop will necessitate a limited attendance,

a preliminary level of interest is being solicited to aid in planning. If you

feel you wculd like to attend, please return the form below before December 20, 1975
to: .

J. R. Ehrstein

National Bureau of Standards
Building 225, Room B-346
Washington, D. C. 20234

I am interested in attending the workshop on Microdefects.

Name:

Compaﬁy :
Address:




UNITED STATES DEPARTMENT OF NATIONAL
COMMERCE D ivoaros
NEWS WASHINGTON, D.C. 20230 JJ Mashington, D.C. 20234

TECHNICAL NEWS from the National Bareau of Standards Fred McGehan

FOR IMMEDIATE RELEASE 301/921-2816
Mailed: October 28, 1975 TN-4735

NBS VIDEOTAPE AVAILABLE ON LASER

SCANNING OF ACTIVE SEMICONDUCTCR DEVICES

New and powerf.l applications for laser scanning in semiconductor
device design and reliability work are presented in a videotape now
available for distribution on loan without charge from the National
Bureau of Standards (NBS).

Titled "Laser Scanning of Active Semiconductor Devices," the 55-
minute presentation is given by David E. Sawyer and David W. Berning,

developers of an optical scanner which can, in a completely nondestructive

way, reveal the inner workings of semiconductor devices.

As an added feature, Sawyer and Berning, both of the NBS Electronic

S R

Technology DiVision, are avai]ab1é fof‘a telephone conference call to
answer questions and provide more detailed information following a
prearranged showing of the videotape. In demonstrating some of the many
applicatioas of this scanner and in offering construction details,

Sawyer and Berning hope that the semiconductor community will be stimu-

lated to construct and use similar scanner systems.

3 - More -
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In the videotape presentation the design of the scanner is described
in detail and many of its applications are displayed and discussed. For
example, it is shown that the scanner can (1) map dc and high-frequency
gains in transistors, (2) reveal areas of the device operating in a non-
linear manner, (3) electronically map temperature in the transistor, and
(4) detect the location of hot spots that can develop for certain oper-
ating conditions. The vehicle used to show the capabilities of the
scanner is a bipolar interdigitated UHF transistor. A dual input NAND
gate is used to demonstrate the use of the scanner to determine internal
logic states and otherwise observe internal operation of the circuit.

Te show the ability of the scanner to examine MOS devices without detect-
2ble degradation, an MOS shift register is used. The location and
progress of internal logic in the register is clearly shown by the
scanner. Not only can internal logic be mapped and marginally-operating
logic cells detected, but individual logic states can, if desired, be
changed by the scanner without affecting other elements.

Mapping is performed by scanning the semiconductor device with low-
power CW lasers which locally create electron-hole pairs within the
structure. These current carriers can stimulate device behavior by
taking the place of signal current-carriers which are supplied by leads

! fixed to the device.
9 )
F { In contrast to signals applied via the fixed device leads, the
i optical excitation can be moved over the surface and within the bulk.

The response of the structure can be studied on a point-by-point basis

! by displaying the response on a screen whose x-y sweeps are synchronized
with the laser scan.

Persons wishing to borrow the videotape should contact M3. Elaine
C. Cohen, Room B346, Technology Building, National Bureau of Standards,
Washington, D.C. 20234. The tape is available in color on 3/4-inch
cassettes and in black and white on 1/2-inch reels. An earlier video-
tape, titled "Defects in PN Junctions and MOS Capacitors Observed Using
Thermally Stimulated Current and Capacitance Measurements," is also
available on loan without charge.
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nual subscription: Domestic, !0.00. Foreign, mzs

DIMENSIONS/NBS (formerly Technical News Bul-
letin)—This monthly magazine is published to inform
scientists, engineers, businessmen, industry, teachers,
Maadeommolthelahﬂadumm
science and technology, with primary emphasis on the
work at NBS. The magazine highlights and reviews such
issues as energy research, fire protection, building tech-
nology, metric conversion, pollutiun abatmeni, health
and safety, and product perf: nee. In addi-
tion, it reports the results of Bureau programs in
measurement standards and tcchniques, properties of
matter and materials, engineering standards .nd serv-
ices, i1 strumentation, and automatic data p

Ani:.al subscription: Domestic $9.45; Foreign, $11.85.

Monographs—Major contributions to the technical liter-
ature on various subjects related to the Bureau's scien-
tific and technical activities.

Recommended codes of engineering and
lndumill practice (including safety codes) developed
in cooperation with interested industries, professional
organizations, and regulatory bodies.

Special Publications—Include proceedings of confer-
ences sponsored by NBS, NBS annual reports, and other
special publications appropriate to this grouping such
as wall charts, pocket cards, and bibliographies.

Applied Mathematics Series—Mathematical tables,
manuals, and studies of special interest to physicists,
engineers, chemists, biologists, mathematicians, com-
puter programmers, and others engaged in scientific
and technical work.

Nationa! Standard Reference Data Series—Provides
quantitative data on the physical and chemical proper-
ties of materials, compiled from the world's literature
and critically evaluated. Developed under a world-wide

Program under authority
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NOTE: At present the sbli outlet for

is the of Physical and Chemical
Reference Data (JPCRD) NBS
by Society (ACS) and the Amer-

and supplements available
St. N. W,, Wash. D. C. 20056

Building Science Series—Disseminates technical infor-
mation developed at the Bureau on building materials,
componeats, systems, and whole structures. The series
presents research results, test metheds, and perform-
ance criteria related to the structural and environmen-
tal functions arnd the durability and safety character-
isties of building elements and systems.

Technical Notes—. tudies or reports which are complete
in themselves but restrictive in their treatment of a
subject. Analogous to monographs but not so compre-
hensive in scope or definitive in treatment of the sub-
ject area. Often serve as a vehicle for final reports of
work performed at NBS under the sponsorship of other
government agencies.

Voluntary Product Standards—Developed under pro-
cedures published by the Department of Commerce in
Part 10, Title 15, of the Code of Federal Regulations.
The purpose of the standards is to establish nationally
recognized requirements for products, and to provide
all concerned interests with a basis for common under-
standing of the characteristics of the products. NBS
administers this program as a supplement to the activi-
ties of the private sector standardizing organizations.

Federal Information Processing Standards Publications
(FIPS PUBS)—Publications in this series collectively
constitute the Federal Information Processing Stand-
ards Register, Register serves as the official source of
information in the Federal Government regarding stand-
ards issued by NBS pursuant to the Federal Property
and Administrative Services Act of 1949 as amended,
Public Law 89-306 (79 Stat. 1127), and as implemented
by Executive Order 11717 (38 FR 12315, dated May 11,
1973) and Part 6 of Title 156 CFR (Code of Federal
Regulations).

Consumer Information Series— Practical information,
based on NBS research and experience, covering areas
of interest to the consumer. Essily understandable
language and illustrations provide useful Lackground
knowledge for shopping in today's technological
marketplace,

NBS Interagency Reports (NBSIR)—A special series of
interim or final reports on work performed by NBS for
cutside sponsors (both government and non-govern-
ment). In general, initial distribution is handled by the
sponsor; public distribution is by the National Technical
Information Service (Springfield, Va. 22161) in paper
copy or microfiche form.

Order NBS publications (except NBSIR’s and Biblio-
graphic Subseription Services) from. Superintendent of
Documents, Government Printing Office, Washington,
D.C. 20402.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES

The following current-awareness and literature-survey
are issued periodically by the Bureau:
Cryogenic Data Center Current Awareness Service

A literature survey issued biweekly. Annual sub-
seription: Domestie, $20.00; foreign, $25.0C.

Liquefied Natural Gas, A literature survey issued quar-
terly. Annual subscription: $20.00.

Superconducting Devices and Materials. A literatu.c

survey issued quarterly. Annual subseription: $20.00.
Send subscription orders and remittances for the pre-
ceding bibliographic services to National Technical
Information Service, Springfield, Va. 22161.

Electromagnetic Metrology Current Awareness Service
Issued monthly. Annual subscription: $100.00 (Spe-
cial retes for multi-subseriptions). Send subseription
order and remittance to Electromagnetics Division,
National Bureau of Standards, Boulder, Colo, 80302,



