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PREFACE

The Semiconductor Technology Program serves

to focus NBS efforts to enhance 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 two major sponsors:
the Defense Advanced Research Projects Agen-

cy (ARPA) and the National Bureau of Stan-

dards (NBS).^ In addition, the Program re-
ceives support from the Defense Nuclear Agen-

cy (DNA) , Air Force Space and Missiles Sys-

tems Organization,'' and the Navy Strategic

Systems Project Office.'''' The ARPA-supported
portion of the Program, Advancement of Reli-
ability, Processing, and Automation for Inte-
grated Circuits with the National Bureau of

Standards (ARPA/IC/NBS) , addresses critical
Defense Department problems in the yield,
reliability, and availability of digital mo-
nolithic integrated circuits. Other portions
of the Program emphasize aspects of the work
which relate to the specific needs of the
supporting agency. Measurement oriented ac-
tivity appropriate to the mission of NBS is

an essential aspect in all parts of the Pro-
gram.

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
periodically scheduled symposia and work-

shops. In addition, progress reports, such

as this one, are regularly prepared for is-

suance in the NBS Special Publication 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. Announcements 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.

Another means of interaction with the elec-
tronics community is by direct contact. In

particular, comments from readers regarding
the usefulness of the results reported herein
and relating to directions of future activity
in the Program are always welcome.

DiscZaimer

Certain commercially available materials or

instruments are identified in this publica-
tion for the purpose of providing a complete
description of the work performed. The ex-
periments reported do not constitute a com-
plete evaluation of the performance charac-
teristics of the products so identified. In

no case does such identification imply rec-
ommendation or endorsement by the National
Bureau of Standards nor does it imply that

the items identified are necessarily the
best available for the purpose.

"Through ARPA Order 2397
,
Program Code 6D10

(NBS Cost Center 4257555). All contract
work was funded from this source

.

^Through Scientific and Technical Research
Services Cost Center 4257100.

§
Through Inter-Agency Cost Reimbursement Or-
der 76-806 (NBS Cost Center 4259522).

^Through MIPR FY76 167600366 (NBS Cost Center
4259560)

.

Code SP-23, through project order
N0016475P070030 administered by Naval Am-
munition Depot, Crane, Indiana (NBS Cost
Center 4251533).



S E n I C 0 N D U C T 0 R MEASUREMENT TECHNOLOGY

PROGRESS REPORT
July 1 to December 31 , 1975

Abstraat: This progress report describes NBS activities directed
toward the development of methods of measurement for semiconductor
materials, process control, and devices. Both in-house and contract
efforts are included. The emphasis is on silicon device technologies.
Principal accomplishments during this reporting period included (1)

preliminary results of a systematic study of the effects of surface
preparation on spreading resistance measurements; (2) development of an
optical test for surface quality of sapphire; (3) development of a

basis for an exposure sensitivity specification for photoresists; and
(4) development of a modular cell concept for test structure design
and layout. Also reported are the results of work on four-probe
resistivity measurements, comparison of techniques for surface analysis,
ion microprobe mass analysis, analysis of process chemicals with flame

emission spectrometry, redistribution profiles, thermally stimulated
current response of interface states, bias-temperature stress test
measurements on MOS capacitors, a high voltage capacitance-voltage
method for measuring characteristics of thick insulator films, hy-
drogen chloride oxidation, ion implantation parameters, methods for
determining integrity of passivation overcoats, measurement of free
sodium in an oxidation furnace by resonance fluorescence, a square
array collector resistor test structure, an electrical alignment
test structure, two dimensional wafer maps, test pattern design and
analysis for silicon-on-sapphire MOS device technologies ^ a nondes-
tructive acoustic emission test for beam-lead bonds, wire bond pull
test, bondability of doped aluminum metallizations, leakage into
double hermetic enclosures, a static expansion dry gas gross leak
test, correlation of moisture infusion in semiconductor packages
with leak size and device reliability, an automated scanning low-
energy electron probe, an optical flying-spot scanner, scanning elec-
tron microscopy, scanning acoustic microscopy, and thermal resistance mea-
surements on power transistors and simple integrated circuits. Supple-
mentary data concerning staff, publications, workshops and symposia,
standards committee activities, and technical services are also in-
cluded as appendices.

Key Words: Acoustic emission; Auger electron spectroscopy; beam-
lead bonds; bias-temperature stress test; boron redistribution;
capacitance-voltage methods; dopant profiles; electrical properties;
electronics; four-probe method; hermeticity; interface states; ion
implantation; ion microprobe mass analysis; leak tests; measurement
methods; microelectronics; moisture infusion; optical flying-spot
scanner; passivation overcoats; photoresist; pull test; resistivity;
scanning acoustic microscope; scanning electron microscope; scanning
low energy electron probe; semiconductor devices; semiconductor mate-
rials; semiconductor process control; silicon; silicon dioxide; silicon
on sapphire; spreading resistance; test patterns; thermal resistance;
thermally stimulated current; ultrasonic wire bonding; voltage contrast
mode; X-ray photoelectron spectroscopy.



1 . INTRODUCTION

This is a report to the sponsors of the Semi-

conductor Technology Program on work during

the twenty-ninth and thirtieth quarters of

the Program. It summarizes work on a wide

variety of measurement methods for semicon-

ductor materials, process control, and de-

vices that are being studied at the National

Bureau of Standards. The Program, which em-

phasizes silicon-based device technologies,

is a continuing one, and the results and

conclusions reported here are subject to

modification and refinement.

The work of the Program is divided into a

number of tasks, each directed toward the

study of a particular material or device
property or measurement technique. This

report is subdivided according to these
tasks. Highlights of activity during the

quarters are given in section 2. Subse-
quent sections deal with each specific task

area. References 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 may be ob-
tained directly from individual staff mem-
bers identified with the task in the report.

Background material on the Program and in-

dividual tasks may be found in earlier prog-
ress reports as listed in Appendix B. From
time to time, publications are prepared that
describe some aspect of the program in
greater detail. Current publications of

this type are also listed in Appendix B.

Reprints or copies of such publications are
usually available on request to the author.

In addition tutorial videotapes are being
prepared on selected measurement topics for

dissemination to the electronics community.

Currently available videotapes and procedures
for obtaining them on loan are also listed in

Appendix B.

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. Formal channels for

such communication occur in the form of

workshops and sjanposia sponsored or co-
sponsored by NBS. Currently scheduled 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 beyond the task structure is partici-
pation in the activities of various technical
standardizing committees. The list of per-
sonnel involved with this work given in Ap-
pendix D suggests the extent of this partici-
pation. In most cases, details of standard-
ization efforts are reported in connection
with the work of a particular task.

Technical services in areas of competence
are provided to other NBS activities and
other government agencies as they are re-
quested. Usually these are short-term,
specialized services that cannot be ob-
tained through normal commercial channels

.

To indicate the kinds of technology avail-
able to the Program, such services provided
during the current calendar year are listed
in Appendix E

.

2



2 . HIGHLIGHTS

Highlights of progress in the various tech-

nical task areas of the program are listed

in this section. Unless otherwise identified

the work was performed at the National Bureau

of Standards.

Particularly significant accomplishments dur-

ing this reporting period included (1) pre-

liminary results of a systematic study of the

effects of surface preparation on spreading
resistance measurements; (2) development of

an optical test for surface quality of sap-

phire; (3) development of a basis for an ex-

posure sensitivity specification for photo-

resists; and (4) development of a modular
cell concept for test structure design and

layout

.

Resistivity — The range of validity of exist-

ing correction factors for measurement of the

resistivity of wafers with finite diameter by

the four-probe method was studied experimen-
tally for specimens of intermediate thickness.

The results of this study enable measurements
of resistivity on specimens in a range of di-

ameter and thickness not previously covered

by ASTM standards.

A systematic study of the effect of surface
preparation, surface orientation, probe ma-
terial, and probe condition on measured
spreading resistance was nearly completed.
The initial results suggest that there is no
significant dependence of the form of the

relationship between spreading resistance
and resistivity on probe material or condi-
tion; however, statistically significant dif-

ferences were observed between wafers of var-
ious surface orientation and conductivity
type for all probe materials. In addition,
differences were observed between various
surface preparation techniques

.

Further work on the development of the high-
speed spreading resistance probe at RCA Lab-
oratories was concerned principally with the

problem of excessive probe wear.

Physical Analysis Methods — Comparison of im-

purity profiles measured by ion microprobe
mass analysis, Auger electron spectroscopy,
and x-ray photoelectron spectroscopy showed
that in the absence of calibration standards,
only relative results could be obtained. Fur-
ther, in the case of the latter two spectros-
copies, difficulties were encountered in cali-
brating the penetration depth so that both
the density and depth scales could only be
determined on a relative basis.

Development of calibration standards for ion
microprobe mass analysis at Texas Instruments
continued with characterization of machine
parameters, characterization of silicon wa-
fers to be used for specimen preparation, and
implantation of specimens with phosphorus
dots

.

Initial results of the study of Auger elec-
tron spectroscopy, being conducted jointly by
Stanford University and Varian Associates,
included observation of the desorption of

oxygen by an electron beam on both silicon
dioxide and unsaturated silicon oxides and
the use of the chemical shift of the Auger
Si transition to develop a model for the

KJLL

silicon-silicon dioxide interface. The lat-
ter data suggest that the microscopic mix-
ture model is preferred to the random bonding
model for unsaturated silicon oxides. In ad-
dition, results were obtained relating to ion
penetration depth, ion stimulated Auger tran-
sitions, and carbon contamination.

Sodium contamination in a variety of materi-
als used for fabrication of semiconductor de-
vices was determined by means of flame emis-
sion spectrometry. This technique provides a

sensitive method for monitoring trace sodium
content in both solid and liquid materials.
No significant trends in sodium contamination
level were observed when the results obtained
were compared with the results published 2 to

7 years ago

.

Additional work on the rapid, nondestructive
infrared reflectance technique being devel-
oped at RCA Laboratories to determine the sur
face quality of sapphire substrates has demon
strated that there is correlation between the
infrared reflectance signal and the surface
roughness of a substrate.

Test Structure Applications — The boron re-
distribution profile of an oxidized silicon
wafer was measured by means of the dynamic
MOS C-V deep depletion method; the experi-
mentally measured profile could be fitted by
that derived theoretically if appropriate val
ues of the boron diffusion and distribution
coefficients were chosen.

The thermally stimulated current response of
the energy states found at the oxide-silicon
Interface of an n-type MOS capacitor were ob-
served. The response can be modeled by a con
tinuum of energy levels in the forbidden gap
of silicon, but no detailed analysis was un-
dertaken.

3



HIGHLIGHTS

Comparison of flat band voltage shifts ob-

tained by means of the bias-temperature
stress test before and after electron beam
irradiation without bias suggests that there

is a correlation between the shift due to

radiation and the mobile charge density in

the oxide and that irradiation does not ap-
pear to affect the density of mobile charge.

No further work on the bias-temperature
stress test is planned.

Further instrumental improvements were made
in the extended-range high voltage capaci-
tance apparatus being developed at RCA Labor-
atories to measure capacitance-voltage char-
acteristics of thick insulators. The previ-
ously incorporated bias protection circuitry
was shown to be effective in preventing dam-
age to the capacitance meter following break-
down of the specimen.

Materials and Prooedures for Wafer Proaess-
ing — In connection with the development of

qualification procedures for oxidation fur-
naces, a tunable dye laser has been used to

detect, by means of resonance fluorescence,
sodium in an open quartz tube oxidation fur-
nace operated at 1000°C. The detection limit
for free sodium was estimated to be approxi-
mately 5 X 10^ cm~^ . A sodium density of

about 2 X 10^ cm~^ was observed in an inten-
tionally contaminated furnace; preliminary
analysis suggests that much more sodium is

present in other forms than is present as

free sodium and that, even with its great
sensitivity, the resonance fluorescence tech-
nique may be inadequate for monitoring sodium
contamination during oxidation.

Data collection continued in connection with
the study of ion implantation parameters at
Hughes Research Laboratories. The character-
istics and limitations of the Schottky bar-
rier capacitance-voltage technique for mea-
suring implanted profiles were investigated
for various experimental conditions. Addi-
tional data were collected on profiles for
a number of impurities; preliminary data
were obtained on the sensitivity of the pro-
file to the angle of incidence and crystal-
lographic direction. In addition, initial
experiments related to measurement of total
dose were carried out with emphasis on the
study of suppression of secondary electron
emission; these results will be reported in
detail at a later date.

In the study of methods for measuring the in-
tegrity of passivation overcoats at RCA Lab-
oratories, optimum etch conditions were es-

tablished for use with the selective chemical

etch method, nonluminescing materials were

found to be less suitable than luminescing
materials for defect decoration, and the coro-
na decoration method was shown to be superior
to the more commonly employed electrophoretic
cell method.

In the study of methods for characterizing
process chemicals, being conducted at Penn-
sylvania State University, calculations of

the equilibrium partial pressures of the
various species in the chlorine-hydrogen-
oxygen system was carried out. The effect
of the presence of excess water vapor was
also investigated. Comparison with pub-
lished experimental data suggests that the
chlorine pressure is the critical parameter
and that it can be controlled by a combina-
tion of the amount of added hydrogen chlo-
ride gas and the water vapor concentration.

Pho to li thography — An analysis of the photo-
resistance exposure process was undertaken to

establish a basis for specification of expo-
sure sensitivity. The results suggest that a

set of material-related parameters can be
used to determine the speed of photoresist
materials appropriate to a particular expo-
sure apparatus

.

Analysis of automated methods for inspecting
photomasks was completed at Lawrence Livermore
Laboratories; a report on this work is being
prepared. Preliminary evaluation of a dif-
fraction-based optoelectronic method for mea-
suring small dimensions was completed at Rec-
ognition Systems, Inc. In this work, which
will be reported in detail at a later date,

it was shown that resolution comparable with
that obtained in the scanning electron micro-
scope could be achieved without the necessity
of a vacuum chamber.

Theoretical studies have been initiated on
the effect on the adjacent line on line-width
measurements with an optical microscope used
in the conventional fashion. In addition,
work has been initiated on application of the

spatial filtering technique to line-width mea-
surement with an optical microscope. Prelim-
inary results have been obtained in both stud-
ies and detailed reports are being prepared.

Test Patterns — The square array collector
resistor test structure was analyzed to de-
termine correction factors for use when the

backside of the structure is conducting. It

was found that the correction can be ignored
for most cases of practical interest.

4
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An electrical test structure was designed for

the purpose of evaluating the amount of mis-

alignment between emitter and base regions in

a bipolar process.

Investigation of modular concepts for test

structure design and test pattern layout led

to the selection of a rectangular cell with a

2 by 10 probe pad array as the basis for stan-

dardization. Modularization of the pattern

in the cells is crucial to the testing strat-

egy and permits standardization of the entire

test structure design including probe pads

and metallization runs. In order to imple-

ment these concepts in connection with a spe-
cific integrated circuit technology, a T^L

test pattern which includes a simple NAND

gate is being designed and fabricated.

Computer programs were developed to permit

the display of the geometrical variation of

parameters obtained from measurements on test

structures as whole wafer density maps. The
program permits interpolation of data between
actually measured points which facilitates

the interpretation of the wafer map.

The design of the test structures for use in

the test pattern being developed at RCA Lab-
oratories for SOS/LSI technology was com-

pleted and fabrication of the mask set was
initiated.

Interaonneation Bonding — Procedures were re-

fined for fabricating beam-lead devices with
a few weak bonds for use in studying the non-
destructive acoustic emission test for eval-
uating the quality of beam-lead bonds. In

addition, several instrumental changes were
made to improve detection sensitivity. In

the course of this study, a novel method was
developed to determine the downward force

necessary to produce threshold deflections of

a bonded beam-lead die.

A study showed that there is no dependence of

the measured pull strength on the rate of

pull of ultrasonic gold wire bonds. A simi-
lar result had been obtained previously for

ultrasonic aluminum wire bonds, but verifica-
tion for gold wire was desired to increase
the scope of a pull test method being devel-
oped by ASTM Committee F-1 on Electronics.
During this study it was found that a double
deep-grooved bonding tool was most suitable
for making ultrasonic bonds with fine gold
wire.

The suitability of silicon- and copper-doped
aluminum metallizations for ultrasonic bond-
ing of aluminum ribbon and round wire was

determined. A satisfactory bonding schedule
could be developed for all metallizations
studied; as with pure aluminum metallization,
it was found that ribbon wire exhibited a
higher pull strength for a broader range of

bonding conditions than round wire.

Hermet-iai ty — An analysis was made of the in-
fusion of dry gas into a hermetic double en-
closure with specified leak sizes in each
container. It was found that simply sur-
rounding one hermetic enclosure by another
does not assure hermetic improvement, al-
though it is obviously a protection against
a badly leaking inner enclosure. Significant
enhancement was obtained only if the leak
size in the outer enclosure was less than 10

times that of the inner enclosure or if the
free volume of the outer enclosure was at

least 10 times that of the inner one.

The dry gas, static-expansion, differential-
pressure gross leak test was analyzed to de-
termine the relationship between the meter
indication and leak size in the device under
test. It was found that the leak size is re-
lated to the rate of rise of the neter indi-
cation at very early times and that the in-
ternal free volume of the device under test
is related to the equilibrium indication.

The initial effort on moisture measurements
in integrated circuit packages was completed
at Martin Marietta-Orlando, Preliminary cal-
ibrations were run on the dew point sensors
and an instability of the microvent leaks
which was observed under pressure was cor-
rected by modifying the design.

Device Inspection and Test — The automated
scanning low energy electron probe, being de-
veloped at the Naval Research Laboratory, was
applied to the study of wafer defects. Evi-
dence of both surface contamination and crys-
tal defects was observed, but additional work
will be necessary to permit detailed correla-
tion of the observations with appropriate
causes

,

The photoresponse of the substrate diode of
an integrated circuit to low-power 1,15-pm
laser irradiation was calibrated in terms of
device temperature as an additional example
of the usefulness of the optical flying-spot
scanner for thermal mapping. Significant de-
viations from the curve predicted by simple
theory were observed at temperatures above
about 75°C,

Tests of the cylindrical secondary electron
detector intended to improve the sensitivity

5
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of the scanning electron microscope in the

voltage contrast mode showed that the voltage
sensitivity was substantially improved. How-
ever, as it is presently constructed, the

spatial resolution of this detector is inade-
quate for use in examining integrated cir-
cuits; additional modifications are not
planned at the present time.

Studies of scanning acoustic microscopy as a

technique for the inspection of semiconduc-
tor devices and integrated circuits were ini-
tiated at Hughes Research Laboratories and
Stanford University. This technique has
been shown to have 2-ym resolution and it is

thought to be capable of observing subsur-
face defects.

Thermal Properties of Devioes — It was found
that the electrical switching transients
which occur on switching a transistor out of

the quasi-saturation mode do not permit ac-

curate measurements of thermal resistance to

be made using the standard emitter-only
switching technique . This mode of operation
occurs in some devices under the high cur-
rent, low voltage conditions often used for

making thermal resistance measurements.

A study of several techniques for measuring
thermal resistance of integrated circuits
was completed. It was found that the for-
ward voltage of the collector-substrate iso-
lation junction is not a satisfactory tem-
perature sensitive parameter for determining
the peak temperature of an integrated circuit
Peak temperature determination by electrical
means appears to be possible only if the heat
generating element is accessible at the pins

of the circuit. The sensitivity of the for-
ward voltage of the isolation junction as

the temperature sensitive parameter for de-
termining the quality of the die attach of

integrated circuits remains to be evaluated.

6



3. RESISTIVITY

3.1 Four-Probe Method

Resistivity measurements by the four-probe
method are covered by ASTM standard test

methods only if the slice thickness is less

than the probe spacing [1] or if it is

greater than four times the probe spacing

[2]. Slices with thickness between one and

four times the probe spacing are frequently
used for production control of silicon crys-

tal growth and for spreading resistance cali-
bration sets. This task was undertaken to

identify appropriate geometrical correction
factors for use in this range.

Geometrical correction factors in these stan-
dards are derived from the basic equation for

resistivity, p, measured with a collinear,
equally-spaced, four-probe array [3]

:

V
2tts t (1)

tivity [1], and T is the temperature, in de-
grees Celsius, of the specimen at the time
of measurement. In this method it is stated

that the maximum error introduced by geo-

metrical effects is less than 2 percent if

the thickness of the specimen and the dis-
tance from any probe to the nearest point
on the edge are at least four times the

probe spacing.

Valdes [3] derived, from the method of

images, a factor, GyCw/s) to correct eq (1)

for finite thickness, w:

2tt£

GyCw/s)
(lb)

where Gj{w/s) is tabulated in table 1. In

the limit of a very thin sheet, Gj(v/s) ap-

proaches the value of (2s/w) ln2 and the re-

sistivity becories

where V is the potential difference between
the inner pair of probes, I is the current
between the outer pairs of probes and s is

the spacing between adjacent probes. The

ASTM method for four-probe measurements on

semi-infinite solids [2] requires the use of

no correction factors for geometry; eq (1)

is corrected only for non-uniform probe
spacing and for temperature variation of

resistivity:

p = 2ttsF F„ I- ,
sp T I

(la)

S2 is thewhere F' = 1 + 1. 25 [ 1- (s^/s)

]

sp

spacing between the inner two probes, s is

the average probe spacing, F^ = 1 - C^(T-23),

is the temperature coefficient of resis-

TT V

ln2 " I
(2)

Smits [4] has reported an equivalent factor,
F(w/s), calculated from formulae given by
Uhlir [5], to correct eq (2) for finite val-
ues of w:

p = ^ w F(w/s)
J, (2a)

where F(w/s) = 2 ln2 s/[w G7(w/s)]. For 0^
w .< (s/2), F(w/s) lies between 1.0000 and
0.9974,

Smits [4] also calculated a factor, C, to
correct eq (2) for measurements at the center
of a circular specimen of finite diameter:

Table 1 - Values of the Correction Factor

Gyiw/s) for Finite Specimen

Thickness

wC Y

where C has the value TT/ln2

limit of infinite diameter.

(2b)

4.532 in the

w/s G7(w/s)

1.000 1 .5045

2.000 1 .0939

3.000 1 .0306

4.000 1 .0134

5.000 1 .0070

6.000 1 .0041

7.000 1 .0026

8.000 1 .0017

9.000 1.0012

10.000 1 .0007

The ASTM method for four-probe resistivity
measurements on circular slices [1] assumes
that correction factors F(w/s) and C* can be
combined multiplicatively provided that
wis and the diameter, d _> 10s:

p = wC F(w/s) Y
(2c)

The factor C is designated F2 in ASTM Method

F 84.

7
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The method also provides other multiplicative
correction factors to account for non-uniform
probe spacing and for temperature variation
of resistivity:

p = wC F(w/s) F I-sp T I

where in this case F
sp

(2d)

1 + 1.082[l-(s2/s)].

Thus the regime s ^ w i 4s is not covered by

either standard method. Since analytical de-

termination of appropriate correction factors

for thick specimens with small diameter ap-

pears to be intractable, an empirical study

was carried out.

A 21-mm thick slice was cut from a 3-in.

(76-mm) diameter p-type silicon crystal with

a nominal room temperature resistivity of

10 Q'cm. Only the central 1.0- in. (25 mm)

diameter region was used since the radial

resistivity variation in the remainder of the

slice was judged to be too great for use.

The resistivity was measured at the center of

the slice with a four-probe array with the

standard [1] 1.59 mm probe spacing. The

slice was fractioned and the resulting slices

were repetitively thinned and remeasured at

the center until the thickness was about 1 mm.

Slices with thickness between about 5 mm and

1 mm were also measured with a probe with nom-

inal 1.0 mm spacing. The results, expressed

as the percent difference between resistivity

calculated from measurements in the thinnest

slices using eq (2d) and the resistivity cal-

culated using either eq (2d) or (la) as a

function of slice thickness normalized by
probe spacing, are plotted in figure 1.

Although some scatter would be expected since

each of the measured V/I ratios has an uncer-

tainty typified by a relative sample standard
deviation of 0.3 to 0.5 percent, data frpm a

given slice tended to be grouped along a well
defined curve. It can be seen that if eq

(2d) is used when w/s i 2.5 and if eq (la) is

used when w/ s >- 2.5, errors introduced by geo-

metrical considerations are less than 2 per-

cent provided the measurement is made at the

center of the slice and provided that the

diameter is at least 16 times the probe spac-

ing. For larger diameter slices, smaller
errors are expected.

(J. R. Ehrstein and D. R. Ricks)

3.2. Spreading Resistance Methods

An extensive series of experiments was under-
taken to determine the effect of specimen

3
-

»—

5 -1
ae
UJ
o»

-2

-3

-4

- O CEK^

1.0 10

w/s

Figure 1. Percent difference between cal-
culated and actual resistivity as a func-
tion of the ratio of the thickness, w, of a

25-mm diameter slice to the probe spacing, s.

(circles: s = 1.59 mm; squares: s = 1.02 mm;
solid points: calculated from eq (la); open
points: calculated from eq (2d).)

surface preparation and probe material on the
empirical calibration between specimen resis-
tivity and spreading resistance. These re-
sults are prerequisite to the investigation
of the validity of using bulk silicon speci-
mens to calibrate spreading resistance mea-
surements on epitaxial silicon wafers.

In the present study specimens were cut from
1.5- to 2.0-in. (38- to 51-mm) diameter
Czochralski-grown silicon crystals. Fifteen
crystals each of n- and p-type silicon were
grown in the [111] direction and twelve cry-
stals of n-type silicon were grown in the

[100] direction. Crystal orientation was
specified to ±3 deg and was not rechecked at

NBS.

Slices 0.25-in. (6.3 mm) thick were cut per-
pendicular to the growth axis of each crystal
to provide specimens with exposed (111) or

(100) faces. Extra slices 0.12-in. (3.0-mm)
thick were cut from seven [111] crystals of

each type; these were used to provide speci-
mens with exposed (110) faces by cutting
along the diameter parallel to the orienta-
tion flat. The slices, except for those cut

from three high resistivity [111] n-type cry-
stals had a resistivity range not exceeding
5 percent between half radius points along a

diameter. The resistivity was measured at
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the center of each slice by the four-probe

method (see sec. 3.1.); it was judged to be

known to ±2 percent except for the slices

with excessive resistivity variation for

which it was judged to be known to ±3 percent.

For each set of like orientation and conduc-

tivity type the resistivities were distri-

buted relatively uniformly over the range
10"^ to 10^ Q-cm.

Rectangular parallelipipeds , 0.50-in.

(12.7-mm) long and 0.25-in. (6.3 mm) thick,

were cut from the central region of each

slice along a diameter. The width of the

oriented face varied from 1.3 to 3.0 mm de-

pending on the number of slices in the set;

the total width of all specimens in a set was

about 20 mm. Sets of like orientation and

conductivity type were mounted on a common

block as shown in figure 2, with the oriented

face upward and arranged so that the resis-

tivity was a somewhat random function of posi-

tion. The common mounting and partial ran-

domization were to ensure that surface pre-

paration would be as nearly identical for all

specimens in a group and that there would be

no systematic relationship between surface

preparation and resistivity.

Six different surface preparations are being

studied: lap with S-ym alumina, chemical

polish with CPi^ etch [6], chem-mechanical
polish with slica sol [7], chem-mechanical

polish with zirconium silicate [8] , mechani-

cal polish with O.S-ym alumina polish in

aqueous slurry, and mechanical polish with
0.3-)jm alumina in a non-aqueous commercial

thinner designed for diamond polishing. Mea-

surements are being made with four probe ma-

Figure 2. Photograph of typical specimen
block

.

terials : tungsten-ruthenium alloy of nominal
radius 0.75 mil (19 pra) [9], tungsten carbide
of nominal radius 1.0 mil (25 ym) [10], os-
mium of nominal radius 1.0 mil (25 pm) [11],
and osmium-tungsten alloy of nominal radius
1.0 mil (25 ym) [12]. Two sets of the last
type of probes were used; one set was rela-
tively blunt from extensive use while the
other was new and freshly conditioned [13].

A commercial two-probe instrument which de-
termines the logarithm of the ratio of the

current through the probes to a current
through a standard resistor, each driven by
a constant, 10-mV source is being used to

make the spreading resistance measurements.
The probes, which are loaded with 45 g, are
stepped across the composite blocks in a di-
rection perpendicular to the long axis of the
parallelepipeds at intervals of 250 ym. Mea-
surements are being made on each block for

each surface preparation with each of the
five sets of probes. In addition, measure-
ments are being repeated on all surfaces pre-
pared with aqueous media (except CPi+ etch)
following a bakeout at about 160°C for 20 min
in room air; this bakeout has been observed
to greatly improve the spreading resistance
measurements on p-type specimens with resis-
tivity of 1 fi'cm or more [14-].

The results obtained so far show no signifi-
cant dependence of the fonn of the spreading
resistance-resistivity (R -p) relation on

sp
probe material. This is illustrated in fig-
ure 3 which shows the results of measurements
with the various probe tips on the (111) n-

^ 2000

1S00

1000

1
1 1 1 1 1

1

III III 1 lllll 1 1 1 llllll 1 1 1 1 III

1 1 1 1 1 III 1 1 1 1

1

III Ill I 1 II 1 ml """Ti mil

0 001 0 01 0.1 1 0 10 100

RESISTIVITY in-cm)

Figure 3. Ratio of spreading resistance, R^p
to resistivity, p , as a function of resistiv-
ity as measured with a variety of probe tips
on a (111) )7-type silicon surface chem-
mechanically polished with silica sol and
baked out. (•: blunt osmium-tungsten alloy;
O: freshly conditioned osmium-tungsten al-
loy; : tungsten carbide; : tungsten-ruthe-
nium alloy; osmium.)
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RESISTIVITY (n.cml

Figure 4. Ratio of spreading resistance, Rgp, to resistivity, p, (logarith-

mic scale) as a function of resistivity as measured with freshly conditioned

osmium-tungsten alloy probe tips on a variety of silicon surfaces chem-

mechanically polished with silica sol and baked out. (•: (111) n-type; :
(110) n-type; O: (100) n-type; : (111) p-type; A: (110) p-type; solid lines

are least squares fits to the data with parameters as listed in table 2.)

type silicon surfaces chem-raechanically pol-
ished with silica sol and baked out. Dif-
ferences in absolute value of the spreading
resistance response can be seen; these appear
to be primarily related to differences in ef-
fective contact radius of the various probe
tips.

However, statistically significant differ-
ences were observed between wafers of various
surface orientation and conductivity type for

all probe materials. Figure A and table 2

illustrate these differences for the case of

measurements with the freshly conditioned os-
mium-tungsten alloy tip on surfaces chem-

Table 2 - Linear Regression Coefficients for Spreading
Resistance Calibration Plots

Surface
Orientation

Conductivity
Type

m

Total
Data

Points

Excluded
Data ,

Points

(111) P 2.926 0.005 -0.020 0.004 15 1-3,15

(111) n 3.290 0.012 -0.011 0.009 15 1.2

(100) n 3.169 0.009 -0.032 0.008 12 none

(110) P 2.872 0.013 -0.036 0.015 7 1.2

(no) n 3.316 0.023 -0.037 0.019 7 none

^log(R^^/p) = (b±s, ) + (mis ) log psp D m

^Data points (counting from leftmost point) excluded when Rgp < 10 fj

(see text) except for point 15 for case of (111) p-type case which
was apparently high because of incomplete post polish bakeout.

10



RESISTIVITY

mechanically polished with silica sol and

baked out. The calibration plots in the fig-

ure are presented as log R /p against log p.
sp

As compared with the more usual log

against log p plots, the present format empha-

sizes both deviations from linearity in a

given plot and differences between plots made
for different conditions.

Discrepancies in linearity of the Rgp~P rela-

tionship for resistivities below 0.01 Q'cm

are believed to be instrumental in nature.

Shifts in the direction of high spreading re-

sistance were observed for all probe-specimen
combinations for which the measured spreading
resistance was less than about 10 fl. One
cause may be an increase in series resistance
due to spreading resistance into the probe
material. Spreading resistances of 1.5 to

2.5 n have been measured for the probe mate-
rials under several conditions. If this is

subtracted from the spreading resistance mea-
sured on silicon specimens, an otherwise lin-

ear relation is generally continued down to

0.001 fl'cm. A second possible cause concerns

the inability of the current source to oper-

ate in the constant voltage mode under the

high current conditions associated with small

resistive loads.

The response on variously prepared (111) sur-

faces, both p- and n-type, is illustrated in

figure 5 for the case of the freshly condi-
tioned osmium-tungsten alloy tip. For p-
type material, the response on the various
surface preparations does not appear to be
significantly different except that chem-
mechanically polished specimens with re-
sistivity 0.5 fi'cm or more show large fluc-
tuations unless baked out [14]. (The 60 Q'cm
point on the baked out chem-mechanically pol-
ished surface is high because of an incom-
plete bake cycle and should be disregarded.)

For n-type material, the response on lapped

surfaces is distinctly different from that on

polished surfaces. On lapped surfaces, with

or without bakeout, a strong peak in the ratio

of R to p is observed for resistivities in
sp

the vicinity of 0.1 Q'cm; the effect is more
pronounced after bakeout. Polished surfaces

I I I I III] 1
! I I

1

I I I I

1
I I I I I M I I IM

i I I I I mil III I Hill
I I 1 1 Hill—I I I I III

01 10

RESISTIVITY in.cm)

a. p-type.

! I
I I Mill I

I
I I I I I I llllj 1 M I I lll| I I M I III

I I I 1 mil I I I 1 1 ml ml
I I I I I Mil 1 M I III

The exact cause of the deviation from lin-
earity at low specimen resistivity should
have virtually no effect on the interpreta-
tion of measurements on bulk specimens hav-
ing the same surface condition as the cali-
bration specimens. However, interpretation
of data on graded or multilayered structures
may well be affected depending on the algo-
rithm used, and certainly any detailed mod-
eling of the spreading resistance phenomenon,
such as inclusion of pressure dependent ef-
fects , will be influenced by an understand-
ing of the dependence of measured spreading
resistance upon resistivity.

0.001 0.01 0.1 1.0 10 It

RESISTIVITY in-cm)

b, n-type.

Figure 5. Ratio of spreading resistance, Rgp,

to resistivity, p , as a function of resistiv-
ity as measured with freshly conditioned os-

mium-tungsten alloy probe tips on (111) p-
and n-type silicon surfaces prepared in vari-

ous ways. (circles: lapped with 5-ym alumi-

na; squares: chem-mechanically polished with

silica sol; triangles: mechanically polished
with 0.3 um alumina in non-aqueous thinner;

solid points: not baked out; open points:

baked out .

)
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Figure 6. Ratio of spreading resistance, Rsps
to resistivity, p , as a function of resistiv-

ity as measured with freshly conditioned os-

mium-tungsten alloy probe tips on n-type sili-

con surfaces showing extremes of behavior,

(circles: (111) surface; triangles: (110)

surface; squares: (100) surface; solid

points: lapped with S-ym alumina and baked;

open points : chem-mechanically polished with
silica sol and baked.)

show a more nearly linear response than do

the lapped surfaces; the response of surfaces
chem-mechanically polished in aqueous media
is not improved by bakeout.

Extremes of behavior for three orientations
of n-type surfaces are illustrated in figure

6; the measurements reported were made with
the freshly conditioned osmium-tungsten al-
loy tip. The most nearly linear response
occurs on the chem-mechanically polished
(100) surface; data shown were taken follow-
ing bakeout but are essentially the same as

data taken prior to bakeout.

Additional measurements to complete the ma-
trix are underway; preferred surface prepa-
ration procedures can better be established
following the conclusion of the experiment.

(J. R. Ehrstein and D. R. Ricks)

3.3. High-Speed Spreading Resistance Probe

Additional tests were conducted with the
prototype high-speed spreading resistance
probe (NBS Spec. Publ. 400-19, pp. 10-13).
The response of the instrument was found

to be excessively noisy under light load
conditions which are best from the stand-
point of probe wear. To correct this prob-
lem, hinged probe arm supports, pictured
in figure 7, were designed and built. Re-
sults of measurements made with the pre-
vious holder suggest that the use of probe
points with relatively large tip radius
minimizes both noise and probe wear. The
most suitable tips appear to be those with
a large number of small, uniform micro-
points; one way to achieve this condition
Is to dress the points with a stone of 6-

ym diamond in an epoxy matrix. Experience
with osmium alloy and tungsten carbide probe
points with tip radius from 1/4 to 6 mil (6

to 150 ym) showed that wear occurred prin-
cipally as a result of breakage of micro-
points (so that increasingly larger loading
was necessary to maintain good electrical
contact) or, under heavier loads, shear-
type fracture of larger pieces (resulting
in the formation of deeply gouged tracks)

.

Small changes in the tip mlcropolnt config-
uration do not appear to have more than a

secondary effect on the relationship be-
tween spreading resistance and resistivity.

A compilation of the hardness of silicon
and a variety of commercially available
point materials is presented in table 3.

It was found that the materials which are
softer than silicon, hardened Inconel,
steel, and tungsten, did not make good
contact. The tracks were only faintly
visible and the readings were very noisy.
Points of all materials harder than sili-
con, tested to date, produced good track
marks when the point tips were in good con-
dition.

A Probe tip

B Arm
C Hinge
D Counterweight
E Base

"Figure 7. Hinged probe-arm assembly.
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Table 3 — Hardness of Probe Tip Materials

Mdten a i laenti ti cati on V iL^riCr b nar umcod

iil^UllCI / lO) ilulUCIiCU ni rkpl -rhrnmi lim-mnl \/hHp niim-i rnn 480

L 1 0 J

Tungsten [11] 535 490

Carbon steel [11] 790-870 730-750

Silicon [11] 1150-1400 900-niO
Carballoy 55A [16] 87% tungsten carbide, 13% cobalt 1180-1380 1000-1200
Carballoy 779 [16] 91% tungsten carbide, 9% cobalt 1300-1400 1150-1250
Osmium Alloy [11] osmium, tungsten, cobalt >1150 >1000
Fidel i tone K75 [9] tungsten-ruthenium 1650 1500
Carballoy 883 [16] 94% tungsten carbide, 6% cobalt 1650-1750 1500-1600

Carballoy 895 [16] 94% tungsten carbide, 6% cobalt 2000

'Hardness figures quoted are derived from a variety of sources and were obtained by using

different methods . Therefore comparisons between various materials are not precise and
the data given should be used only as a rough guide

.

The instrument was shown to respond to

various surface preparations in a manner
similar to that previously found using a

commercially available stepping-type in-

strument although the traces on the high-
speed instrument were frequently somewhat
noisier. For example, the effects of the

strong inversion layer on air-dried chem-

mechanically polished p-type (111) sur-
faces were removed by baking in air at
160° to 170°C for 15 min while no such ef-

fect was observed on chem-mechanically pol-
ished n-type (100) surfaces. Beveled speci-

mens, prepared by high-speed diamond grinding

[15] showed no distinct step in resistance
when traversing from the original surface of

the wafer onto the beveled surface. Repeated
traces (slightly displaced) along the diam-
eter of a heavily striated wafer, taken with
an osmium alloy tip of 0.4-mil (10-um) radius
loaded with 60 g, were able to resolve fea-
tures 50 to 100 ym in extent. It was possi-
ble to traverse a 3.0-in. (76--mm) diameter,
taking a measurement every 250 ym, in 5 min
with a reset time of 3-1/3 min.

(A. Mayer§ and N. Goldsmith^)
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^ . PHYSICAL ANALYSIS flETHODS

4.1. Comparative Study of Surface Analysis

Techniques

Several other aspects of the comparative

study of surface analysis techniques (NBS

Spec. Publ. 400-12, pp. 17-18) have been com-

pleted. The boron-implanted silicon specimen
was profiled by secondary ion mass spectrom-
etry (SIMS) using two different instruments,

a direct imaging ion microscope and an ion

microprobe. The specimen was a phosphorus-
doped silicon wafer with room temperature re-

sistivity in the range 5 to 10 Q'cm and (100)

surfaces. The 150-keV ^^B implant was mis-
aligned by 7 deg with respect to the [100]

direction to minimize channelling effects and
then annealed at 1000°C in a non-oxidizing
atmosphere for 1 h to electrically activate
the boron.

Both SIMS studies employed an 2''" primary ion
beam for sputtering while positive secondary
ions (^^B"*", ^^Si"*") were collected for analy-
sis. A 5.5-kV gun-to-specimen primary ion
accelerating voltage was used for the ion
microscope analysis. The primary ion beam,

carrying a current of 200 nA, was focussed to

a 100-pm beam diameter and rastered over a

square area, 350 ym on a side; this technique
produces a crater with a flat bottom even if

the current density is not uniform across
the beam diameter. A mechanical aperture in-
serted at the focal plane of the ion micro-
scope was used to stop-down the secondary ion
collection area to the central 200-ijm region
of the crater to eliminate crater wall effects
that cc'uld otherwise obscure the depth pro-
file. The analyzer slits were set to give a

mass resolution m/Am = 50 at 10-percent val-
ley. The ion microprobe was operated at a

20-kV accelerating voltage with a 35-nA beam
focussed to a lO-pm spot and rastered over a

100-ym by SO-pm area. Electronic gating was
used to restrict the region from which sec-
ondary ions were collected to the central
50-ym by 40-ym part of the analysis crater.
The resolution of the mass analyzer was set
so that m/Am = 190 at 10-percent valley.

The boron counting rate measured as a func-

tion of time was normalized at every instant
to the silicon counting rate to minimize the

dependence of the boron signal on variations
in the operating conditions of the instrument
and on minor inhomogeneities in the matrix.
The sputtering time was converted to a depth
scale through the sputtering rate which was
assumed constant and was determined by divid-
ing the final crater depth, measured by stylus
profilometry, by the total analysis time.

Both measurements indicated that the pealc

of the distribution occurred at 390 nm and,

except ii'. the tail of the distribution at

large depths (where, because of the low
boron densities involved, instrumental ar-
tifacts are expected to play an increasingly
important role) , the relative magnitudes
agreed well with each other. The peak loca-
tion, which was expected to remain essential-
ly fixed during the anneal, is much shallower
than the value of 570 nm predicted by the cal-
culations of Johnson and Gibbons [18]. How-
ever, other workers [19,20] have also reported
values around 400 nm and recent calculations

[21] give a value of 420 nm. It should be
noted that, because of the absence of cali-
bration standards, only relative density
scales were reported for both measurements.

The profile of the zinc-implanted specimen,
which was much more heavily doped, was mea-
sured by Auger electron spectroscopy (AES)

and x-ray photoelectron spectroscopy (XPS)

as well as by SIMS. The profiles obtained
are plotted in figure 8. Note that both
scales are normalized. The SIMS profile

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

NORMALIZED DEPTH (tp^^^)

Figure 8. Normalized zinc concentration
depth profiles as measured by secondary ion
mass spectrometry, Auger electron spectros-
copy, and x-ray photoelectron spectroscopy.
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was obtained with the ion microscope as de-
scribed above except that ^^Zn"*" ions were col-

lected for analysis rather than ^^B"*". The in-
tensities of the zinc 994-eV Auger electron
peak and the zinc 3p3/2 photoelectron peak
were used to infer the profiles in the AES
and XPS measurements, respectively. While
these profiles appear to agree on the normal-
ized basis shown, the position of the peak of

the distribution, the range straggling, and
the density levels do not agree on an abso-
lute basis. Much of the difference is attri-
buted to differences in the sputter etch char-
acteristics of the crater [22].

Because SIMS is plagued by severe matrix de-
pendent variations of the ionization yields
and ill-defined sputtering rates, the true
compositional profile and the measured data
curve may not bear an exact likeness. Never-
theless, SIMS remains the most sensitive of

all the profiling methods considered here
with the detection limits for some elem.ents

reaching into the parts per billion range.

In addition, SIMS can have excellent lateral
resolution ym) making it suitable for mi-
croelectronic device analysis

.

By comparison to SIMS, matrix effects in AES
and XPS are relatively minor, although in XPS,

matrix effects are advantageously used to de-
termine the chemical state of the detected
species. The shallow escape depths ('^1 nm)
of the detected electrons make these spectros-
copies ideal for studying impurities on sur-
faces and at interfaces. (A. G. Lieberman)

4.2. Calibration Standards for Ion Micro-
probe Mass Analyses

Ion mlcroprobe mass analyses (IMMA) and neu-
tron activition analyses (NAA) were com-
pleted on the 12 wafers being used for eval-
uation of substrate impurity content (NBS

Spec. Publ. 400-19, pp. 20-22). The results
of the analyses are summarized in table 4.

The neutron activation analyses clearly
showed that the impurities in the substrate
material are well below the detection limits
of the IMMA technique. The ion microprobe
mass analyses found only a normal background
of 2 to 5 counts per second except for ^^P

and ^^As, where the SiH''" and Si20''' molecular
ions contribute to the signal.

The ion microprobe measurements were made
using the parameters most frequently used
for depth distributions. The primary sput-
ter source was 20-kV 02"*" with 30-nA current

Table 4 - Substrate Purity Evaluation

Ion Microprobe Mass Analysis (counts per second)

Specimen 2 3Na 31p 52Cr 7 5As

Sil icon-1 3 47 4 3 6

Sil icon-3 2 29 3 11 6

Silicon-5 1 18 1 2 2

Silicon dioxide-7 2 32 3 9 3

Silicon dioxide-9 3 27 3 17 4

Silicon dioxide-11 4 32 2 14 4

Neutron Activation Analysis (parts per million, atomic)

Specimen 2 3Na 31p 52Cr 75As 197AU

Silicon-2 0.001 <1 <5 <0.01 5 X 10-6

Silicon-4 0.001 <1 <5 <0.01 5 X 10-6

Sil icon-6 0.001 <1 <5 <0.01 <1.5 X 10-5

Silicon dioxide-8 <2 <1 <50 <0.5 <0.01

Silicon dioxide-10 2 <1 <50 <0.5 <0.01

Silicon dioxide-12 <2 <1 <50 <0.5 <0.01
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focussed to a 20-yin spot and swept in a 100-

vm by 80-ym raster. The secondary ions were

detected from the central one-fourth of the

sputtered area using a mass resolution (m/Am

at 10-percent valley) of 190. The secondary

ion counts were collected in groups of 100

ten-second counting periods. The results re-

ported are the mean of each group of 100 di-

vided by 10.

Preliminary measurements on an initial group

of phosphorus-implanted microvolumes show

that the SilT*" molecular interference plays

a major role particularly when the phos-

phorus-implanted region is small compared

with the total acceptance area.

(R. Dobrott" and G. B. Larrabee")

4.3. Electron Spectroscopy Techniques

This task was undertaken to Investigate
various aspects of Auger electron spectros-
copy (AES) and photoelectron spectroscopy
(PES) in conjunction with ion sputter or

other methods of etching as applied to the

examination and analysis of MOS device struc-
tures. Application areas of particular sig-

nificance are the characterization of oxide-
semiconductor interfaces and of the associ-
ated oxide films and the characterization of

metal-metal, metal-oxide, and metal-semicon-
ductor bonds.

Initial efforts in this task are concerned
primarily with investigation of ion profil-
ing phenomena and Auger electron spectros-
copy. In the former area, surface rough-
ness effects, preferential etching effects,

ion beam effects, and effects of contami-
nation in the ion source gas are being
studied. In the latter, emphasis is being
placed on determination of electron beam
induced surface damage and extraction of

chemical bonding as well as chemical com-
position information from the spectra.

Surface Roughness — Study of the roughness of

the crater formed by argon ion sputtering
leads to the conclusion that surface rough-
ness is not the cause of the observed width
of the silicon-silicon dioxide interface [23]

.

No roughness was observed at the bottom of
craters formed by a low energy, rastered ion

Work performed at the Central Research
Laboratories of Texas Instruments Incor-
porated under NBS Contract No. 5-35917.
NBS contact for additional information:
K. F. Galloway.

beam in silicon dioxide-silicon structures

when they were examined by both scanning elec-
tron microscopy and transmission electron
microscopy (replica technique)

.

Prefeventiat Etching — It would be expected
and has been observed that preferential
etching is most evident in polycrystalline
materials where different crystal faces

etch at different rates. The silicon
oxides, on the other hand, are noncrystal-
line. There have been reports of preferen-
tial etching during bombardment by high-
energy helium ions during backscattering ex-
periments [24]. However, with argon as the

sputtering ion at energies from 1 to 3 keV
no significant preferential etching effects
have been observed. Possible differences in

sputtering rates on different faces of sili-
con, which would be important in interpret-
ing profiles on the silicon side of a sili-
con dioxide-silicon interface, are being in-

vestigated.

Ion Penetration Depth — An important factor
that enters into the depth resolution of

Auger-ion profiling is the penetration
depth of the primary ions. The penetration
depth, or ion range, in the solid is a mea-
sure of the extent of the stirred or altered
surface layer. Although considerable data,

both theoretical [21] and experimental [25],

have been published concerning the range of

ions at energies used for ion implantation,
at energies below 10 keV there is, practi-
cally speaking, no experimental information
and the theory is not well established.

Argon ion penetration was measured for the

(100) orientation of silicon in the energy
range 1 to 3 keV typically used for sput-
tering. A specimen was sputtered for 2 min
by means of a 75 yA/cm^ argon ion beam, of

a particular energy. The beam strikes the

specimen at an angle of 53 deg with respect
to the surface normal and was rastered to

give uniform current density. In this pro-
cess at least 15 nm is removed. Immediately
after sputtering the argon is pumped out and
replaced with xenon to the same pressure,
5 X 10"^ Torr (6.7 mPa) . The Ar^^. signal

K.LLi

from the specimen is monitored as a function

of the Xe"*" sputtering time. The sputtering

rate was taken as 0.5 nm/min at the energy

of 1 keV and the beam current density of

2.5 uA/cm^ employed. The time to remove the

implanted argon completely is used as a mea-
sure of the ion range. The results are pre-
sented in figure 9. Both the absolute magni-

tude and the rate of increase are smaller
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1.0 2.0

ARGON ION ENERGY |keV|

3.0

Figure 9. Energy dependence of argon ion

range (penetration depth) in [100] direction
of silicon. (Broken line is extrapolated
from ion implantation data on silicon [21].)

than expected from extrapolation of data in

the 100 to 1000 keV energy range [21]. This
is attributed to the influence of large angle
scattering at low energies, an effect not
presently included in the theoretical calcu-
lations .

In routine depth profiling experiments, 1-keV

argon ions are employed for sputter etching.

The depth of the perturbed layer in silicon
is about 0.6 nm, which is one of the micro-
scopic limitations on the ion sputtering

technique. Although the damage depth may be

reduced by using lower ion energy, the de-
crease in sputtering yield results in an in-

tolerable increase in total sputtering time.
Ion penetration depths in silicon dioxide
and silicon nitride are expected to be small-
er than in silicon [21]. In these materials
it is hardly possible to observe the Ar

KLL
signal under the conditions of the experiment
described above.

Ion Stimulated Auger Transitions — For cer-
tain materials, silicon and aluminum for

example, intense, well defined Auger emission
stimulated solely by the ion beam have been
observed under specific operating parameters.
For other materials, silicon dioxide for ex-
ample, this ion stimulated Auger (ISA) emis-
sion is found to be extremely weak for the
same ion beam parameters. In figure 10 an
Auger spectrum stimulated solely by electron

I I I—I—rT~T

—

^—|—1—|—T—

r

I I I I I L_L _I_J I I I

100 1500 50
ENERGY (cV)

Figure 10. Auger spectra from a (100) silicon

surface. (Solid curve: 3.0-keV Ar+ ion bom-

bardment only, current = 16 pA; dashed line:

4.5-keV electron bombardment only, current =

5 pA; same detection sensitivity for both
spectra .

)

bombardment is compared with an ISA spectrum
taken with ion beam parameters favorable for

a large signal. This comparison displays the

distinct differences in the two types of spec-
tra and demonstrates the need for careful se-
lection and matching of electron and ion beam
parameters to avoid erroneous results during
electron stimulated Auger (ESA) sputter pro-
filing of devices containing elemental sili-
con. Investigation of the ISA yield in sili-
con as a function of the Ar"*" ion beam energy
showed that the yield at 1 keV is negligible.
For an ion beam energy of 3 keV, however,
it was found that the ion beam current must
be kept quite small if the ISA contribution
from silicon to the Auger spectrum is to re-
main less than 5 percent during sputter pro-
filing with the usual ESA operating param-
eters. This strong dependence of the ISA
yield on ion beam energy provides one with
the ability to eliminate its effects during
ESA sputter profiling as well as the possi-
bility of using ISA itself as a new tool for
profiling specific interfaces.

Quadrupole Mass Analysis of Impurities in the
Ion Source Gas — A common mode of vacuum sys-
tem operation during sputter profiling in-
volves activating the titanium sublimation
pump and subsequently turning off the ion
pump. This procedure, which results from
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a. Si|^]^j^ Auger lines obtained at the
corresponding depths as marked below.

Electron Beam Induced Swcfaoe damage — The
electron stimulated desorption of oxygen in
silicon oxides was studied under a variety
of conditions [26,27], In general it was
found that primary beam interactions in AES
analysis depend on the chemical composition
of the specimen under investigation and its
pre-history. It was also found that beam in-

teractions may be minimized by a suitable
choice of primary beam parameters such as
energy and flux. A total exposure of up to
10^^ 2-keV electrons per square centimeter
appeared to leave the surface, practically
speaking, virgin although not untouched.
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Figure 11. Chemical depth profiles through
about 100 nm of silicon dioxide thermally
grown on a (100) silicon surface.

the physical configuration of many common
ultra high vacuum (UHV) systems, allows one
to fill the chamber with inert gas, in this
case argon, to the sputter operating pres-
sure ('^^5 X 10"^ Torr) while the fresh titan-
ium film getters the reactive impurity gases.
Titanium at room temperature does not, how-
ever, pump the methane which is produced upon
extinguishing the ion pump. Methane pressure
in the baked UHV chamber varied from 3 to 15

percent of the total pressure in the chamber;
the remainder was almost entirely argon ex-

cept for a small quantity of helium. Al-
though carbon contamination can be a severe
problem in surface analysis, no effect of

methane on the Auger spectra or on the depth
profiles was found for the customarily em-
ployed electron and ion beam operating
parameters

.

Chemical Shift Studies — Chemical shifts were
observed in the silicon KL2 3L2 3 Auger tran-
sition in unsaturated silicon oxide films
vapor deposited on silicon [28]. These re-
sults are interpreted [29] as supporting the
microscopic mixture model [30] in preference
to the random bonding model [31] for the
chemical structure of unsaturated silicon
oxides. Chemical shifts of Auger lines have
proven very useful in analysis of interfaces
as they appear in chemical depth profiles of
layered structures [23]. A typical depth
profile is shown in figure 11. Here a

100-nm thick oxide thermally grown on a (100)
face of silicon has been sputtered through,
and peak-to-peak heights of the Si , 0„tt»KLiLi K.LL

and Si^^ lines are plotted as a function

of sputtering time. Knowing the rate of
sputtering, 7.7 nm/min in this case, the
time scale can be converted to distance or
depth into the specimen. The bulk of the
oxide layer shown in the figure is homoge-
neous silicon dioxide, Si02 . However, at
the interface, the stoichiometry appears to

be SiO , where x < 2. This is demonstrated
X

by the dip in the Si profile, caused by
KLL

the presence of silicon atoms in two chemi-
cal states. The Si lines plotted above

the depth profiles in the figure show how
the 1611 eV line decays and the 1618 eV line
grows as the interface is sputtered through,

A closer examination of the interface region,
figure 12, shows that the silicon atoms
change their chemical state in an orderly
fashion over a spatial extent of about 8 nm.
The interface in the figure appears to be
wider than the "real" interface due to es-
cape depth and ion beam effects. When these
effects are taken into account, one arrives
at a "real" interface width on the order of
3"nm. Based on this experimental data and
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a. Model of morphology of interface.
Dotted areas are connective regions be-
tween silicon, shown as black areas, and
silicon dioxide, shown as areas with ver-
tical lines. The broken vertical lines
indicate the electron escape depth at

1600 eV.
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b. Depth profiles showing the falloff
of the Okll line and the change from the

1611 eV to the 1618 eV SixLL li^^e through

the interface region. One division on

the horizontal scale is equivalent to 1.9

nm.

Figure 12. Details of interface region.

on the transport properties of MOS-channel

devices, a model of the chemical structure

and the morphology of the oxide-silicon inter-

face was formulated [32]. A sketch of this

model is shown at the top of figure 12. The

black areas represent silicon, the areas with

thin vertical lines represent silicon dioxide,

and the dotted areas represent connective re-

gions between the silicon and the silicon di-

oxide. The vertical broken lines indicate

the escape depth of 1600 eV electrons.

(J. S. Johannessen+§ , W. E. Spicer+

,

P. E. Lusher^, and Y. E. Strausser^I

)

4.4. Sodium Contamination Studies

Sodium and other alkali contaminants are
known to have a deleterious effect on the
electrical behavior of microelectronic de-
vices. Thus, the impurity content of process-
ing materials used for semiconductor device
fabrication must be carefully controlled.
Flame emission spectrometry has been used as
a measurement technique for determining lev-
els of contamination in processing materials
[33-36], New results have recently been ob-
tained using this technique to measure the
sodium trace contamination in a variety of
typical commercial electronic grade materials.

The instrumentation used for the measurements
has been described in detail elsewhere [37],
Briefly, it consists of a flame emission
spectrometer which scans repetitively a nar-
row region of the optical spectrum while the
second derivative of the output light inten-
sity signal is measured. Using this tech-
nique, matrix spectral interferences are mini-
mized and very small samples can be used.

The minimum detectable quantity of sodium was
estimated to be in the range of 100 pg/ml with
a precision of ±25 percent or better at this

level. The minimum specimen volume used for

analysis was approximately 100 pi. Purified
spectroscopic grade reagents and TFE fluoro-
carbon containers were used for preparing the

specimens analyzed. Blank solutions were
carefully checked and all intermediate opera-
tions for the analysis were controlled to

prevent transport of sodium from the ambient
into the analyzed specimen. Fresh sodium
standard solutions were used for calibrations
both before and after each specimen analysis.

H

Work performed at Stanford Electronics Lab-
oratories of Stanford University under NBS
Contract No. 5-35944. Partially funded by
Army Research Office, Research Triangle
Park, N.C., under contract No. DAHC OHVU G
0215. NBS contact for additional informa-
tion: K. F. Galloway.

§
Partially supported by Electronics Research
Laboratory, University of Trondheim and the
Royal Norwegian Council for Scientific and
Industrial Research.

Work performed at the Surface Analysis Lab-
oratory of Varian Vacuum Division under sub-
contract to Stanford University.

19



PHYSICAL ANALYSIS METHODS

Table 5 — Sodium Trace Contamination Measurements

by Flame Emission Spectrometry

e , n 4. n 1* Yurash-Deal Knolle
Sample

. ^ ^ ^ .
.

Present Results ,-33^ ^ 35-,
(Electronic Grade Punty)

^^^^^^^ ^^^^^^ ^^^^^^3 [^^^^^^

Acetone 0.0008 0.010-0.050 0.001

Ammonia (NH3 28-30%) 0.008 0.007
Buffered Etch for Silicon

Dioxide 0.1

Hydrochloric Acid (37-38%) 0.5 0.015

Hydrofluoric Acid (49%) q'qq 0.150 0.019

Hydrogen Peroxide (30-32%) 0.25 0.995
Methanol 0.38 0.174
Nitric Acid (70-71%) 0.72 0.087
Water (deionized, 18 Mf2-cm) <0.0001 0.0004 <0.002
Arsenic Spin-on Solution 0.24
Phosphorous Spin-on Solution 0.34
Positive Photoresist 0.05
Aluminum Pellet 0.7
Aluminum Film (0.5 ym thick) ^^7

Tungsten (Resistance Heater
Wire) 1.5

A pressure stabilized air-acetylene or

oxygen-hydrogen flame was used.

Table 5 presents some typical results of the

present measurements along with some pre-
viously reported data also obtained using
flame emission spectrometric techniques.
There are no obvious trends detected when
the current experimental results are com-
pared with those reported earlier. In gen-
eral, solvents exhibited lower soditrai levels
than acids. The sodium content of deionized
water (18 Mf2«cm at 25°C) was lower than the

detection limit of this experiment. Alumi-
num used for metallization exhibited sodium
bulk contamination in the 0.5 yg/g range as

received from the vendor. The sodium concen-
tration measured in a 0.5-ym thick film of

aluminum, e-gun evaporated on a silicon diox-
ide layer thermally grown on a silicon wafer,
was '^'7 ug/g, which suggests that the contam-
ination level is increased by the metalliza-
tion process.

No attempt was made to investigate the rela-
tionship between sodium content in process-
ing materials and the sodium content in a

finished device. Obviously, various materi-
als contribute different amounts of sodium,
but an appropriately controlled experiment
to examine this effect would be difficult
because sodium is present to some extent in
nearly every processing material. However,
flame emission spectrometry provides a sen-
sitive technique for monitoring sodium con-

tent in processing materials and can be
applied in process control. efforts

.

(S. Mayo and T. C. Rains*)

4.5. Optical Test for the Surface Quality
of Sapphire Substrates

As a basis for all optical measurements, it

is important to know how the optical con-
stants n (the refractive index) and k (the
absorption index) vary in the optical region
of interest, which is generally a region of
high absorption. These constants express
dispersion and absorption processes in quan-
titative terms. As these processes are dis-
torted, shifted, or otherwise changed by in-
troduction of lattice damage, the values of

n and k can be used to measure quantitatively
the degree of change in the lattice modes.

The optical constants can be derived by means
of the Kramers-Kronig relations from measured
values of reflectivity as a function of fre-
quency following the general treatment of

Roessler [38] and the related computer pro-
gram of Klucker and Nielsen [39,40]. Abso-
lute reflection spectra were obtained for

variously polished surfaces using either_P
or S polarization with respect to the (1102)
surface. For both polarizations, the spec-

NBS Spectrochemical Analysis Section,
Analytical Chemistry Division.
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tra show that there is significant change

in the reflectivity near 600 cm~^ with in-

creasing grit size, or hardness, of the pol-
ishing medium. Below about 500 cm~^, the

effect of polishing damage on the sapphire
reflectivity is less evident although
clearly present [40].

The optical constants were calculated for

both polarizations from each of the spec-
tra at 300 to 400 points . Calculated values
of n and k at the maxima of the dispersion
curves, S polarization, are given in table 6

for surfaces polished with silica sol [8],

0.3-Mm alumina, and 1-ym diamond. In this

case, as with P polarization [40], polishing
damage greatly diminishes the magnitude of

the calculated optical constants and shifts
the position of maxima in the dispersion
curves to shorter wavelengths

.

The influence of polishing damage on the
magnitude of the calculated optical constants
can be understood from the data given in

table 7. Changes, AR, of 0.005, 0.01, and
0.02, were deliberately introduced into the

value of the reflectivity, R, in the com-
puter program on the reference specimen pol-
ished with silica sol. The effect of these
small changes on the values of n and k is

considerable, as shown in the table.

Thus, the surface quality of polished sap-
phire can easily affect the magnitude of

the measured reflectivity and in turn grossly
affect the magnitude of the calculated opti-
cal constants. Note, however, that this

characteristic of the Kramers -Kronig rela-
tions imposes strict conditions on the pro-
cedures and equipment used to obtain reflec-
tion spectra. The reflection data muct be
accurate to much better than 1 percent be-
fore attempting to determine absolute values
of the optical constants. This condition
is difficult to achieve with commercial
spectrometers. Similar errors could be in-
troduced in base-line setting. Thus, only
the wavelengths for the lattice modes can
be considered to be accurate, and the cal-
culated optical constants must be considered
as estimates until the accuracy of these mea-
surements can be more fully studied. For
purposes of this work, the wavelengths of

the lattice modes and relative values of

the optical constants are of primary im-
portance. Generally, the AR changes ob-
served in commercial specimens [40] are
much greater than the values introduced
above. In addition, various experimental
errors [40] and the effect of specimen
curvature must also be considered in inter-
preting reflectance data.

Table 6 - Calculated Optical Constants for (1102) Sapphire
with Various Surface Polishes, S Polarization

Surface Finish
energy

eV

wavelength, wave number,
cm-1

Standard 0.05158 24.0 416 44.4
(sil ica sol

)

0.05183 23.9 417.9 28.9
0.06026 20.6 486 4.5
0.06051 20.5 488 5.2

0.07192 17.2 580 29.3
0.07217 17.18 582 21.8

0.3-pm alumina 0.05307 23.4 428 13.5
0.05332 23.3 430 8.2
0.06026 20.6 486 1.98

0.06101 20.3 492 3.4

0.07490 16.6 604 12.9

0.07614 16.3 614 10.4

1-pm diamond 0.05258 23.6 424 6.4
0.05282 23.5 426 4.7

0.06002 20.7 484 1.24

0.06076 20.4 490 2.3

0.06721 18.5 542 2.25
0.06894 17.9 556 1 .74

0.07886 15.7 636 15.3
0.08010 15.5 646 9.1
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Table 7 — Effect of Constant Reflectance Error, aR, Introduced in Calculation
of Optical Constants for (1102) Sapphire, S Polarization

aR
eV

Wri vpI prini" h wflvp number.
cm"i

n k

zero, standard
(silica sol)

surface finish

0.05158
0.05183
0.06026
0.06051
0.07192
0.07217

24.0
23.9
20.6
20.5
17.2
17.18

416
418
486
488
580
582

44.4

4.5

29.3

28.9

5.2

21.8

0.005 0.05158
0.05183
0.06026
0.06051
0.07192
0.07217

24.0
23.9
20.6
20.5
17.2
17.18

416
418
486
488
580
582

34.0

4.2

26.3

25.2

5.0

19.6

0.01 0.05134
0.05158
0.06026
0.06051
0.07192
0.07217

24.1

24.0
20.6
20.5
17.2
17.18

414
416
486
488
580
582

29.9
25.6
3.9

22.3

23.6

4.8

17.5

0.02 0.05134
0.05158
0.06026
0.06051
0.07167
0.07192
0.07217

24.1

24.0
20.6
20.5
17.3
17.2
17.18

414
416
486
488
578
580
582

24.1

3.3

14.7
13.9

19.7

4.3

13.5

Although it is apparent that surface damage
signif^icantly affects the optical constants
of (1102) sapphire, it is clear that a formal
dispersion analysis is not practical for test-
ing the surface quality of sapphire, or any
dielectric or semiconductor material, where
frequent testing of many samples is required
as in production facilities. The experimen-
tal procedures and the mathematical calcula-
tions are time consuming. More significantly,
the magnitude of the difference between un-
damaged and slightly damaged surfaces, while
not small, is still not sufficient for detect-
ing lightly damaged surfaces. The multiple
reflection technique has an order of magni-
tude more sensitivity to surface damage.

Multiple reflection techniques are often used
to amplify small changes in absorption pro-
cesses for measurement purposes. Two types
of conditions exist for multiple reflections:
(a) external reflections occur in a low re-
fractive index medium, such as air, from a
high refractive index medium, such as a mir-
ror surface, and (b) internal multiple re-
flections occur in a medium of high refrac-

tive index surrounded by a medium of low re-
fractive index, as in optical waveguides [41,
42]. With either external or internal re-
flections it is well established that sur-
face defects diminish the magnitude of the
reflected light beam. The loss may be very
small for a single reflection, but becomes
amplified with multiple reflection.

The qualitative features of the resulting
spectra, single and multiple reflection, are
shown in figure 13.^ Note the loss of weak
band structures in the multiple reflection
spectra. More significantly, note the mag-
nitude and frequency shift of the band near
600 cm"'^ for the damaged specimen in compar-
ison with the undamaged specimen. These ef-
fects allow for a relative, quantitative

The sharp discontinuity at 600 cm"-^ is due
to instrtmental effects. A grating change
occurs here which causes a shift in the
curves. All curves show this discontinuity
which does not, however, significantly af-
fect the interpretation of data.
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800 600 400

WAVENUMBER, cm''

250.

a. Undamaged surface, single reflection

spectrum.

1000 800 600 400

WAVENUMBER, cm"'

250

b. Undamaged surface, multiple reflection
spectrum.

LU 20

0 U
800 600 400

WAVENUMBER, cm"'

250

c. Damaged (as received) surface, sin-

gle reflection spectrum.

1000 800 600 400

WAVENUMBER, cm"'

250

d. Damaged (as received) surface, mul-

tiple reflection spectrum.

Figure 13. Reflection spectra of undamaged and damaged sapphire. (The former, obtained

by silica sol polishing, was satisfactory for device fabrication; the latter was not.

Vertical spike at 500 cm~^ is an instrumental artifact.)

evaluation of surface damage of the type re-

ported by Barker [43].

Relative multiple reflection measurements
have been made on about 30 as-received
(1102)-oriented sapphire specimens [40]. In

general, it appears that the properties of

sapphire, prior to cutting and polishing, are
not directly associated with the damage
introduced in the finishing processes. Thus,

the variation in the quality of the sapphire
is probably due solely to polishing. It is

a great deal of variation in the type of

finish provided, often varying from lot to

lot, by the same supplier.

As a characteristic of the multiple reflec-
tion technique, it should be noted that oc-

casionally a specimen exhibited a multiple
reflection spectrum suggesting the presence
of surface contamination or wafer misalign-
ment; i.e., band amplitude is strongly dimin-
ished over the entire spectrum but damage
effects are not present. This effect has not

been studied in detail. (M. T. Duffy"*",

P. J. Zanzucchi"*", and G. W. Cullen"*")

Work performed at RCA Laboratories under
NBS Contract No. 5-35915. NBS contact for
additional technical information: K. F.

Galloway.
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5. TEST STRUCTURE APPLICATIONS

5.1. Redistribution of Boron in Oxidized
Si 1 icon

It is known that thermal oxidation brings
about a redistribution of the dopant impurity
near the silicon surface. Boron, with a seg-
regation coefficient less than one, prefer-
entially segregates into the oxide with the
result that the silicon region close to the

oxide is depleted of boron. The profile of

the boron in the redistributed region de-
pends on parameters such as the oxidation
time and the diffusion and segregation co-
efficients .

The redistribution profile was obtained for a

boron-doped silicon wafer with (111) surfaces
and a nominal resistivity of 1 fi*cm which had
been oxidized in steam at 1100°C for 18 min.
The wafer was then patterned using the metal-
lization mask of Test Pattern NBS-3 (NBS Spec
Publ. 400-12, pp. 19-22) [44]. The impurity
density was determined from capacitance-volt-
age measurements made on the MOS capacitor
over collector (test structure 3.8) by the
dynamic MOS C-V (deep depletion) method (NBS
Spec. Publ. 400-17, pp. 8-11). The experi-
mentally determined profile was compared with
profiles calculated from the previously de-
er ibed redistribution model (NBS Spec. Publ.
400-19, pp. 25-26) as shown in figure 14. In
the figure, the dopant density, C, is normal-
ized with respect to the bulk value, C ,

B

which is determined from data in the unredis-
tributed region. On the horizontal axis the
distance from the oxide-silicon interface,
y-yQ, is normalized by the quantity 2v^,
where D is the diffusion coefficient of boron
in silicon and t is the oxidation time. As
seen in the figures the dopant density is es-
sentially flat at depths greater than 2t^,
but decreases as the oxide-silicon interface
is approached. However, near the interface a
sharp upturn occurs due to failure of the
space charge approximation at a distance of
several Debye lengths from the oxide (NBS
Spec. Publ. 400-19, pp. 26-27). The three
experimental plots were obtained on the
same capacitor at different times; the small
variations in the various constants deter-
mined from analysis of the experimental
data, as listed in table 8, are indicative
of random experimental fluctuations.

The values of the parameters used in the
model were taken from various sources. The
constants in the growth equation for a wet
(steam) oxidation at llOO'C were taken from
Deal and Grove [45]. The ratio of the dif-
fusion coefficient in silicon dioxide to that

in silicon was taken as 2.9 x 10""* [46], The
boron at the gas-oxide interface was assumed
not to escape. The ratio of silicon consumed
to oxide thickness was taken as 0.44. The
oxide thickness calculated by the program was
340 nm compared to an ellipsometer measure-
ment of 299 nm. This discrepancy is thought
to be due at least in part to an uncertainty
in the oxidation time. The wafer was not pre
heated before oxidation started; although 2

min was subtracted from the nominal time to

allow for this fact, more may be appropriate.
Initially, the boron diffusion coefficient, D
at 1100° C was taken as 2.65 x 10"^ 3 cm^/s,
after the work of Prince and Schwettman [47].
This case is plotted in figure 14a; theoreti-
cal curves were computed for several values
of segregation coefficient, m, defined as the
ratio of the boron density with silicon to
that in the oxide at the oxide-silicon inter-
face. As seen in figure 14a, the experimen-
tal profile does not agree with the theoreti-
cal calculation for any value of segregation
coefficient. Since many different values
have been reported for the diffusion and seg-
regation coefficients, it seemed appropriate
to generate plots with different values of
diffusion coefficient and vary the segrega-
tion coefficient to arrive at a reasonable
fit. It was found that the best fit could be
achieved if the diffusion coefficient had the
value, 3.69 x 10"^ ^ cm^/s and m = 0.2 as
shown in figure 14b. Although the curve for
D = 5.78 X 10"! 3 cm^/s and m = 0.45, shown in
figure 14c, is close to the experimental one,
the slopes are significantly different in the
region to the right of the Debye limit.
These results are considered preliminary and
there is no assurance that suitable fits to

the redistribution curve for other oxidations
at the same temperature could be obtained
with these values of D and m.

(W. R. Thurber,
M. G. Buehler, and S. R. Kraft")

The computer program for solving the redis-
tribution problem was extended to permit
successive oxidations in sequential steps
with different material constants and oxida-
tion conditions permitted at each step. De-
bugging of the program with this extension
was carried out; also the modifications in
the computer output that are required by this
extension were incorporated into the program.
The program is also being extended to permit
sequential oxidation steps in which the oxide
grown at earlier time steps is removed before
the next step is commenced. (S. R. Kraft*)

NBS Mathematical Analysis Section, Applied
Mathematics Division.
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Figure 14. Redistribution profile of boron in silicon following an 18-inin steam oxidation at

1100°C. (Experimental curves (dotted) obtained by the dynamic MOS C-V (deep depletion) meth-

od; the rising portion at small distances is an artifact of the measurement. See table 8 for

the capacitor and redistribution parameters used to calculate the theoretical curves. The val-

ue of segregation coefficient, m, used is shown on each curve and the value assumed for the

boron diffusion coefficient, D, in silicon is indicated under each plot; see text for discus-
sion of assumptions for m and D.

)

Table 8 — Capacitor and Redistribution Parameters

Case

Oxide thickness, nm 326 320 323
Oxide capacitance, pF 12.08 12.31 12.19
Flat-band capacitance, pF 11.68 11.91 11.79
Flat-band voltage, V -5.7 -5.9 -5.6
Background dopant density, cm"

3

1.46 X IQis
1 .55 X lOi^ 1 .54 X 1016

Debye length, pm
2»m, ym

0.0475 0.0462 0.0463
0.338 0.400 0.500

Debye length (units of 2v^) 0.140 0.116 0.093

5.2. Thermally Stimulated Current and
Capacitance Measurements

A study was made of the thermally stimulated
current response of the energy states found
at the oxide-silicon interface of an n-type
MOS capacitor. The capacitor used in this
measurement consisted of an aluminum metal-
lization 15.0 mil (381 ym) in diameter evap-
orated on a silicon dioxide layer, oxide
390 nm thick, thermally grown on an n-type
silicon substrate with (111) surfaces and a
nominal room temperature resistivity of
7 fi'cm. The main capacitor was surrounded
by a peripheral field plate which was biased
into accumulation during the measurements

.

The device (17.22) was alloyed to a ceramic
slab mounted in a TO-5 header. The tempera-
ture was measured with a temperature-sensing
diode alloyed to the ceramic slab but elec-
trically isolated from the MOS capacitor.

The presence of interface states can be seen
as a distortion in the experimental room tem-
perature 1-MHz capacitance-voltage (C-V)
characteristic from the theoretical C-V
curve without interface states as shown in
figure 15. From the analysis of Deal et at.
[48] the interface state density can be es-
timated from the shift, AV, of the C-V curve
along the voltage axis

:

\s = ^V-C^/qA,

where C^ is the oxide capacitance, q is the

electronic charge, and A is the area of the
capacitor. For AV = 1.9 V, as in this exam-
ple, the total interface state density is
about 1 X 10 11 cm~2. A C-V curve measured
from accumulation into deep depletion at 95
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Figure 15. Distortion of the room tempera-
ture high frequency C-V characteristic of an

n-type silicon MOS capacitor which results
from the presence of interface states. (The

oxide capacitance, C^, is 10.0 pF and the
normalized flat-band capacitance is 0.88.

Device 17.22)

K is also shown in the figure. At low tem-
perature the interface states are not active
and do not distort the C-V curve.

The thermally stimulated
periments were conducted
zero bias was applied to

capacitor while it was a

and then its temperature
This effectively charges
with electrons. Second,

applied, the temperature
the thermally stimulated
was recorded

.

current response ex-
as follows. First,
the gate of the MOS

t room temperature
was lowered to 95 K.

the interface states
a bias, V^, was

was increased, and
current response

Several features are evident in the response
curves which are shown in figure 16 for vari-
ous values of along with the heating rate

as a function of temperature . At 95 K
electrons are emitted from interface states
close to the conduction band edge. As the
heating rate increases from zero to its maxi-
mum value, electrons are emitted at a rate
which generally follows the heating rate.
When the heating rate reaches its maximum
value, the current reaches a constant value
for V < -7 V as electrons are released from

g
states farther and farther from the conduc-
tion band edge. When the supply of electrons
is exhausted, the current decreases, but if

holes are required to satisfy the surface
potential a peak occurs in the current for

ce.

O

100 ISO 200 250

TEMPERATURE |KI

300 350

Figure 16 . Thermally stimulated current response of

interface states in an n-type silicon MOS capacitor

for various values of gate voltage, Vg. (The heating

rate as a function of temperature is shown as the

dashed curve. Device 17.22.)

26



TEST STRUCTURE APPLICATIONS

temperatures above 250 K. The size of the

current peak depends on the number of holes

needed to satisfy the inversion condition.

Once the inversion condition is met the cur-

. rent decreases to zero.

The thermally stimulated current response

from interface states can be modeled by a

continuum of energy levels in the forbidden

gap of silicon at the oxide-silicon inter-

face. The thermally stimulated current re-

sponse to this continuum of energy levels is

substantially different from the response of

a point defect center such as the gold donor

in silicon which produces a distinct current

peak with a half width of about 8 K for a

heating rate of 10 K/s [49].

(M. G. Buehler and W. E. Phillips)

5.3. Oxide Film Characterization

Additional irradiation experiments were
carried out with the scanning electron mi-
croscope (SEM) on MOS capacitors to study

the effect of SEM irradiation on mobile ion

density. It is well known that SEM irradia-
tion of MOS capacitors causes both a large

shift in the flat-band voltage (NBS Spec.

Publ. 400-19, pp. 29-31) and a high density
of interface states. This is illustrated in

figure 17; the high frequency (1-MHz) C-V

characteristic after irradiation (curve b)

is displaced from and shows greater disper-

sion than the characteristic before irradia-

tion (curve a). Some hysteresis is also in-

troduced into the characteristic; the direc-

tion of the hysteresis in this case suggests

that it is probably due to trapping effects

at the silicon dioxide-silicon interface.

A thermal anneal of the irradiated sample
readily removes the interface state disper-
sion and the hysteresis as well as most of

the flat-band voltage shift; this is shown
as curve c in the figure. Since the minimum
capacitance for the initial curve is higher
than the annealed curve, it appears that the

dopant density in the semiconductor near the

interface has decreased.

To assess the effect of radiation on the

mobile ion density, it is necessary to make
bias-temperature stress measurements. Mea-
surements were performed on MOS capacitors
formed on n-type silicon wafers with a nomi-
nal dopant density of 8 x 10^'* cm~^. The

oxide films were thermally grown in dry oxy-

gen at 1000°C to a thickness of about 110 nm.

Following the oxidation, the wafers were an-

nealed in dry nitrogen at 1000°C for 20 min.

Aluminum was e-beam evaporated over the oxide

fl l I I
I I I I \ I

-4.0 -3.0 -2.0 -1.0 0

Figure 17. Effect of electron-beam irradia-

tion on the capacitance -voltage characteris-

tics of an n-type silicon MOS capacitor.

(Curve a: after processing; curve b: after

irradiation; curve c: after thermal anneal.)

to a thickness of about 500 nm, patterned
with the Metal mask of Test Pattern NBS-3
(NBS Spec. Publ. 400-12, pp. 19-22) [44], and
further annealed in dry nitrogen at 500°C for

15 min. The entire backside of the wafer was
metallized with antimony-doped gold. The de-
vices were not intentionally contaminated, so

that the reported ion densities represent the

level of contamination for this particular
lot.

After processing the wafer, the flat-band
voltages were determined by measuring the

capacitance-voltage characteristics at 1 MHz.
The mobile ion density was then determined
from the net flat-band voltage shift under
negative bias-temperature stress (-10 V,

300°C, 5 min) followed by positive bias-
temperature stress (+10 V, 300°C, 5 min).

Following exposure to a total dose of
10"* Gy (10^ rads(Si)) without bias in the

scanning electron microscope and anneal at

300°C for 20 min in dry nitrogen, the flat-
band voltage and mobile ion density were
again determined.

Mobile ion densities before and after the

irradiation are compared in figure 18.

With the exception of two data points, most
of the data cluster near the 45 deg line
which represents equality of mobile ion
density before and after irradiation.
This fact suggests that the density of mo-
bile ions is not affected by the SEM irra-
diation.
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Figure 18. Comparison of mobile ion density,

Qo/q, before and after electron beam irradia-

tion and thermal anneal.

The position of the flat-band voltage, V^^,

before and after irradiation is plotted in
figure 19 against the mobile ion density,

Q /q, as determined before irradiation. In
o

the "as processed" condition, the flat-band
voltages are grouped between -0.33 and -0.42

V. These data do not offer any clue to the

fact that mobile ions are present. Follow-
ing irradiation and anneal, the flat-band
voltages appear to be directly correlated to
the presence of mobile ions. The dashed line
is a linear fit to the data points; when ex-
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1 1 •

WAFER IOC
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IRRADIATION «
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1
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Figiire 19. Flat-band voltage,
, as a

function of mobile ion density, Qo/q, before
and after electron beam irradiation and ther-
mal anneal.

trapolated back to zero mobile ion density,

it predicts a flat-band voltage of -0.3 V

which is appropriate for aluminum metalliza-
tion on n-type silicon with dopant density of

8 X 10 cm~^. This coincidence also implies
that the surface state charge is less than
2 X 10^ cm~^ . Without many more extensive
measurements, however, it is not clear that

this correlation can be generalized. It is

not planned to carry out such measurements at

the present time. (R. Y. Koyama)

5.4. Extended Range MIS C-V Method

Further improvements have been made in the

modified instrument for measuring capacitance
at applied voltages of up to 10 kV (NBS Spec.

Publ. 400-19, pp. 31-32). These improvements
include bias protection circuitry which pro-
tects the capacitance meter by limiting the

input voltage (terminal-to-ground) to ±200 V

while allowing up to ±10 kV on the capacitor;
a linear sweep, high voltage power supply

which provides a programmed ramp voltage (in

several output waveform configurations) in

the range of ±10 kV; a specimen holder which
prevents premature breakdown around the capa-
citor; and a safety interlock system for pro-
tection of personnel using the apparatus.

An evaluation of this instrument has begun
by investigating its use with several differ-
ent commercially available capacitance meters.
Initial results suggest that the instrument
can be expected to perform satisfactorily
with the following 1-MHz meters: 71^+, 72A"'",

and 410. § Minor circuit modifications are

required for use with the last two.

This instrument has been utilized to charac-

terize the silicon-sapphire interface region

using back-gate MIS capacitors [50]. In four

out of 50 cases the specimen broke down at

applied voltages between 7 and 10 kV, but in

each case the capacitance meter was undam-

aged. This demonstrated the efficacy of

the bias protection circuitry under actual

measurement conditions. (A. M. Goodman')

H

Boonton Electronics Corporation, Boonton,
N. J.

^Princeton Applied Research Corporation,
Princeton, N. J.

Work performed at RCA Laboratories under
NBS Contract No. 5-35912. NBS contact for
additional information: R. Y. Koyama.
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6 . MATERIALS AND PROCEDURES
FOR WAFER PROCESSING

6.1. Oxidation Furnace Contamination

Sodium contamination in microelectronic de-
vices has been correlated with erratic elec-
trical behavior of these devices [51]. The
electrical properties of silicon dioxide
films in MOS devices have been the subject of
many investigations in which sodium was shown
to be one of the principal causes of insta-
bilities [52]. Among other sources of sodium
contamination such as those due to materials
associated with processing of semiconductor
devices (sec. 4.4.), the oxidation furnace at-
mosphere itself was suggested as a prominent
one because of the high diffusion coefficient
of sodium in silicon and silicon dioxide at
temperatures used for oxidation [53,54]. It
has been postulated that sodium is trans-
ferred from the furnace material to the sili-
con wafer through the furnace atmosphere as
free sodium atoms. Contamination control dur-
ing device processing has been highly recom-
mended to produce radiation hardened, stable
MOS devices . The mechanisms by which alkali
contamination affects hardness are not well
established [55] although ion microprobe stud-
ies of MOS devices show a correlation of so-
dium content in the oxide with radiation sen-
sitivity [56]. This task was undertaken to
develop a technique for measuring sodium im-
purities in atmospheres of furnace used in
the growth of MOS oxides and in their subse-
quent annealing.

Because sodium is highly reactive, it was ex-
pected that the density of free sodium would

be very low. Detection of free sodium at the
anticipated levels is very difficult. Atomic
absorption techniques are limited to density
ranges above 10® cm~^ by the difficulty of
measuring small changes in transmitted light
[57]. Sodium densities as small as 100 cm~^
were recently detected in an evacuated tube
at -28°C by a resonance fluorescence tech-
nique [58], This method [59] has been extend-
ed to determination of sodium density levels
in an open quartz tube at 1000°C.

A diagram of the apparatus used for the de-
tection of resonance fluorescence from sodium
vapor is shown in figure 20. Amplitude modu-
lated radiation from a tunable cw dye laser
passes down the furnace 2 deg off axis and
out through a hole in the laboratory wall to
minimize return reflections. The fluores-
cence emission traveling out of the tube in
the direction opposite to the laser beam is
collected by a telescopic system, passed
through an interference filter centered on
the sodium D2 line and focussed onto a photo-
multiplier tube. The ac signal corresponding
to the fluorescence is synchronously detected,
digitized, and recorded on a multichannel ana-
lyzer as a function of the wavelength of the
dye laser.

The dye laser was longitudinally pumped by an
all-line argon ion, cw laser with power up to
5 W. An intra-cavity birefringent filter was
used to coarse-tune the dye laser with a re-
sultant bandwidth of 0.03 nm. Insertion of a
0.5 mm etalon into the cavity further nar-

Power amplifier
2-kHz chopper
Diaphragm
0.5-mm etalon mounted on torsion
motor
Interference filter, 588.5 nm,
FWHM: 1.25 nm
Length of observed region
Lens

Mirror
Multi-channel scaler
Power meter
Photomultiplier tube
Phase-sensitive detector
Sweep counter
Telescope
Voltage-to-frequency converter
0.5-Hz sinusoidal wave generator

Figure 20. Experimental arrangement for sodium detection in a semiconductor processing fur-
nace by resonance fluorescence .-

29



MATERIALS AND PROCEDURES FOR WAFER' PROCESSING

rowed the output to 0.003 nm. The laser emis-

sion wavelength could be repetitively and re-

producibly scanned over the absorption line

by rotating the etalon through an angle of

about 1 deg with an oscillatory torsion motor

driven by a low frequency (0.5 Hz), low am-

plitude, sinusoidal wave. The laser was

tuned to center the sodium line (589.6 nm)

on the approximately linear portion of the

sinusoidal wavelength scan. The signal-to-

noise ratio was increased by repetitive scan-

ning of the laser wavelength and summing the

data from approximately 100, 2-s sweeps in

the multichannel analyzer. The wavelength
scale was calibrated by passing a portion of

the output of the laser through the spectrum

analyzer.

Problems associated with Doppler and colli-

sional cross-section reduction, reaction of

the sodium with oxygen and water, quenching
of the emission by molecular collisions, and

scattering from furnace gases, thermal gradi-

ents, and suspended dust particles result in

a poorer detection limit than is obtained un-

der ideal conditions at lower temperatures.

Geometrical restrictions related to the

structure of the furnace also contribute to^

the poorer detection limit. A major limita-

tion to the minimum observable sodium sig-

nal is scattered laser light. Extreme care

was necessary in the placement of optical
components, apertures, and the dumping of

the laser beam to minimize back reflection.

Background black-body emission from the fur-

nace was discriminated against by the sodium
interference filter and synchronous detec-
tion. The scattered light signal is reduced
approximately an order of magnitude when the

Dj transition is excited and the D2 emission
observed, in agreement with the transmission
characteristics of the interference filter.
At atmospheric pressure, collisions with mo-
lecular nitrogen and oxygen in the furnace
completely equilibrate the population of

these two levels according to their statis-
tical weights [60]

.

Sodium fluorescence signals were not observ-
able in clean quartz tubes. Non-quantitative
sodium contamination was intentionally intro-
duced by aspirating dilute sodium chloride
solutions into the hot tube for short periods
of time and then waiting for several hours
until a relatively constant level of contami-
nation was observed. A typical fluorescence
signal from sodium vapor inside of the quartz
tube is shown in figure 21. The average ex-
citation power was 70 mW. The observed line-
width of the excitation spectrum (7.5 GHz or
'V'O.Ol nm) agrees reasonably well with the cal-
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Figure 21. Typical sodium fluorescence sig-

nal detected in an intentionally contaminated
quartz furnace tube at atmospheric pressure
and 1000'*C.

culated linewidth taking into account Doppler
(2.7 GHz) and pressure (6.2 GHz) broadenings
under the conditions of the experiment. This
good agreement is indicative of the frequency
stability of the laser system. A statistical
analysis of the data in figure 21 shows that

the ratio of th4 fluorescence signal at the

peak to the noise in the scattered light is

greater than 50. From preliminary calibra-
tion runs it is estimated that this signal
corresponds to a sodium density of about 2 x

10^ cm~^ , This would correspond with a mini-
mum detectable sodium contamination level of

about 5 X 10^ cm~^.

More detailed calibrations and comparisons of

sodium contamination in oxide films grown
with varying amounts of sodium in the furnace
atmosphere are being carried out. However,
it appears likely that much more sodium is

present in forms other than free sodium and
therefore that even with its extremely good
sensitivity to free sodium, the resonance
fluorescence technique may not be adequate
for monitoring sodium contamination during,

oxidation. (S. Mayo, R. A. Keller"''',

J. C. Travis"^, and R. B. Green" ^)

Funded by the NBS Laser Chemistry Program.

^NBS Environmental Chemical Processes Section,

Physical Chemistry Division.

^NBS Special Analytical Instrumentation Sec-

tion, Analytical Chemistry Division.
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6.2. Ion Implantation Parameters

In the study of methods for measuring the

critical parameters associated with ion im-

plantation, characteristics and limitations
of the Schottky-barrier capacitance-voltage
(C-V) technique for measuring implanted pro-
files were investigated for various experi-
mental conditions. Additional data were col-

lected on profiles for a number of impurities;
preliminary data were obtained on the sensi-
tivity of the profile to the angle of inci-
dence and the crystallographic direction.

Sohottky-Barrier Capaaitanae-Voltage Tech-

nique — Four metallization systems, aluminum,
gold, titanium-gold, and molybdenum-gold,
were studied on boron-implanted, (111) sili-

con surfaces. Eight, 100-J^*cm p-type wafers
were implanted (7 deg off the normal to the

(111) plane) with boron at 300 keV to a dose
of 1.5 X 10^2 cm"2 and annealed at 750°C in

dry nitrogen for 30 min. Four of the wafers
were cleaned by ultrasonic degreasing fol-

lowed by acetone, alcohol, and deionized wa-
ter rinses, and four were dipped in hydroflu-
oric acid for 15 s and rinsed in deionized
water. Schottky barriers, about 100 nm thick,

were evaporated in an ultra-high vacuum elec-
tron beam evaporator through a metal mask
which defined a pattern of circular dots nom-
inally 0.12, 0.25, 0.50 and 1.0 mm in diame-
ter. Each metal system was evaporated onto
both a cleaned (but unetched) and an etched
wafer; the evaporation onto the etched wafer
was carried out with the least possible delay
after etching. The barrier capacitance was
measured as a function of voltage [61] imme-
diately after the formation of the Schottky
barriers and at subsequent times to establish
the stability of the dopant profile as deter-

a. Aluminum. b. Gold.

mined by this technique. All four metal sys-

tems on the etched wafers produced shorted
barriers and no profiles could be determined.
After about six weeks, some increase in the
shorting resistance was observed and, based
on published reports [62], it is expected
that at least some of the barriers will im-
prove after several months and ultimately
yield both rectifying current-voltage (I-V)

characteristics and satisfactory C-V profiles.

On the other hand, good Schottky I-V char-
acteristics and fair C-V profiles were ob-
tained within one day for the four metal
systems placed on natural (unetched) silicon
surfaces which are assumed to have a 3- to 5-

nm thick native oxide present at the time of

deposition. The C-V profiles changed during
the first few days and then stabilized. Sche-
matic representations of the C-V profiles
showing the characteristics of the Initial
and stabilized C-V profiles for each of the

four metallization systems are shown in fig-
ure 22. Since aluminum yielded the most sta-
ble profile, changing only slightly in back-
ground level, it is felt to be the best
choice for routine work on p-type silicon.
Profiles on some aluminum Schottkys have been
found to be unchanged over a 13-month period.

Size effects were investigated by comparing
the characteristics of the different diameter
dots. It was found that the smallest diame-
ter dots gave the best characteristics des-
pite the fact that they suffer from a larger
ratio of peripheral to barrier capacitance.
Many of the larger dots tend to have degraded
characteristics because of barrier defects
although good I-V and C-V data could be ob-
tained from selected 0.25- and 0.50-mm diam-
eter dots.

c. Titanium-gold, d. Molybdenum-gold.

Figure 22. Representation of capacitance-voltage profiles for four Schottky barrier metal-
lizations on natural (unetched) silicon surfaces. (Solid curves: immediately after metal
deposition; dashed curves: after stabilization. Both scales are logarithmic. Vertical
scale is density ranging from 10^** to 10^^ cm~^; horizontal scale is depth ranging from
0.1 to 10 ym.

)
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One of the largest sources of error in the

measurement of dopant profiles by any C-V

technique is associated with the determina-

tion of the area of the capacitor. In the

present work, the areas were calculated from

the average of two measurements of the met-
allization diameter taken 90 deg apart. The

measurements are made with a high quality
optical microscope using reflected light at

200X. Calibration is done using an eyepiece
reticle and a stage micrometer each time the

microscope is used. Individual diameter mea-
surements are reproducible to better than 2

percent. The dots are often slightly out-

of-round; although the diameter averaging
corrects for this to some extent, the area
determinations are less precise, but to an
indeterminant degree. Dots with edge notches
are not used for C-V measurements, nor are
significantly elongated dots or dots with
damage or imbedded dirt. Unobservable flaws
may result from possible spots or poor adhe-
sion or defects in the silicon beneath the

surface. Errors due to such sources can be
eliminated by measuring C-V curves for six
to eight diodes and discarding any curves
that deviate significantly from the norm es-
tablished by the remainder that agree closely.
Usually one out of six 0.12-mm diameter dots
is found not to be in agreement with the rest.

In measuring dopant profiles by automatic
C-V profiling techniques [61], the probing
voltage is swept for the calculation of dop-
ant density as a function of depth. The in-
fluence of the rate at which the voltage is

swept was determined in an experiment in

which a typical profile was measured for
five values of the voltage sweep rate with
the use of a commercially available automatic
C-V profiler. The voltage was always started
at 20 V and decreased to 0 V; the initial
sweep rate ranged from about 8 V/s to about
0.7 V/s, but the sweep rate in each case de-
creased significantly as the voltage ap-
proached 0 V. Significant distortions of the
measured profile were observed for sweep
rates of about 1 V/s or greater.

It was found that the presence of normal over-
head room illumination does not affect the
measured dopant profiles for any of the metal
systems. However, if the barrier is illumi-
nated by a microscope lamp (such as is used
while contacting the dot with the probe to
complete the electrical circuit) the profiles
are significantly distorted. For the alumi-
num barrier, the effect of this intense il-
lumination is to depress the peak, fatten the
width at high densities (near the peak) arid

raise the apparent background density.

The C-V technique was found to yield profiles
only for implantation doses less than about
3 X 10^^ cm~^ . Below this dose it was demon-
strated that both the peak density and the
density in the tail of the distribution vary
in direct proportion to the dose. The peak
density is assumed to be proportional to the

dose at levels up to about 10^^ cm~^, above
which the implanted concentration becomes so
great that stoichiometric or chemical changes,
film growth, sputtering, etc., may cause oth-
er effects in implanted profiles. Recently
techniques other than C-V profiling have been
used to demonstrate that the tail of the dis-
tribution originates from channeling effects
[63, 6A]. One can assume on this basis that
the channeling tail on random implanted dis-
tributions increases proportionally with the
peak density and with the implanted dose up
to the point where the silicon is made total-
ly amorphous (at a dose of about 5 x 10 ^'^

cm~^) , and then that it remains constant.
With this simple model one can develop a rep-
resentation for profiles from misaligned (or

off-axis) implantations at doses above the
upper limit amenable to direct study by C-V
profiling.

Profile Measurements — Initial determinations
of range, R^, and range straggle, AR^, have

been made as a function of ion energy for im-
plantations of aluminum, gallium, indium, ar-
senic, antimony, and bismuth 7 deg off the

(111) plane of silicon. Except for aluminum,
the experimentally determined values of R^

agreed well with the calculations of both
Gibbons et al. [21] and Brice [65] as did the
previously determined measurements on boron-
and phosphorus-implanted silicon (NBS Spec.
Publ. 400-19, p. 33)." For aluminum the mea-
sured ranges were in good agreement with the

calculations of Brice [65] and earlier calcu-
lations of Johnson and Gibbons [18], but were
significantly smaller than the more recent
calculations of Gibbons et at, [21].

Preliminary measurements indicate that im-
planted profiles are quite sensitive to angle
of incidence and crystal direction even in
off-axis implantations. The effect appears
to be greatest in the case of (110) surfaces
and less in the cases of (111) and (100) sur-
faces. Since the deviations occur principal-

Note that in all cases the implantations
were made into 100-fi'cm substrates of the

same conductivity type rather than opposite,
as reported previously. - Ed.
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ly in the tail of the distribution, they may

be more significant for low-dose implanta-
tions (below 5 X iQl'* cm-2>.

(R. G. Wilson''^ and D. M. Jamba**)

6.3. Passivation Integrity

Three methods are being investigated for ap-
plication to the decoration of localized
structural defects, such as pinholes and mi-
crocracks , in oxide, glass, or nitride passi-
vation overcoats on metallized integrated cir-

cuits. These include selective chemical etch-

ing, electrophoretic cell, and corona dis-

charge techniques. A preferred method is be-
ing sought which does not damage defect-free
areas, can decorate latent or partial defects

such as thin spots, and can be adapted for

automated counting. Both silicon dioxide and
phospho-silicate glass (PSG) chemically vapor
deposited (CVD) on aluminum metallization
were studied [66].

Selective Chemical Etching — In this method,

the specimen is immersed in an acid solution
which attacks the aluminum through cracks or

holes in the overcoat. Various etchant com-

positions, temperatures, and times were stud-
ied to determine an optimum procedure. The
results were compared against those obtained
with a "standard" etchant composed of 74.1

volume percent phosphoric acid (85%), 7.4

volume percent nitric acid (70%) and 18.5

volume percent distilled water in which the

specimen is etched at 50°C for a time 25 per-
cent longer than is necessary to just etch
through the aluminum (etch time factor of

1.25).

Nine different compositions, based on various
ratios of the above acids and also including
acetic acid or a surfactant, were formulated
and compared using integrated circuits with a

high density of uniformly distributed micro-
cracks as the test specimens. The time re-

quired to etch through the aluminum film at

50°C was experimentally determined for each

etchant composition; this time was multi-
plied by 1.25 to establish the appropriate
etch time. No difference in defect detection
was observed.

The standard composition was tested at 40°C
and 60°C for times adjusted to maintain the

Work performed at Hughes Research Laborato-
ries under NBS Contract No. 5-35891. NBS
contact for additional information: K. F.

Galloway

.
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etch time factor at 1.25; again no differ-
ences were observed. The lateral etch rate
for the standard composition at 50°C was
tested by progressively etching a specimen
and measuring the half-width of the aluminum
removed under the glass. For etch time fac-

tors greater than one the etch rate was con-
stant (0.4 pm/min contrasted with a vertical
etch rate of 0.9 pm/min) . It was concluded
that, although an '^tch time factor of 2.50

makes some defects (not noticeable when
etched half as long) visible, an etch time
factor of 1.25 is best for maximum planar res-
olution in specimens with a high density of

defects

.

The effect of ultrasonic agitation on the

etching at 50°C of aluminum under cracked
glass was investigated by using specimens
that had been etched under normal conditions
with an etch time factor of 1.25. No new de-
fects became visible as a result of continued
etching with ultrasonic agitation. However,
the protruding glass film overhang above the

etched out aluminum was removed by this

treatment, leading to irregularly tapered
aluminum edges. The aluminum etch rate in-
creased by a factor of approximately three.

No advantage was found by this technique.

Impregnation with etchant under reduced pres-
sure (0.3 torr) was tested to see whether re-
moval of air from the defects prior to etch-
ing could increase the defect detection sen-
sitivity. A pre-etched specimen was used,
as above. No new defects could be discovered
by this technique, but the aluminum etch rate
again increased three-fold, probably due to

increased speed of penetration of the etchant.

Electrophoretic Cell Method — In the electro-
phoretic cell method, the wafer or device is

held in a liquid suspension of decorating
particles. A voltage is applied between the

wafer and an opposite electrode, causing the

particle to move toward and deposit on the

wafer in regions not protected by the non-
conducting overcoat. Several different pow-
ders were tested as decorating particles in

two liquid vehicles. Decoration of pinholes
was achieved by this technique. However,
even under the best conditions there are sev-
eral drawbacks to this method. With conduct-
ing liquids there is no possibility of detec-
tion of partial pinholes or of very fine

cracks. Partial pinholes can be detected
with insulating liquids, but their unwanted
deposition on good oxide occurs. This latter
effect is caused by capacitive charging of

the oxide by the charged particles. Other
difficulties encountered included adhesion
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problems and random background deposition not
related to defects.

Corona Decoration Methods — In this technique
the wafer is subjected to a low current coro-
na discharge in dry nitrogen at room tempera-
ture for several seconds to deposit a surface
charge on the insulator regions. The wafer
is then immersed in an insulating liquid con-
taining charged decorating particles. For
the case of charges of like sign on both the
insulator and the particles , the particle is

deposited on the conducting regions of the
wafer (such as pinholes) and on regions of
low potential or disturbed field pattern
(such as partial pinholes) • For opposite
sign of charge, the particles are deposited
on the insulator region only, permitting re-
verse decoration of defects. A very fine
manganese-doped zirconium silicate phosphor
powder was selected for the initial tests.
Its small particle size makes it particularly
advantageous. Observation of the fluorescing
particles in the microscope is striking and
allows easy detection of defects.

Evaluation of the direct decoration corona
technique showed it to have important advan-
tages over the electrophoretic cell method.
It resulted in a cleaner background since the
charge on the insulator acts to repel the
decorating powder. It was found to be re-
producible in repeated testing of the same
wafer, and with certain simple modifications
in the technique, fine cracks and relatively
large partial pinholes could be detected.

With special test patterns for phosphor de-
position, the effect of corona source volt-
age, wafer-to-source spacing, and immersion
time of the wafer in the phosphor suspension
were determined. Increasing the immersion
time up to 12 s resulted in greater phosphor
deposit and improved the detectability of
small pinholes. For times greater than 12 s,

portions of the deposit were sometimes re-
moved. For a 2.5-cm wafer-to-corona-source
spacing, increasing the corona voltage from
6 to 10 kV was found to result in increased
deposition and improved detectability. Some
scatter of phosphor not related to pinhole
defects (as decorated by etching techniques)
was observed. Larger pinholes were decorated
but some smaller ones, subsequently decorated
by etching techniques, were missed. Decreas-
ing the wafer-to-source spacing lowered the
amount of deposited phosphor, and slightly
decreased the detectability. Closer spacing
and higher voltages may result in damage to
the wafer. The most suitable conditions (10
kV in the corona wires with a 2.5 cm spacing)

resulted in decoration of pinholes with a di-
ameter of 1.5 pm or more.

By using a special test pattern to etch a
500-nm thick silicon dioxide film thermally
grown on a silicon wafer and then regrowing
200 nm more oxide on the patterned wafer,
partial pinholes 500 nm deep with 200 nm of
oxide remaining at the bottom of the hole
were simulated. The wafer was heated to
lOO'C for 10 s between charging and immer-
sion in the phosphor suspension; the partial
pinholes with diameter of about 2 ym or more
were decorated but 1 pm diameter partial pin-
holes were not. Without the heat treatment,
partial pinholes with diameter less than
about 5 ym could not be detected. It is be-
lieved that the elevated temperature causes
charge on the oxide in the bottom of the par-
tial pinhole to leak away at a faster rate
than on the thicker oxide, thus enhancing
the phosphor decoration. Thinner bottom lay-
ers were also prepared and tested with simi-
lar results. In the decoration of actual de-
vice wafers and comparison with etch detec-
tion methods, no partial pinholes could be
found. Thus, it was concluded that if par-
tial pinholes exist in the passivating layers
of these device wafers they are smaller than
about 2 ym in diameter. This is certainly
not surprising since one might expect a de-
fect as large as 2 ym in diameter to pene-
trate the passivation layer completely.

It was also found that very fine cracks could
be more readily observed by exposing the wa-
fer to humid ambient for several seconds be-
tween charging and phosphor deposition. This
allows surface conduction to leak away charge
from the boundary of the crack, producing a

low voltage pattern along the crack which
could be readily decorated with phosphor.

The corona decoration procedure was carried
out on production wafers to establish the
nondestructive nature of the test. The wa-
fers were tested on automatic test equipment
before and after decoration and removal of
the phosphor. The yield maps were essential-
ly identical; thus it can be concluded that
the devices were not damaged by the decora>-

tion and removal procedures. (W, Kern'^,

R. B. Comizzoli'*, and C. E. Tracy'')

Work performed at RCA Laboratories under
NBS Contract No. 5-35913. NBS contact for
additional information: T. F. Leedy.
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6.4. Process Chemicals Characterization

Improved stability of MOS devices under bias-
temperature stress has been reported to re-
sult from the addition of small amounts of

hydrogen chloride (HCl) or chlorine (CI2) to

the oxidation furnace ambient [67-69]. This
improvement is attributed to an interaction
between chlorine and sodium which effectively
immobilizes the latter. Kriegler [70] has
shown that small amounts of water vapor in
the furnace ambient can destroy the stabil-
izing effects of the chlorine. The degrada-
tion of the oxide is attributed to the inabil-
ity of the chlorine species present to inter-
act with the sodium.

To study the effects of excess water vapor on
the chlorine species, equilibrium partial
pressures of the various species in the chlo-
rine-hydrogen-oxygen (Cl-H-0) system were cal-

culated using a modified SOLGAS program [71].

The calculations were performed for tempera-

tures from 700° to 1300°C for given ratios of

the input gases holding the total pressure at

1 atm. The results for the HCI-O2 system are
given in figure 23 for 2 and 20 volume per-

cent HCl. The predominant species are O2 and

HCl. In addition CI2 and H2O are present in

equal amounts from the reaction

2HC1 +
-J

O2 -»- CI2 + H2O.

If excess water vapor is added to the ambient,

the H2O concentration is enhanced and the CI2

concentration is depressed as illustrated in

figure 24 for an oxygen atmosphere with 1

volume percent HCl and 0, 0.26 or 0.66 per-
cent H2O.

700 900 1100 1300

TEMPERATURE |°C1

Figure 23. Equilibrium partial pressures in

2% HCl-98% O2 and 20% HCl-80% O2 mixtures.

(Total pressure = 1 atm; solid curves: 20%

HCl; dashed curves: 2% HCl.)

700 900 1100 1300

TEMPERATURE |°Cj

Figure 24. Equilibrium partial pressures in

1% HCl-99% O2 mixtures with 0, 0.26%, and
0.66% added water vapor. (Total pressure =

1 atm; solid curves: 0 added H2O; dashed

curves: 0.26% added H2O (2 Torr); broken
curves: 0.66% added H2O (5 Torr).)
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Figure 25. Mobile ion density, N^^^^, and
magnitude of the flat-band voltage shift,

AV^, as a function of equilibrium chlorine
pressure in HCl oxidations on (100) silicon

at IISO'C. (After data of Kriegler [70];

variations in mobile ion density are result
of variations in the initial HCI-O2 ratio;
variations in flat-band voltage shift are re-
sult of variations in amount of water vapor
added to a 5% HCl-94% O2 mixture.)

The effect of the reduced chlorine pressure

can be seen from Kriegler 's data [70] which
are replotted in figure 25. The upper curve
relates the mobile ion density, N^^^j* in the

oxide to the chlorine pressure in the furnace
which was varied by altering the Initial
HCI/O2 ratio. The lower curve relates flat-
band voltage shifts, under bias-temperature
stress, to the chlorine pressure In the fur-
nace; in this case the chlorine pressure was
varied by adding excess water vapor to a 6

volxjme percent HCI-O2 mixture. Below a crit-
ical chlorine pressure, whose exact value
probably is dependent on the amount of sodi-
um present, the mobile Ion density and flat-
band voltage shift both increase significant-
ly indicating a lack of stabilizing Influ-
ence by the chlorine.

These results suggest that both the HCl
fraction and the water vapor concentration
must be controlled if the chlorine Is to sta-
bilize the oxide. Since the level of water
vapor easily detectable in HCl is less than
10 parts per million [68] , the degree of con-
trol needed appears to be well within the ca-
pability of available measurement technology.

(R. Tressler"*", J. Stach''", and D. Metz*)

Work conducted at The Pennsylvania State
University under NBS contract 5-35717. NBS

contact for additional technical information
P.. I. Scace.



7 . PHOTOLITHOGRAPHY
*

7.1. Photoresist Exposure

Photoresist films are commonly exposed by

ultraviolet light in the fabrication of semi-

conductor devices. The ultraviolet light

source is commonly a short-arc, mercury lamp

which provides radiation with a spectrum that

consists principally of six high intensity,

approximately monochromatic bands at wave-

lengths of 312, 335, 365, 405, 435, and 540

nm. Exposure times are usually determined

from single parameter irradiance measurements

These measurements are usually made with de-

tectors sensitive to 300- to 500-nm wave-

length radiation, for example, and produce a

photocurrent that is weighted by all of the

radiation bands. However, this photocurrent

does not have a known relationship to the ac-

tive light energy which causes photolysis in

the resist because the detector is the light

integrating medium when the total source ir-

radiance is measured and the resist is the

light integrating medium when it is exposed.

These two media do not integrate the radia-

tion equally since their respective sensitiv-

ities are not the same.

From an analysis of the exposure process , a

basis for establishing exposure indices of

resists has been developed [72], If mono-

chromatic radiation of wavelength X and ir-
y

radiance E is incident on the photoresist
V

for a time t^ long enough to expose the re-

sist completely, the energy density, ^^y^>
is

given by

bands, for a time t to completely expose the
resist. Van Kreveld's additivity law [73]
requires that the fractional exposure energy
density contributed by each band be S E t

y y

so that the sum of all contributions is:

Hornberger et al. [74] have calculated the
variation of the concentration of bleach-
able chromaphore (the initiator in negative
resists or the inhibitor in positive resists)
as a function of the exposure times and film
thickness. If the exposure criterion is

adopted that optimum exposure is reached when
a critical chromophore concentration exists
in a film layer dx thick located at the ex-
treme film thickness d, exposure times may
be read directly from Hornberger 's plots of
chromophore concentration versus film thick-
ness for various exposure times. The values
of the exposure times obtained in this man-
ner are plotted as a function of film thick-
ness in figure 26 which shows that the expo-
sure times are exponential functions of the
film thickness throughout a range of chromo-
phore concentration from 0.80 to 0.07. This
range includes the critical chromophore con-
centrations for exposure discussed by Horn-
berger et al. [74] for positive resists and
Blais [75] for negative resists. Therefore,
since the exposure times obtained in this
way are proportional to the incident exposure
energies, it can be assumed that, for each
band y

,

cy
= E t .

y y
(3)

The sensitivity, S^, of the photoresist to

energy of wavelength can be defined as

S = 1/H
y cy

(4)

If the photoresist is exposed simultaneously
to all six discrete bands, designated y-

Experimental work in this task area is be-

ing considered in order to develop proce-

dures for specifying exposure speed of pho-

toresist materials. Comments from the in-

dustry about this course of action and the

ideas providing the basis for an exposure
specification standard are invited.

cy oy
loV. (6)

where H^^ is a threshold energy density

which may be interpreted as the exposure
energy density necessary to expose a hypo-
thetical resist film of zero thickness, and

is the slope of the appropriate curve in

figure 26. If eqs (4), (6), and (5) are com-
bined, one obtains

JL.10-«yd = i
(7)

oy

This relationship provides the basis for an
exposure sensitivity specification. The
values of the parameters H and a can be

oy
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0 0.5 1.0 1.5 2.0

FILM THICKNESS l/iinj

Figure 26. Exposure time required to obtain
a critical chromophore concentration, M^, in

an infinitesimal layer located at the extreme
thickness of the film. (After data of Horn-
berger et at. [74-] . Error bars represent ±5

percent uncertainty in exposure time.)

used both to specify the photoresist expo-
sure sensitivity and for control of exposure.

These values are independent of film thick-
ness and can be determined for each wave-
length band by measuring the time for com-
plete exposure as a function of resist thick-
ness. To assure that these exposure times re-
late to those in actual use, it is suggested
that complete exposure be defined as the expo-
sure that produces lines in the developed re-
sist image that have the same width as the
lines on the printing mask. The values

can be determined experimentally by using ap-
propriate narrow bandpass filters and a photo-
detector with known response:

To control exposure, the band intensities
are simultaneously and continuously monitor-
ed by a series of detectors , each combined
with a different thin film, narrow bandpass
filter corresponding to a particular mercury
spectral line. These continuously monitored
band intensities are transmitted to a micro-
processor which has the appropriate values
of a , H , and d stored in its memory. The

y oy'

microprocessor is used to analyze this infor-
mation on a real-time basis to give continu-
ous values of the required exposure times
and control the exposure accordingly. This
means of control automatically and continu-
ously adjusts the exposure time for any
changes that may occur in the intensities of

the spectral bands. Furthermore, such a mon-
itoring system could also calculate and auto-
matically correct for changes in exposure
times that are caused by changes in the opti-
cal densities of photomasks providing the op-
tical density values were read into the mi-
croprocessor.

Many of the relations proposed in this work
need to be verified experimentally before
they can be used either as a basis for stan-
dard specifications of photoresists or for

calculating and monitoring exposure times.

The proposed equal line width criterion for

optimum exposure must be experimentally ex-
amined to assure its equivalence to the con-

cept of a critical inhibitor or initiator
concentration existing in the layer dx at

the film thickness d. It should be kept in

mind that the values of a and H may be
y ov

functions of the development. If this turns
out to be the case, the complete development
specification must become part of the total
resist exposure specification. The substrate
for the photoresist film must also be care-
fully chosen since the presence of standing
light waves and interference effects from

reflections at the photoresist-substrate in-
terface are important in determining exposure.

(D. B. Novotny)

where 1^^ is the detector photocurrent and

Sj^^ is the detector sensitivity at the wave-

length \ .

y

Corooarative photoresist "speeds" may be ob-
tained from the specified values of a and

y
H^^ for any photoresist by combining them

with the values of that are typical for

the exposure equipment being used to calcu-
late the value of 1/t from eq (7); the larger
the 1/t value, the "faster" the resist.
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8.1. Square Array Collector Resistor

The square array collector resistor struc-

ture (NBS Spec. Publ. 400-17, pp. 25-26) [76]

was analyzed for the case when the backside
was conducting. The correction divisor to

obtain the actual resistivity from the mea-
sured voltage-current ratio was derived by
use of the method of images [3] for the case

of a wafer of infinite lateral extent but fi-

nite thickness. This correction divisor is

also applicable to the case of measurements
made with a mechanical square four-probe ar-
ray when the backside of the wafer is metal-
lized.

Resistivity is determined with a square ar-
ray by forcing current between two adjacent
probes, Ii and I2, and measuring the voltage
between the other two probes; see insets C

and D of figure 27. If the substrate is as-
sumed to be semi-infinite in extent, the re-
sistivity, poo, can be calculated from [5]

Poo
2TrsV

= 10.726s
V

(8)

where V is the voltage, I is the current and
s is the probe spacing. If the wafer has a

finite thickness, w, eq (8) must be modified
to obtain the true resistivity:

p, = Poo/Clt(w/s)w

where

(9)

Ci+(w/s) => 1 +

is the correction divisor for the case con-
sidered. This function is tabulated in table
9 for w/s ratios from 1 to 10. Also given in
the table are values of the correction divi-
sor C3(w/s) derived by Uhlir [5] for the case
of a square array on a wafer with a noncon-
ducting backside.

It is more convenient to use eq (8) rather
than the more complex corrected relationship,
eq (9) , in calculating resistivity from

Figxure 27. Magnitude of resistivity measure-
ment errors for four-probe arrays

.

Table 9

Resistivity Correction Factors for Square
Four-Probe Arrays

w/s C3 C4

1 .0 1 .3443 0 7700
1 .5 1 .1249 0 9111

2.0 1 .0572 0 9584
2.5 1 .0305 0 9776
3.0 1 .0180 0 9867
3.5 1 .0115 0 9915
4.0 1 .0078 0 9942
4.5 1 .0055 0 9959
5.0 1 .0040 0 9970
5.5 1 .0030 0 9977
6.0 1 .0023 0 9982
6.5 1 .0018 0 9986
7.0 1 .0015 0 9989
7.5 1 .0012 0 9991
8.0 1 .0010 0 9993
8.5 1 .0008 0 9994
9.0 1 .0007 0 9995
9.5 1 .0006 0 9996

10.0 1 .0005 0 9996
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square array measurements . The relative er-
ror introduced by this is given by

- P,

C, - 1, (10)

where is the correction divisor appropri-

ate to the geometrical conditions . The mag-
nitude of this error is plotted in figure 27

as a function of w/s for the cases of measure-
ments on wafers with conducting and noncon-
ducting backsides. For comparison, the magni-
tudes of the errors introduced by using the

uncorrected relationship for the collinear
four-probe array (see eq (1), sec. 3.1.),
based on calculations of Valdes [3], are shown
in the figure as dashed curves. Note that
for both arrays, the error is negative (the
uncorrected resistivity is less than the true
resistivity) for the case of measurements on
wafers with conducting backsides while the

opposite is true for the case of measurements
on wafers with nonconducting backsides.

For the square array collector resistor struc-
ture on test pattern NBS-3 (NBS Spec. Publ.

400-12, pp. 19-22) [44], the probe spacing is

2.25 mil (57.2 pm) . The error introduced by
using eq (8) when the backside is metallized
is 0.6 percent or less for wafers with thick-
ness of 9.0 mil (230 ym) or more. A prelim-
inary experiment was conducted using a square
array collector resistor structure fabricated
with the large-pipe base mask [76] of test
pattern NBS-3 on wafer A1.8B-1, a 1.8-n-cm
boron-doped silicon wafer, 285 ym thick with
a nonconducting backside. Resistivity,
corrected to 23°C (see sec. 3.1.), was mea-
sured on 17 structures. The wafer was split.
The latger portion, which contained 12 struc-
tures, was thinned to 185 ym by lapping the
backside, and the resistivities were redeter-
mined. The average change in for these 12

structures was +1.16 percent with a sample
standard deviation of 0.13 percent, in rea-
sonable agreement with the +1.08 percent cal-
culated change in Poo. The other five struc-
tures showed an average change of -0.03 per-
cent with a sample standard deviation of 0.05
percent. The thinned portion of the wafer
was metallized by evaporating aluminum on the
backside and heating it to 500°C for 20 min
in nitrogen, and the resistivities were rede-
termined again. The average change in p^^, for
the 12 structures in this case was -2.88 per-
cent with a sample standard deviation of 0.24
percent, slightly larger than the calculated
change of -2.62 percent. The other five

structures, which were not subjected to the

heating cycle showed an average change of

-0.03 percent with a sample standard devia-
tion of 0.03 percent. These results appear
to agree with the calculations within the

systematic experimental errors which are ex-
pected to be present.

(M. G. Buehler and W. R. Thurber)

8.2. Emitter-Base Electrical Alignment Test
Structure

In the fabrication of integrated circuits
the alignment of one mask with another is a

critical aspect. An electrical alignment
structure for use in monitoring alignment of

a contact mask with a diffusion mask has been
reported [77] . To use this structure, 13

probe contacts are required.

A new electrical alignment resistor V7as de-
veloped for determining the alignment of the
emitter diffusion mask with the base diffu-
sion mask. With this test structure the

alignment can be determined quantitatively
in two orthogonal directions with the use of

eight probe contacts. The test structure
consists of a base diffusion which forms a

square path that is contacted at eight places
as shown in figure 28. Rectangular emitter
diffusions overlap the base diffusion at four
locations and pinch the base at these loca-
tions. Opposite emitter diffusions are off-
set from each other by a known amount, AL,

typically about 5 ym (0.2 mil).*

To determine the left-to-right misalignment,
current is passed into Ij and taken from I2

as shown in the figure. The potential dif-
ferences between and V2, V2 and V3,

and V3, Vit and V5, V5 and Vg , and V4 and V5

are measured. If these are designated as

V21. V32, V31, Vs:^, Vgs, and Vg^, respec-
tively, the misalignment distance, AL2, is

given by

V64(V21-V32)
AL; AL

V3l(V54-V65) - Vei,(V2i-V32)
(11)

provided that the misalignment, the lengths
of the base channels, the widths of the emit-
ter diffusions, and the emitter and base

This displacement was suggested by D.

Ritchie, Tektronix, Inc., Beaverton, Oregon,

as a means for calibrating the structure

.
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OFFSET

0.2 mil

5/i.in

Figure 28. Emitter-base alignment resistor.

junction depths are assumed to be the same in

the top and bottom current paths. It is not

necessary to assume equal currents in both
paths. To obtain the top-to-bottom misalign-
ment the probe locations are shifted 90 deg
counterclockwise, and the above procedure is

repeated.

Use of the structure requires that only dc

electrical measurements be made so that the

method is both rapid and economical when per-
formed on an automatic wafer probing appara-
tus. It can be used to determine lateral
misalignment which results from operator er-
ror or from mask errors such as run out or

variation in magnification from mask to mask.
If significant rotational misalignment is pre-
sent, eq (11) does not give an accurate value
for the misalignment distance in either cur-
rent path. However, rotational misalignment,
which is usually small, can be evaluated from
measurements on structures at various loca-
tions on the wafer. (M. G. Bushier

)

8.3. Test Patterns with Modular Cells

A common practice within the semiconductor
industry is to arrange probe pads around the

periphery of the test pattern and to connect
the test structures to the probe pads with
metal lines [78]. This is done primarily
for convenience in testing; frequently when
the test pattern is spotted at selected loca-

tions on a wafer of Integrated circuits, the

probe pad layout is identical to that of the

circuit Itself [79]. However, the metal in-

terconnections between test structure and
probe pads can be quite long; in some cases
the resistance introduced may affect the mea-
sured properties of the test structure. Even
if the probe pads are placed very close to

the test structure, their size, contact open-
ing, and location may also affect the char-
acteristics of the test structure.

Such variability does not lend itself to

standardization of the test structures be-,
cause each test pattern becomes a new adven-
ture in design. This leads to the design of

unproven test structures and to uncertainty
when comparing results from different test
patterns. To avoid such problems it is nec-
essary to consider the probe pads as an in-
tegral part of the test structure layout.
This means that the pad location and metal
interconnections to the test structure can-
not be left to the discretion of the test
pattern designer. In several cases, test
structures, previously tested at NBS and
found to be satisfactory, have been found not
to work satisfactorily at other laboratories
because of differences in contact and probe
pad layout which led to such problems as

shorts between probe pads and active regions
of the structure, excessive contact resis-
tance, or distortion of current paths.

A key to the full utilization of test pat-
terns is a modular arrangement of probe pads
which allows the use of standardized test
structures. The test pattern is organized in
a hierarchy whose smallest part is the test
structure. The structures form the test
cells which comprise the test pattern. A
study was undertaken to determine the most
suitable modular test cell layout by consid-
ering the probe pad size and arrangement
along with the test structure design.

Probe pads used with the test structures in
a test pattern have different size require-
ments than bonding pads associated with an
integrated circuit. A test pattern generally
has many more pads than an integrated circuit,
and the pads usually take up a large fraction
of the area of the test pattern. In addition,
test patterns are usually tested while in wa-
fer form, rather than after they are bonded.
These constraints restrict the size of the
test structure probe pad to the smallest prac-
tical area. Currently, the size of probe
pads varies from a square 50 pm (2 mil) on a

side to a square 150 pm (6 mil) on a side.
Smaller pads can be probed with manual equip-
ment, but 50 ym (2 mil) appears to be the
practical lower limit for probing a 100-mm
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Figure 29. Test pattern with four 4- by 4

square test cells. (Dimensions in microme-

ters unless otherwise noted.)
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Figure 30. Test pattern with 2 by 10 rectan
gular test cells. (Two of the five cells
were omitted to leave room for large area
and chain structures. Dimensions in microme
ters unless otherwise noted.)

KEY

173
0I 3

178
16

183
^^ 3^ 18

188
30

193
AAAAAA 2

198
++++++ 0

Figure 31. Photomicrograph of test pattern
NBS-3 fabricated on 2-in. (50 mm) diameter
wafer. (Magnification: -vl.sX.)

Figure 32. Base sheet resistance wafer map
with data points only.
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diameter silicon wafer with automated wafer
probing equipment. For initial tests, a

square probe pad 80 ym on a side has been
chosen as the standard size.

The probe pad arrangement within a test cell

was examined with several requirements in

mind. A single probe card must be able to

address all the test structures within the

test cell. All types of test structures
must be accommodated within the test cell

configuration. The types include discrete
resistors and transistors, resistor chains,

and large area structures for layer integrity

tests. The number of pads per cell is in-

fluenced by the time required to electrically
scan from structure to structure as compared
to the time required to mechanically scan
from structure to structure. Electrical scan-
ning between structures is generally much
faster than mechanical scanning which indi-

cates that the number of pads per cell should

be large so as to minimize the mechanical
scan time. However, there is a practical
limit to the number of pads that can be
probed at the same time.

Brooksby [80] has described a modular test
pattern biased on a square 4 by 4 array with
12 pads per cell as illustrated schematically
in figure 29. The rectangular array illus-
trated schematically in figure 30 offers cer-

tain advantages over the square array in

terms of conservation of area and flexibility.

It is not restricted to the 2 by 10 array
shown in the figure. In its most general
form the rectangular array is a 2 by N array
where N is an arbitrary number of probe pads

.

Three four-terminal test structures fit into
the square 4 by 4 array cell, but four such
structures can be accommodated by the rec-
tangular array in the same area. The square
array is not as flexible as the rectangular
array with regard to the addition or dele-
tion of test structures. In the rectangular
array, omission of a cell or two can accom-
modate large area and resistor chain struc-
tures as illustrated in the figure. In the

square array the metallization pattern as-
sociated with a particular structure depends
on its location within the array; in the rec-
tangular array the pad configuration, and
hence the metallization pattern, is invariant.
Once the number of pads for the square array
has been established then the electrical to

mechanical scan time ratio is fixed for a

particular test routine. But for the rectan-
gular array, the electrical to mechanical
scan time ratio is adjustable by lengthening
or shortening the array.

During this study many representatives of the
semiconductor industry were consulted. The
consensus reached, together v/ith the consid-
erations outlined above, led to the choice
of the rectangular cell in a 2 by 10 config-
uration as the vehicle for the next test pat-
terns to be designed in the program. With
the development of a computerized library of

test structures, selected structures can be
assembled rapidly into a test pattern to meet
the needs of a particular fabrication tech-
nology. The first of these is scheduled to
be based on bipolar TTL technology.

(M. G. Buehler)

8.4. Mapping of Geometrically Dependent
Data in Two Dimensions

It is frequently of considerable importance
in connection with device processing to ob-
tain information regarding the variability
of characteristics across a semiconductor
wafer. Such variations can be determined
from measurements on devices or itest patterns,
such as NBS-3 (NBS Spec. Publ. 400-12, pp. 19-

22) [44], repeated across the wafer as shown
in figure 31. This type of data is frequent-
ly displayed as histograms or contour maps.
However, in many cases the trends are more
easily visualized if the data are presented
as density maps . Data presentation by this
format offers several advantages; it provides
a pictorial representation of a large amount
of data and permits easy identification of
positional dependencies and anomalies.

A computer program in modified BASIC language
[81] was developed to tabulate the data into
seven magnitude cells and to map them in two
dimensions. The program has been run and
verified on a small minicomputer with 24 K
words of core memory where each word consists
of two 8-bit bytes. At present, the display
method is restricted to cathode-ray tubes;
however, with minor modifications it could be
extended to line printers

.

Several presentations are available. The
simplest includes a tabulation of the input
data into magnitude cells and assignment of
keys to these cells. Using these keys, the
data are positionally mapped. As an example,
base sheet resistance data obtained'^' on 75

van der Pauw sheet resistors (test structure
3.22) fabricated on a 2-in. (50-mm) diameter
wafer, are shown in figure 32. The table on

These data were obtained by means of an au-
tomatic wafer prober connected to a comput-
er controlled data acquisition and analysis
system (NBS Spec. Publ. 400-12, p.



TEST PATTERNS

the left side of the figure presents the mag-

nitude cells, the number of measurements that

fall within each cell and the key for each

cell. This key is used in the wafer map of

the sheet resistance shown on the right.

This presentation can be generated in 2 min.

A more complex presentation retains the ta-

ble of magnitude cells and keys, but also
provides for bilinear interpolation [82] be-
tween input data points. A second wafer map

of the same input data, as above, but with
inclusion of three interpolated points be-
tween each pair of input data points, is

shown in figure 33. Provision has also been
made for interpolating in place of data
points which have been determined not to be

valid. This more complex presentation re-
quires 12 to 15 min but is much more readily

visualized than the more compressed simple
display. (J. P. Chandler and J. M. David)

8.5. Test Pattern Design and Analysis
for SOS/LSI

This task was undertaken to produce a set of
overlay masks containing test devices and
structures suitable for characterizing a

large scale integration (LSI) , silicon-on-
sapphire (SOS) process (or other mask com-

patible processes), and to develop testing
procedures for these structures.

The mask set, which is now being made, was

designed principally for use with silicon-

'

gate technology. A frequently used SOS pro-

cess Involves the use of only one type of

silicon. This process makes use of a device
that is unique to SOS-tjrpe technologies for

providing either the n- or p-channel transis-
tor for CMOS circuits. The device is a junc-
tionless transistor formed from silicon of the

same type as the source and drain and is some-
times called a deep-depletion transistor. The
key to the successful operation of this device
is that the silicon can be completely depleted
throughout, and low minimum currents are
thereby obtained. The operation of this de-
vice is otherwise very similar to that of MOS
transistors with junctions. With the deep-
depletion device a CMOS technology can be im-
plemented with only a single epitaxial layer.
Processing proceeds according to the follow-
ing sequence:

(1) Define epi islands (Mask Level 1)

(2) Grow channel oxide (approximately 110
nm thick)

(3) Deposit polysilicon (500 nm thick)
(4) Diffuse polysilicon (p"*")
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Figure 33. Base sheet resistance wafer map
with interpolated points. (Same key as for
figure 32.)

(5) Define polysilicon (Mask Level 3)

(6) Etch channel oxide (self-aligned)
(7) Deposit r& doped oxide as diffusion

source or p"*" diffusion mask
(8) Define r& doped oxide (Mask Level 4)

(9) Deposit p"*" doped oxide diffusion source
(10) Diffuse and p"*" regions
(11) Open contact holes (Mask Level 5)

(12) Deposit aluminum
(13) Define aluminum (Mask Level 6)

(14) Deposit silicon dioxide overcoat (op-
tional)

(15) Open overcoat (Mask Level 7)

Note that in the single epitaxial process,
Mask Level 2 is not mentioned. This level
allows formation of devices from the oppo-
site type of starting material. The precise

\.

use of this mask depends on the method used I

to create the two types of material. In one
method this second level mask is used for
definition of a second epitaxial layer of

type opposite from the first. This method
requires a compatible first level mask. In
another method the second level mask is used
as an ion-implantation mask; in this case the

|

first level mask is the same as that used for
the single epi process.
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Precisely the same layout can be used for

nonrefractory metal gate processes. In these

processes the channel regions are not defined

by the gate metallization. Slight modifica-
tions in all mask levels after the second

are required to use these masks for metal
gate processes. Space is allowed for certain
metal gate structures which are not possible
with self-aligned gates. Considerable dual-
ity exists between SOS and bulk CMOS process-
es. Since the bulk test structures need not

be self-isolated (because of the testing pro-
cedure used) ,

largely the same layout can be
used for both SOS and bulk.

As noted previously (NBS Spec. Publ. 400-19,

p. 47) the pattern has been partitioned into

five classes, each intended to test a differ-

ent aspect of the processing. The type I

pattern provides a comprehensive collection
of individual structures of nominal or typi-

cal dimensions. It includes a variety of

crossovers, sheet resistors, contact resis-
tors, MOS capacitors, diodes, and MOS tran-
sistors. These structures are useful as elec-
trically accessible devices to test design
and process parameters.

The type II pattern, intended to provide in-
formation regarding spatial variation of cer-

tain electrical parameters, was described in

detail previously (NBS Spec. Publ. 400-19,

p. 47). The type III pattern contains con-

tact resistors, MOS capacitors, and MOS tran-
sistors of various sizes for the purpose of

providing information regarding the effects
of different geometrical features on key de-
vice structures.

The devices in the type IV pattern consist
of MOS transistors, crossovers, and contact
resistance structures. These devices are
connected in series or in parallel with vary-

ing numbers of devices available in order to

provide information concerning the reproduci-
bility of a large number of identical devices.

The type V pattern is intended to provide in-
formation concerning the lithographic proper-
ties, the operation of certain basic CMOS
building blocks, and their dynamic perfor-
mance. The devices available include opti-
cally and electrically accessible lithograph-
ic structures, and certain CMOS building
block structures such as ring counters, in-

verters, and gates.

A relatively complete analysis of a process
used to fabricate a CMOS LSI circuit can be
obtained from this collection of test struc-
tures. These structures depend only on the

process and the device design; they are in-
tended to be completely circuit-independent.
The general partitioning chosen should be
useful for any MOS technology. The specific
layout may also be used in many cases . Many
structures were designed such that the elec-
trical access need not be changed for differ-
ent technologies. This allows libraries of

general test and analysis programs to evolve.

One of the most important features of the

test structure design is that any device can
be operated independently of any other device,
even if common connections exist. This is al-
lowed because the pads contacted by probes
not being used for the test are assumed to be
completely open and unable to provide a cur-
rent path. For bulk silicon processes the
substrate in addition to the unused probes
may be completely isolated from ground during
testing to eliminate the need for specific de-

vice isolation. This allows a much greater
packing density for test devices.

(W. E. Ham§ and J. M. David)
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9. ^INTERCONNECTION BONDING

9.1. Non-Destructive Test for Beam-Lead

Bonds

Test Device Fabrication — Procedures were re-

fined for fabricating beam-lead devices with

a few weak bonds for use in studying the

acoustic emission test (NBS Spec. Pubis. 400-

12, pp. 31-32, and 400-19, pp. 48-50). A

photomask set was obtained to pattern beam-

lead bonding pads on thin-film chrome-gold

substrates and permit removal of diffused

chromium oxide [83] from the surface in pre-

selected areas, while leaving it in others to

impair the beam-lead bondability. Figure 34

shows a photomicrograph of an etched substrate

in which the chromium oxide areas have been

stained for better visibility. The four dif-

ferent patterns include a control with all

well bonded beams, a single weak beam in the

center, two weak beams in the center, and a

single poorly bonded beam on a corner location.

To assure the fabrication of reproducible
chrome- inhibited bonding pads, the following

standard procedure was developed for process-

ing the tantalum nitride, chrome, gold metal-
lization:

rpm. Bake at 75°C for 25 min. (b) Re-

peat step (2a) to obtain a double pho-
toresist layer. (c) Expose through

first mask for 15 s. (d) Develop for

30 s. (e) Wash in deionized water and
blow dry. (f) Post bake at 120°C for

25 min. (g) Immerse in aqua regia for

4 min. (h) Strip photoresist in boil-
ing acetone for 15 min, rinse in fresh
acetone, wash in deionized water for 5

min and dry in air.

(3) Chromium up-diffusion and oxidation step.
Bake substrates in air for 2 h at 310°C.

(4) Photoresist and exposure process for the

second masking operation, preferential
chromium oxide removal. Repeat steps

(1) and (2) except in place of step (2g),
etch with eerie ammonium nitrate [83]

for 7 min. It is very important to etch

in eerie ammonium nitrate within 1 h af-

ter the 120°C photoresist post bake. If

the process of etching many substrates
takes longer, then leave some of the sub-
strates in the oven until ready for etch-
ing.

(1) Initial wafer clean up. Place in boil-
ing trichloroethylene for 15 min, rinse
in semiconductor grade methanol, then
bake at 200°C for 30 min.

(2) Photoresist application for* the first

masking operation, gold pattern etch,

(a) Spin photoresist for 15 s at 3000

It should be pointed out that when using the

chrome-diffused gold bonding pads, some de-

gree of control over the beam-lead bond peel
strength can still be exercised by varying
the bonding parameters (force and tempera-
ture) . In this manner the peel force for an
individual beam can be varied from approxi-
mately 0.5 to 3 gf (5 to 29 mN)

.

Figure 34. Photomicrograph of a patterned
substrate showing chromium oxide areas
(stained black) and bonded beam-lead devices,
(Column A: all good bond areas; column B:

one weak bond area, right center; column C:
two weak bond areas, left center; column D:

one weak bond area, top right corner.
Magnification : %?)(

.

)

Figure 35. Photomicrograph of a portion of a
patterned substrate from which bonded beam-
lead devices have been pulled off. (Chromium
oxide covered areas indicated by arrows. Mag-
nification: '\'24X.)
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A portion of a patterned substrate from which
two bonded beam-lead devices were pulled off

is shown in figure 35. All beams not bonded
onto chromium oxide-masked gold areas either
broke at the bond heel, the chip anchor, or

in the beam span. However, two of the chro-
mium oxide masked bonds lifted off and the

third partially peeled before breaking. This
latter beam demonstrates that while the chrome
oxide on the surface weakens the bond it nev-
ertheless still permits bonds having interme-
diate strength. (Y. M. Liu and G. G. Harman)

Instrumental Improvements — Two different
types of force probes have been described
previously (NBS Spec. Publ. 400-19, pp. 48-

50) . One was a force probe consisting of an

acoustic emission detector attached to the

end of an acoustic waveguide. Downward force

Is applied by the waveguide to the top of the

die; any acoustic emission is transmitted up-
ward to the detector. The other was a simple
vacuum chuck with silicone rubber cup molded
on its tip to fit the beam-lead die. This
chuck can apply an upward lifting force of
about one-half gram force per beam to the die;
any acoustic emission signal is detected with
a pickup attached to the substrate. Probes
which can apply both downward and upward for-
ces were prepared by drilling holes in the
ceramic acoustic waveguide and molding the
vacuum cup on the bottom. Two versions of
these probes are shown in figure 36

.

The modified probes are used in conjunction
with substrate detectors. Two such detec-
tors and mounts are shown in figure 37 . The
dark circle in the center of each mount is

the acoustic emission detector. In the case
of the mount in figure 37a, the substrate is

held down by vacuum, while in the case of the

mount in figure 37b, the detector was too

large to permit adequate area for vacuum hold-
down grooves, so the substrate is held down
with a circular weight. In both cases the
detector is forced upward against the sub-
strate by a spring, which can be seen in only
one of the photographs, and the detector sur-
face has been coated with a thin layer of
silicone rubber to facilitate acoustical mat-
ing of the detector with the substrate. Use
of the coating avoids the necessity of using
"sticky goop" or other viscous acoustic mat-
ing materials that must be removed from the
substrate with solvents.

The primary method of using the new probe-
detector system is by using a substrate de-
tector tuned to the optimum substrate fre-
quency, about 375 kHz, and a probe detector
tuned to the optimum die frequency, about 1.1

MHz. The two acoustic emission signals can
be recorded separately with the circuit shown
in figure 38 or combined through a differential
input preamplifier to give a complex waveform
signal unmistakable for noise. A typical com-
bined substrate-die acoustic emission waveform
from a weak corner beam lead is shown in
figure 39. (G. G. Harman)

Test for Threshold of Motion — In the course
of investigating the acoustic emission test a

novel method was developed to determine the
downward force necessary to produce threshold
deflection of a bonded beam-lead die. The
force was applied by a simple probe, and a

1-mW helium-neon laser with a focussed spot
size of about 25 pm diameter was directed
under the die at a low angle between two beam
leads as shown in the diagram of figure 40.

The laser beam is reflected back and forth
between the substrate and the die and estab-
lishes a static interference pattern that can
be seen extending outward from the edges of

the die for an eighth to a quarter of a milli-
meter. Deflection of the die by only a frac-
tion of a wavelength produces changes in the
interference patterns that can be seen easily
through a 30X binocular microscope, even though
no motion of the die is discernible. The
threshold motion of an individual unbonded
beam can also be seen by this method. Al-
though necessarily qualitative in nature, this
technique may be useful in other types of vis-
ual inspection and should be a valuable aid
in the observation of relative thermal expan-
sion of components in hybrids as well as for
studying creep phenomena. (G. G. Harman)

9.2. Wire Bond Pull Test

At the request of the Interconnection Bonding
Section of ASTM Committee F-1 on Electronics,
an experiment was conducted to investigate
the effect of pull rate on the measured pull
strength of single-level ultrasonic gold wire
bonds. Gold wire of 99.99 percent purity,
with a diameter of 0.001 in. (25 ym) , elonga-
tion of 1 to 2 percent, and a breaking load
of 12 gf (0.12 N) , was ultrasonically bonded
to an 800-nm thick aluminum film evaporated
over a 700-nm thick silicon dioxide film ther-
mally grown on a silicon slice. The aluminum
film was photolithographically patterned into
squares 0.005 in. (0.13 mm) on a side on
0.010 in. (0.25 mm) centers [84]. In an in-
itial power series experiment [85] undertaken
to establish a preferred bonding schedule, a
standard flat bonding tool was used. A large
variation was observed in both mean bond
strength and standard deviation; this sug-
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em

A Force gauge adapter
B Detector
C Acoustic waveguide
D Vacuum port
E Molded vacuum cup

Figure 36. Two acoustic emission detectors
with waveguide probes and die-vacuum cups.

Vacuum hold down

.

Mechanical hold down,

A Detector
B Vacuum line

C Weight
D Spring

Figure 37. Substrate detector mounts
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FORCE
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TRANSIENT

RECORDER
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Figure 38,

apparatus

,

Schematic diagram of acoustic emission detection

Figure 39. Combined substrate-die acoustic
emission waveform from a device with a poorly
bonded corner beam lead stressed to 6 gf

(59 mN). (Probe tuned to 1 MHz; substrate
detector tuned to 500 kHz. Horizontal scale:
0.1 ps/div; vertical scale: 2 V/div.)

Figure 40. Illustration of use of static in-
terference pattern to observe the threshold
of mechanical movement. (The pattern is de-
noted by the arrow.)
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Figure 41. Scanning electron micrograph of a
double -grooved , tungsten carbide tool for ul-
trasonic bonding. (Magnification: '^^150X.)

gested that the bonding tool was not trans-
mitting the ultrasonic energy adequately to

the wire-metallization interface.

To correct the situation a new polished tung-
sten carbide bonding tool with a foot length
of 4.5 mil (114 pm) was modified by cutting
two deep grooves to a depth of 20 to 25 pm
as shown in the scanning electron micrograph
in figure 41. A new power series experiment
was carried out to establish a suitable bond-
ing schedule for use with the modified grooved
tool. A typical curve is shown in figure 42.

Ten to fifteen single-level bond pairs were
made at each power setting. In this case the
bonding force was 30 gf (0.29 N) and the bond-
ing time was 50 ms for both bonds. The tool
tilt was 2 deg forward for the first bond and
2 deg backward for the second bond. The pow-
er setting was varied from 2 to 10 for the

first bond and held at 5.5 for the second

bond. The bond-to-bond spacing was 0.060 in.

(1.52 ram) and the Ipop height was 0.015 in.

(0.38 mm). All bond pairs broke or lifted
off at the first bond. The mean bond pull
strengths and standard deviations for inte-
gral first-bond power settings are shown in
figure 42. The preferred first-bond power
setting was 5; scanning electron micrographs
of a typical bond pair made with these condi-
tions are shown in figure 43.

These conditions, which yielded a mean pull
strength of 10.5 gf (0.103 N) and a sample
standard deviation of about 0.4 gf (0.004 N)

,

were also used to fabricate the 800 bond
pairs needed for the determination of mea-
sured pull strength as a function of pull
rate. The pull rate was varied between about

= 12 ri 1 1 1 1 1 1 1 r

POWER SEHING

Figure 42. Bond pull strength as a function
of first-bond power setting for ultrasonic
bonds made with 25-um diameter gold wire.

b. Second bond. Magnification: '^J400X.

Figure 43. Scanning electron micrographs
of typical gold ultrasonic wire bonds made
under preferred conditions with a double-
grooved tool

.
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Figure 44. Bond pull strength as a function of pull

rate for ultrasonic bonds made with 25-ym diameter

gold wire under preferred conditions.

1.4 and 64 gf/s (0.014 to 0.63 N/s) and was
controlled by a variable speed motor. At
each of seven pull rates, 20 to 25 bonds were
pulled to destruction. For pull rates lower
than about 10 gf/s (0.098 N/s) the breaking
force was recorded on an X-Y recorder (NBS

Tech. Note 560, p. 37) but, because the re-
corder has a low (nominally 76 cm/s) slewing
speed, the breaking force at more rapid pull
rates was read directly from the gram gauge.

The results, plotted in figure 44, show that

the pull rate can vary over this range with-
out a significant variation in measured pull
force. The slight increase at higher pull
rates is probably an artifact due to the in-

ertia of the gram gauge.

Further investigation of the characteristics
of the double deep-grooved bonding tool
showed that a broad range of ultrasonic power
can be used without appreciably increasing
the bond deformation, which suggests that the
bonding tool may stall after the bond is

formed and the ultrasonic energy is no long-
er transmitted to the bonding interface.

(H. K. Kessler)

tained from commercial sources. The films

were etched into square pads, 0.005 in (0.13

mm) on a side on 0.010 in. (0.25 mm) centers

by conventional photolithographic techniques

to form single-level substrates [84] for the

bonding study.

Two types of wire were employed. Both were
aluminum-1% silicon with 1 to 2 percent elon-
gation and a breaking load of 12 to 14 gf

(0.118 to 0.137 N) . The ribbon wire had di-
mensions of 1.5 by 0.5 mil (35 by 13 ym) and
the round wire had a diameter of 1.0 mil
(25 um) so that the cross sectional areas
were essentially the same.

Power series [85] were carried out by varying
the power dial setting for the first bond.
All bonds were made with a bonding force of
25 gf (0.24 N) using a tungsten carbide tool
with a foot length of 4.5 mil (114 ym) . The
power dial setting for the second bond was
kept constant at 4.5. Bonding time for both
the first and second bond was 50 ms . All
bonds were pulled to destruction with a pull
rate of 3.8 gf/s (0.037 N/s).

9.3. Bondability of Doped Aluminum
Metallizations

A study was undertaken to evaluate the bonda-
bility of aluminum ribbon and round wire ul-
trasonically bonded to copper- and silicon-
doped aluminum metallizations . Recently im-
provements have been reported relating to the
addition of silicon to aluminum metallization
to prevent interdiffusion [86] and the addi-
tion of copper to aluminum metallization to

prevent electromigration [86,87].

A 900-nm thick film of aluminum-3 . 5% copper
metallization was deposited on an oxidized
silicon wafer by using an aluminum-12% copper
mixture as the charge in a one-pot electron
beam evaporation system. Films of alurainum-

1% silicon and alumlnum-1 . 5% silicon were ob-

The results are presented in figure 45. For
the case of aluminum metallization doped with
1 or 1.5% silicon the pull strength-power
curves generally follow the shape obtained
for pure aluminum metallization which suggests
that both the ribbon and round wire can be
bonded satisfactorily to these alloys. Al-
though satisfactory bonds could be made to the
copper-doped aluminum metallization, it was
found that at high power (settings from 7 to

10) the variability was significantly larger
than is usually obtained for bonding to pure
aluminum. Also, for the round wire there
was a sharp drop in pull strength at low pow-
er. For both copper- and silicon-doped alum-
inum metallization, the ribbon wire exhibited
a higher pull strength than the round wire;
this is consistent with previous results ob-
tained on. pure aluminum metallization [88]

.

(H. K. Kessler)

51



INTERCONNECTION BONDING

POWER SETTING

1% silicon-doped aluminum metallization.

T

1
-

2 3 4 5 6 7 6 9 to

POWER SETTING

b. 1,5% silicon-doped aluminum metallization.

POWER SETTING

i.5% copper-doped aluminum metallization.

Figure 45. Bond pull strength as a function
of first-bond power setting for ultrasonic
wire bonds made with aluminum-1% silicon
wire. (O: 38- by 13-ym ribbon wire; : 25-ym
diameter round wire. The error bars repre-
sent one sample standard deviation of a group
of 20 to 25 bonds. ) .
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10 . HERMET I C I TY

10.1. Gas Infusion into Double Hermetic En-

closures

In some applications, it is customary to in-

corporate hermetically sealed semiconductor

devices and other components within an outer

hermetic case. Intuitively, this would be ex-

pected to increase seal assurance. However,

a detailed analysis of the gas flow equations
suggests that a significant reduction of gas

infusion occurs only under certain conditions.

Consider first the infusion of dry gas into

the double enclosure depicted in figure 46.

The outer case, which has an internal free

volume of V^, has been leak tested to a value
of Li so that the leak size is Li or lower.

Inside, there is a smaller package of inter-

nal free volume V2 which had been leak tested
to a value of L2 before being placed in the

outer case. Since the infusion of a noncon-
densable gas into semiconductor devices from

a dry atmosphere appears to be primarily by
free molecular flow for the leak range < 1 x

10"^ atm'cm^/s, which is the range of inter-
est in determining the fine leak reject lim-
it, it is assumed that infusion through the

leaks Lj and L2 is by free molecular flow.

Exact solutions of the flow equations have
been obtained [89]. Pressure-time curves for

a typical example are shown in figure 47 in

terms of normalized variables. On the verti-
cal axis the chamber pressure is normalized
to the external driving pressure, P^, and on

the horizontal axis the time is normalized to

the time constant of the inner volume which
is given by 12 = P0V2/L2 where Pq is atmos-
pheric pressure. Curve 1 represents the case
where the inner package has been exposed di-
rectly to the external gas; the pressure
rises exponentially and reaches a value 63
percent of the external driving pressure at

t = T2. Curves 2 and 3 depict the pressure
in the outer and inner packages, respective-
ly, if the smaller package is surrounded with
an outer case whose volume is 10 times that
of the inner package but whose leak rate is

identical. Note that for very small times
the pressure rise is linear in time in the
outer chamber but quadratic in time in the
inner package. Thus, although pressure is

much lower in the inner chamber at early time,
it rises rapidly and reaches that of the out-
er chamber within a time less than 10x2. By
comparing curves 3 and 1, one can determine
the reduction in pressure obtained with a

double enclosure as compared to the single
package by itself.

A complete description of pressure reduction
can be obtained from the exact solution by
computing the pressure time characteristics
for any desired situation. The long term be-
havior of the system can be quantified by con-

sidering as a merit factor the ratio of the

pressure of the inner enclosure when isolated
to that when enclosed at the time t = T2.

This allows one to represent the behavior of

any combination of volumes and leak sizes by
a single number. Further, examination of

many characteristics shows that this merit
factor also provides a rough approximation to

the increase in time necessary for the gas

concentration in the inner enclosure to rise
to the same value as would exist in the sin-
gle enclosure at t =' 12.

The merit factor is shown in figure 48 for a

broad range of leak size (y = L1/L2) and vol-
ume (5 = V1/V2) ratios. It is seen that sim-
ply surrounding one hermetic enclosure by an-
other is not assurance of hermetic improve-
ment, although it is obviously a protection
against a badly leaking inner enclosure. It

is further seen that significant enhancement
is only obtained if outer enclosure leakage
is not greater than ten times inner leakage
or the outer free volume is at least ten
times that of the inner free volume. For
vanishingly small outer free volumes, the ef-
fective leak rate approaches that of a sin-
gle enclosure with leak conductances in shunt.

The curves in this figure can also be used to

establish the conditions where the use of a

double enclosure can be expected to signifi-
cantly reduce gas infusion and to determine
the effects of leak testing sensitivity and
precision on the assurance of seal quality

[90].

The above analysis was made for a dry, non-
condensable gas. While a package with the
reasonably acceptable leak rate of 10^ atm*-
cm^/s has a time constant of the order of

1 day to 4 months, depending on its volume,
the effective service life of typical devices
is many times longer. This is probably be-
cause the infusion rate of water vapor, which
has been identified as a principal source of
device degradation, into microchannels is
complicated by condensation, absorption, etc.
Unfortunately, there is no good model to re-
late the time constant of a package for a
well behaved gas to the service life. How-
ever, since moisture infusion is much slower
than the infusion of a dry, noncondensable
gas, one may infer that the ratios presented
in figure 48 would also apply to the longer
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Figure 47 . Pressure-time curves for enclo-

sures immersed in a gas of pressure P-^ at

time t = 0. (Curve 1: single enclosure of

volume V2 and leak size L2 ; curve 2 : outer

enclosure of volume = 10 V2 and leak size

Li = L2; curve 3: inner enclosure of volume
V2 and leak size L2 ; T2 = PoV2/L2.)

Figure 46 . Schematic diagram of double her-

metic enclosure.
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Figure 48. Merit factor for double hermetic
enclosures for various values of leak size

ratio (y = L1/L2) and volume ratio (6 =

V1/V2).
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times associated with device life and pro-

vide a quick measure of the effectiveness of

a double hermetic enclosure for different

volume and leak size ratios.
(S. Ruthberg)

10.2. Static-Expansion, Differential -Pres-
sure Gross Leak Test

The limiting factor in dry gas, gross leak
test procedures is the rapid depletion of

gas from the package interior which results
in the nondetection of large leaks. The
static-expansion, differential-pressure test

has been suggested (NBS Spec. Publ. 400-4,

p. 70, and 400-8, p. 42) as one method to

circumvent the problem associated with long
dwell time between pressurization and test-
ing. The procedure employs gas expansions
in two similar and parallel systems. A dif-
ferential pressure measurement made after ex-
pansion provides a quantitative measure of
the leak size.

The apparatus is shown schematically in fig-
ure 49; standard symbols [91] are used to in-
dicate the components. The package to be
tested is placed in the test chamber of vol-
ume vj which has internal dimensions just suf-

ficient to contain the package. A similar
but solid artifact of the same external vol-
ume is placed in the parallel reference cham-
ber of volume = vj . Both chambers are
pressurized to the desired value P^, for the

same time. After pressurization, the quan-
tity of gas in the test and reference cham-
bers is the same provided that there is no
leak in the device under test. However, if

the device leaks, the quantity of gas intro-
duced into the test chamber is greater by
the amount driven into the test device inter-
ior. The gas in the small volumes is then
allowed to expand into the associated larger
and previously evacuated identical chambers
of volume V2 and V2 . A difference in quan-
tity of gas in the two volumes causes a meter
indication. The use of a parallel reference
chain eliminates the need for absolute mea-
surement, minimizes the effects of adsorption
and variation in valve closure, and allows a
wide range of test object volumes and materi-
als by adjustment of the tare, and the carri-
er where needed. Any test gas may be used.

Alternatively, the test specimen may be
placed in a carrier with internal dimensions
to fit the package and external dimensions
to fill VI.

PRESS,
CHAMB.

PUMP

Figure 49. Schematic diagram of apparatus
for static-expansion, differential-pressure
gross leak test.

Exact solutions of the gas flow equations
have been derived, based upon laminar viscous
flow theory, which is appropriate for the
gross leak range. If it is assumed that the
temperature of the apparatus is uniform, that
the time interval between pump isolation and
expansion is small, and that the pressuriza-
tion time is long enough that the pressure
inside the device under test is equal to P^,

one finds that the initial rate of rise is

given by

dp2

~dt ° (vq + V2) Po^

i 0

(12)

and that the steady state differential pres-
sure is given by

'^P = P^V^/V2 (13)

where L is the leak rate, vg is the differ-
ence between vj and the external volume of

the package, v^ is the internal volume of

the package, Pq is atmospheric pressure, and
the other symbols have been defined previous-
ly. Thus it can be seen that the rate of

change of indication is a measure of the
leak rate and the amplitude is a measure of

the internal free volume of the package.
(S. Ruthberg)
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10.3. Correlation of Moisture Infusion, Leak

Size, and Device Reliability

The first phase of the study to derive a

quantitative relationship between leak size

in hermetic packages and moisture infusion
(NBS Spec. Publ, 400-19, pp. 52,54) was com-

pleted with analysis of the moisture sensor

evaluation and refinement of procedures for

microvent fabrication.

Two moisture sensors, one an interdigitated
thick film finger structure and the other an

electrode system between the die attach area
and the package leads, were fabricated on
each of 25 open ceramic, 14 pin, dual-in-
line packages. To reduce extraneous leakage,

all exposed surfaces except those associated
with the sensors themselves were coated with
epoxy

.

To test the sensors, the package was mounted

on a temperature controlled probe in an en-
vironmental chamber which was first stabi-
lized in a dry mode and then set to give the

desired relative humidity in the range from

5 to 50 percent; it was necessary to use high
purity deionized water (7 to 10 Mfi-cm) to

control the humidity in the chamber. The
thermoprobe was stabilized at an initial ref-

erence temperature and then its temperature
was reduced in small increments while the

leakage current which resulted from an applied
potential of 50 V was monitored. The dew
point was detected by observation of the
abrupt change in current as shown in the cur-
rent-temperature characteristics of figure 50a

[92]. The change in current is caused by con-
duction through the water condensed on the
sensor surface. In an integrated circuit
package the normal contamination is a complex
electrolyte mixture of reasonably high con-
ductivity. However, the moisture in the en-
vironmental chamber was much less conductive,
and the observed currents were orders of mag-
nitude lower than found typically in sealed
packages which contain moisture. To estab-
lish the position of the dew point under

these conditions it was required that three

consecutive data points in the flat region
have currents within 10 percent of each other
and that the peak current be more than twice

the average current in the flat region; the

dew point was taken as the temperature at

which the current was 120 percent of the aver-

age current in the flat region. Of the total
of 80 test runs, dew points could be deter-
mined for 63.

Besides the problems of low currents, anom-
alies occurred in some cases because of mois-
ture absorption by the epoxy which was used
to coat the specimen and printed wiring board.
The curve in figure 50b shows the appearance
of the current temperature characteristic ob-
tained in test runs that were affected by
this phenomenon. These characteristics
showed only a monotonic rise without a flat

band. A few runs, in which the temperature
range did not include the dew point resulted
in a flat current-temperature characteristic
as shown in figure 50c.

Analysis of the data indicated that there was
no systematic error in the use of either dew
point sensor but there was a random variation
of about 5°C, Most of this variation appears
to be related to the techniques required to

combine a macro-environment and a micro-
sensor: psychrometric error and gradients in

the environmental chamber, the hydroscopic
nature of the epoxy used to seal the printed
wiring board, temperature differential be-
tween the thermoprobe and sensor, and pertur-
bation of the air in the chamber by the ra-
diating surfaces of the thermoprobe. Evalua-
tion of procedures for calibrating and using
the sensors are continuing.

A combination of laser drilling and various
multiple electrochemical processes were used
to fabricate 100 sample microvents . Both
scanning electron microscope analysis and
helium leak detector measurements were used
to evaluate the fabrication procedures. Leak
rates ranged from about 5 x 10"^ to over

TEMPERATURE

a. Desired characteristic

TEMPERATURE

c . No dew point in range

.

TEMPERATURE

b. Epoxy leakage.

Figure 50. Leakage current-temperature characteristics for dew point sensors
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1 X 10~^ atm'cm^/s. The lids were sealed to

headers with a yield of 98 percent. The
units with gross leaks were subjected to the

weight gain test [93] while the remainder
were measured by the radioisotope leak test

[94]. A number of units were stored in 85

percent relative humidity at 85°C for 168 h

and leak tested again. The test data indi-
cated that the microvents were highly unsta-
ble under conditions of repeated leak test,

because of distortion of the lids by the test

pressurization . When stiffeners were added
to the lids, satisfactory agreement was ob-
tained between leak test results before and
after exposure to 96 h storage in 85 percent
relative humidity at 85°C. The microvent de-
sign has been modified to include integral
stiffeners

.

(S. Zatz+ and S. Ruthberg)
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11 . DEVICE INSPECTION AND TEST

11.1. Dual-Laser, Flying-Spot Scanner

The photoresponse of the substrate diode of

an integrated circuit was calibrated in terms

of device temperature as an additional exam-

ple of the usefulness of the electronic ther-

mal mapping technique described previously

(NBS Spec. Publ. 400-19, pp. 60-61) in con-

nection with mapping the temperature distri-

bution of a discrete UHF transistor. The in-

tegrated circuit studied was an array of five

750 mW silicon npn transistors on a common

substrate with the substrate p-n junction lo-

cated about 10 ym below the top surface. The

relative photoresponse- to low-power 1.15 pm

laser irradiation of this junction was cali-

brated against temperature by mounting the

device in a controlled-temperature heat sink

and measuring the photocurrent at a constant

reverse bias of 30 V over the temperature

range from 35° to 150"'C.

The results are compared in figure 51 with

the results of a calculation based on pub-

lished values [95] of the variation of the

optical absorption with temperature. For the

calculation it was assumed that all absorbed
radiation produced hole-electron pairs that

were collected at the junction; with this as-

sumption the photoresponse exponentially in-

creases with temperature at a rate of about

2.6%/°C. The departure of the datum points
from the line at the higher temperatures can

probably be attributed to the fact that other
mechanisms must be taken into account. Even

24 48 72 96

TEMPERATURE I

120

Figure 51. Photoresponse of substrate p-n
junction as a function of temperature. (Sol-
id line: calculated; circles: experimental.)

around 150°C the rate of increase is about

1.6%/°C which is large enough for the phenome-

non to be a practical temperature indicator.

(D. E. Sawyer, D, W. Berning, H. P.

Lanyon''% J. D. Farina, and D. L. Blackburn)

11.2. Automated Scanning Low Energy Electron

Probe

Initial investigations of wafer defects were
begun by means of the automated scanning low

energy electron probe (ASLEEP) (NBS Spec.

Publ. 400-19, pp. 55-56) on a 2-1/2 in. (63

mm) diameter silicon wafer which contained

process induced defects as indicated in the

x-ray topograph^ of figure 52. For ease of

mounting in the ASLEEP system and to provide

samples which could be subjected to different

processing steps the wafer was divided into

quarters

.

The first quarter was given an HF dip to re-

move the oxide and placed in the ASLEEP sys-

tem. Curved lines concentric with the cir-

cular edge of the slice were observed. These
are suspected as being due to the polishing
operation when the wafer was manufactured.
Figure 53 is an ASLEEP photograph showing
these features. The scale of the x-ray topo-
graph is not large enough to determine unam-
biguously whether these lines appear or not.

However, examination in other regions of the

quarter showed faint lines which intersect
at a 60 deg angle as expected for disloca-
tions . The specimen charges readily and
hence the faintness of the lines may be due
to an oxide layer covering the specimen.

The second quarter was examined in an elec-
tron diffraction camera and was found to

have a thick oxide coating. The oxide was
stripped from the specimen and then it was
cleaned using a spin cleaning process where
deionized water and solvents are applied to

the center of the spinning specimen and cen-
trifugal force slings the contaminated mate-
rial off the edge of the wafer. The specimen
was returned to the electron diffraction cam-

era and the surface was observed to be single
crystal silicon. The specimen was then in-
stalled in the ASLEEP system. One of the

first things observed was a series of concen-
tric rings centered on the center of the

quarter rather than the center of the slice.

Worcester Polytechnic Institute, Worcester,
MA 01609,

f-

The wafer and topograph were kindly pro-
vided by Dr. G. H. Schwuttke of IBM.
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Figure 54. ASLEEP image of 6.3 by 6.3 mm ar-
ea of portion of silicon wafer showing damage
due to spin cleaning.

Figure 54 shows this feature. It is felt

that these rings are due to surface damage
caused by the spin cleaning operation.

Further careful examination of this specimen
revealed extensive lines which intersect at
a 60 deg angle as expected for dislocations.
Figure 55 shows a group of these lines. A
mosaic of pictures has been assembled to map
these lines. Since ASLEEP examines a speci-
men at a much larger magnification than x-ray
topography correlation of specific defects

seen in ASLEEP with specific defects in the

Figure 55. ASLEEP image of 2.5 by 2.5 mm ar-
ea of portion of silicon wafer showing appar-
ent dislocation lines.

x-ray topograph is difficult. However,
study in the scanning electron microscope
has indicated that the features seen in the
ASLEEP image may be dislocations of the same
type as are seen in the topograph.

(W. C. Jenkins^)

Work conducted at the Naval Research Lab-
oratory under NBS Order No. 501718. NBS
contact for additional technical informa-
tion: K. F. Galloway.
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11.3. Scanning Electron Microscopy - Voltage

Contrast Mode

The cylindrical secondary electron detector

(NBS Spec. Pubis. 400-4, pp. 54, 56, and

400-8, p. 36) was installed in the specimen

chamber of the scanning electron microscope

and its response tested. To install the new

detector it was necessary to move the stan-

dard Everhart-Thornley type detector to pro-

vide added space within the specimen chamber

and to eliminate the possibility that the two

detectors would come into contact. It was

also necessary to replace the original single

conductor leads to the detector with coaxial

leads. An adapter providing nine coaxial

feed-throughs was made to fit the specimen

chamber airlock. The use of coaxial leads

removed 60 Hz pickup almost entirely and re-

duced to some extent other components of

noise.

For testing the response of the detector, a

machined copper stub was used as the speci-

-8 -6 -4 -2 0 2 4

SPECIMEN VOLTAGE (V)

Figure 56. Output of cylindrical detector
for various operating conditions as given in
table 10.

men. Various combinations of bias conditions
were established on the detector and, for

each, the collected current was measured as

a function of specimen voltage. Figure 56

is a plot of the curves obtained for the
four conditions listed in table 10. The
shapes of curves such as B and C in the fig-
ure have been attributed [96] to the pres-
ence within the detector of tertiary elec-
trons when secondary electrons strike the in-
terior surfaces of the detector. These
curves have the steepest slopes in the re-
gion about zero bias, '\'70 pA/V, so that a 1

mV change in specimen potential would result
in a 0.07 pA (or 0.1 percent) shift in col-
lector current.

When the copper stub was replaced by a sili-
con chip, 0.8 mm square, containing seven
diffused resistors and associated bonding
pads mounted on a TO-5 header, the results
were disappointing. The collected current
was very low and did not evidence significant
change as the voltage was varied on the re-
sistive patterns. These effects were due,

at least in part, to the reduced size of the
specimen and lower secondary emission of sil-
icon as compared with copper. Several tech-
niques were tried to improve the response in-
cluding increased bias voltage on portions of

the detector, a positive bias on the collec-
tor electrode, changes in accelerating volt-
age, and increased beam current. None gave
the desired improvement; in fact, in many
cases the noise level increased so as to com-
pletely mask any signal.

On the basis of this evaluation, it has been
concluded that the spatial .resolution of this
detector, as it is presently constructed, is

inadequate for examining integrated circuits.
Further studies of this type of detector are
not planned at the present time.

(W. J. Keery)

Table 10. Detector Bias Conditions

Bias Voltages, V

Top Bottom Insert

A -10 -7.5 +150

B -30 -6 +300

C -5 -3 +200

D -15 -15 +400
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11.4. Scanning Acoustic Microscopy

New tasks have been initiated at Hughes Re-

search Laboratories^ and Stanford University^''

to evaluate scanning acoustic microscopy as

a technique for the Inspection of semicon-

ductor devices and integrated circuits.
These tasks are building on prior work at

Stanford University in which 2 pm resolution
was demonstrated and various anticipated in-

strumental capabilities, including observa-
tion of subsurface defects, were discussed

[97].

This early work was carried out with a mi-
croscope operating in the reflection mode,

adapted from one designed for transmission
microscopy. One of the purposes of the pres-

ent tasks is to optimize the microscope in

the reflection mode. In addition various

other instrumental improvements are being de-

veloped .

The Stanford group is emphasizing the explor-
ation of various techniques adapted from op-
tical microscopy, such as dark field illumi-
nation and phase contrast methods. They are
also seeking immersion media with less atten-
uation than water, which has more than 100
dB/mm transmission loss at 1 GHz.

The Hughes group is emphasizing the design
and construction of an acoustic microscope
instrument suited particularly for examina-
tion of solid-state device specimens. In ad-
dition, Hughes is studying the possibility of

using anti-reflection lens coatings to reduce
losses and spurious reflections, and the ap-
plication of pulse techniques to simplify the

microwave circuitry. Arrangements have been
made to keep the two groups in communication
with each other to permit early application
of Stanford's findings in the Hughes proto-
type instrument.

(R. I. Scace)

NBS Contract No. 5-35898; principal investi-
gator: R. G. Wilson.

NBS Contract No. 5-35899; principal investi-
gator: C. F. Quate.
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12. THERMAL PROPERTIES OF DEVICES

12.1. Thermal Resistance — Power Transistors

It frequently seems to be convenient to make

thermal resistance measurements under high-

current, low-voltage conditions. There are

several reasons such measurements may be mis-
leading. First, these conditions result in

the most uniform distribution of junction
current and temperature, and therefore the

thermal resistance would be expected to be
lower than that encountered under other oper-

ating conditions such as those in which cur-
rent crowding occurs. Second, for these con-

ditions only a small percentage of the total
allowed power is applied to the device and
the subsequent rise in temperature may be
quite small. This means that the accuracy
of the measured thermal resistance is con-
siderably less than one would expect for the

case of a large rise in temperature.

In addition, some devices operate in a quasi-
saturation mode [98] under these conditions.
A study of a group of devices for which this

is the case has shown that the electrical

TIME l^s)

Figure 57. Cooling curves for a transistor
operated with a collector current of 4 A and

CEvarious emitter-collector voltages. (•: V
= 5 V; 7.5 V; a: Vqe = 10 V; Q:

switching transients which occur in quasi
saturation do not permit accurate measure-
ments of thermal resistance to be made using
the EIA recommended standard [99]. The prob-
lems encountered are illustrated in figure
57, which shows the measured junction temper-
ature, divided by the power dissipated in the
device, plotted against the square root of
the time after cessation of power for a tran-
sistor with collector current of 4 A and a

range of values of collector-emitter voltage.
V
CE"

Vq-£ = 15 V; : Vq^ = 15 V; reduced tempera-
tures as measured with infrared microradiome-
ter are indicated at zero time .

)

The device is operating in the quasi-

saturation mode at 5 and 7.5 V and is just-

beginning to come out at 10 V. Note that
for 5, 7.5, and 10 V there is almost no lin-
ear portion of the curve as would be pre-
dicted by one-dimensional cooling [100];
this lack indicates that non-thermal switch-
ing transients are present.

The reduced peak junction temperature at 5,

10, and 20 V as measured with an infrared
microradiometer is also indicated in the fig-
ure at zero time. Because the electrical
method is known to average the junction tem-
perature, it should always indicate a temper-
ature less than the peak temperature. Only
at 20 V is this the case; at 5 V, the electri
cally measured apparent temperature is great-
er than the peak temperature even after the
device has cooled for 250 ys. This arises be
cause the non-thermal switching transients
completely obscure the temperature dependence
of the junction voltage. Thus, the possibil-

ity that a device may be operating in the

quasi-saturation mode under high-current,
low-voltage conditions further renders mea-
surement of thermal resistance under these
conditions undesirable.

(S. Rubin and D. L. Blackburn)

12.2. Thermal Resistance — Integrated
Circuits

This task was undertaken to evaluate and com-
pare the various measurement techniques com-
monly used for measuring thermal resistance
of junction-isolated integrated circuits. In
particular, the temperature indicated by the
collector-substrate isolation junction [101]
was compared with those indicated by the
emitter-base junction of the power dissipat-
ing transistor [99] and by the infrared mi-
croradiometer. In addition, a very simple
computer simulation was used to show that
one dimensional transient heat flow theory
accurately describes the cooling response
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for short times for small heat sources lo-
cated on the integrated circuit.

A computer program, based on the work of Joy
and Schlig [102], was used to compute the
peak temperature associated with square heat
sources located on the surface of a semi-
infinite plane. For short periods of time,
this should accurately represent the heating
or cooling of a single, small heat source
(transistor) located on an integrated cir-
cuit chip. The cooling response was calcu-
lated for square heat sources, 0.05, 0.13,
and 0.25 mm on a side. The results are given
in figure 58 together with the cooling re-
sponse associated with one-dimensional heat
flow (which results in a square root of time
dependence of the junction temperature). It

can be seen that for heat sources 0.13 mm
and larger on a side, the cooling response
follows that of one-dimensional heat flow for
at least short times longer than 3 ps, the
earliest time after cessation of power that
it is practical to make electrical measure-
ments. Therefore it is possible to extrapo-
late the measured cooling response back to
the time power is removed (t = 0) to find
the steady-state temperature. This tempera-
ture cannot be measured electrically because
of the presence of non-thermal switching
transients. In addition it is possible to
determine the area of the heat source from
the slope of the cooling curve [100].

Measurements of thermal resistance were made
on several bipolar integrated circuits. Most
of the measurements were made on a simple ar-
ray containing seven transistors, each in an
isolation tub. Although arrays with other
metallization patterns were also studied, the
most versatile array was the one pictured in
figure 59 in which five of the seven transis-
tors are pinned out independently and could
be connected together externally as desired;
the sixteenth pin is connected to the sub-
strate.

The cooling response for one of the transis-r
tors on this device, measured with a case tem-
perature of 50°C and using the forward volt-
age of the emitter-base junction of the tran-
sistor as the temperature sensitive parameter
(TSP) [99], is shown in figure 60. From the
slope of the straight line, the area was es-
timated to be about 0.022 mm^ which compares
satisfactorily with the junction area of
0.018 mm^ measured on the photomicrograph in
figure 59. The extrapolated junction tem-
perature was 142°C in close agreement with
the value of 145''C measured with the infrared
microradiometer . Thus, the one dimensional
transient heat flow theory appears to explain

0.2

0.4
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Figure 58. Computed cooling curves for square

heat sources of various sizes located at the

top surface of a semi-infinite plane. (A:

side of square, 0.05 mm; B: side of square,

0.13 mm; C: side of square, 0.25 mm; D: one-

dimensional heat flow.

)

Figure 59. Photomicrograph of integrated
transistor array with each transistor indi-
vidually pinned out. (Magnification: '^''42X.)

Figure 50. Cooling curve for typical indi-
vidually pinned-out integrated circuit tran-
sistor for a case temperature of 50°C.
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quite adequately the experimentally measured

cooling response. The temperature determined

by using the forward voltage of the collector-

substrate isolation junction under the active

transistor as the TSP was significantly lower,

126°C, and if the forward voltage of all the

collector-substrate junctions connected to-

gether was used as the TSP [101], the mea-

sured temperature was still lower, IZO^C.

In all cases when the measurement of tempera-

ture was made using the transistor that was

also dissipating the power, the emitter-base

junction indicated a significantly higher

temperature than did the collector-substrate

junction. When the temperature was sensed

at a device remote from the heat source, both

the emitter-base and the collector-substrate
junctions indicated approximately the same

temperature, but the value was very much low-

er than the peak temperature at the heat

source. If some or all of the collector-
substrate junctions were sensed in parallel,

the indicated temperature was intermediate
between the temperature indicated by the iso-

lation junction in the vicinity of the heat

source and the one measured by an isolation
junction remote from the source.

One can conclude from these results that the

forward voltage of the collector-substrate
junction is not a satisfactory TSP for de-

termining peak temperature of an Integrated
circuit. If the emitter-base junction of the
heat generating element is accessible at the
pins of the circuit, the peak temperature can
be determined in the usual way [100]. In a
complex circuit it may not be possible to

access the appropriate junction directly.
As an example, measurements were made on an
integrated voltage regulator circuit In which
the main power dissipating element was an
output Darlington transistor pair, of which
the base and emitter terminals were available
for sensing. Since the recommended procedure
[103] for measuring the thermal resistance of
Darlingtons could not be used conveniently be-
cause the appropriate junctions were not ac-
cessible, an average of the temperatures of
the input and output transistors was measured
using the available terminals. Although this
temperature is significantly lower than the
peak temperature, it was 9''C higher than the
temperature measured using the forward volt-
age of the collector-substrate isolation junc-
tion as the TSP.

The sensitivity of the forward voltage of the
collector-substrate isolation junction as the
TSP for the determination of the quality of
the die attach of integrated circuits remains
to be evaluated.

(J. D. Farina and D. L. Blackburn)
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APPENDIX B

SEMICONDUCTOR TECHNOLOGY PROGRAn PUBLICATIONS

B.l. Prior Reports

A review of the early work leading to this Program is given in Bullis, M. , Measurement
Methods for the Semiconductor Device Industry — A Review of NBS Activity, NBS Tech. Mote
511 (December 1969)

.

Progress reports covering the period July 1, 1968, through June 30, 1973, were published
as NBS Technical Notes with the title, Methods of Measurement for Semiconductor Materials,
Process Control, and Devices:

Quarter Ending NBS iecn. Note Date Issued NTIS Accession No

September j(J, i9bo December i9oo An AQ1 TinDol J JU

December 31, 1968 475 February 1969 AD 683808
March 31, 1969 488 July 1969 AD 692232
June JU , lyoy 495 beptemDer lyoy AD 695820
September 30, 1969 520 March 1970 AD 702833
December 31, 1969 527 May 1970 AD 710906
March 31, 1970 555 September 1970 AD 718534
June 30, 1970 560 November 1970 AD 719976
September 30, 1970 571 Atm-t 1 1 Q 7

1

AD 723671
December 31, 1970 592 August 1971 AD 728611
March 31, 1971 598 uctODer ±y /

1

AD 732553
June 30, 1971 702 November 19 7

1

AD 734427
September 30, 1971 717 An-ril 1Q79ripn X J.7 / z AD 740674
December 31, 1971 727 Timo 1Q79J UUc ±!7 / Z AD 744946
March 31, 1972 733 September 1972 AD 748640
June 30, 1972 743 December 1972 AD 753642
September 30, 1972 754 AD 757244
December 31, 1972 773 May 1973 AD 762840
March 31, 1973 788 August 1973 AD 766918
June 30, 1973 806 November 1973 AD 771018

After July 1, 1973, progress reports were issued in the NBS Special Publication 400 sub-
series with the title. Semiconductor Measurement Technology

:

Quarter Ending NBS Spec. Publ. Date Issued NTIS Accession No

September 30, 1973 400-1 March 1974 AD 775919
December 31, 19731

400-4 November 1974 COM 74-51222
March 31, 1974 (

June 30, 1974 400-8 February 1975 AD/A 005669
September 30, 1974 400-12 May 1975 AD/A 011121
December 31, 1974 400-17 November 1975 AD/A 017523
March 31, 19751

400-19 April 1976
June 30. 1975

|

PB 251844

B.2. Current Publications

As various phases of the work are completed, publications are prepared to summarize the

results or to describe the work in greater detail. Publications of this kind which have
been issued recently are listed below:

Jerke, J. M. , Semiconduator Measvirement Technology: Optical and Dimensional-Measurement

Problems with Photomasking in Microelectronics, NBS Spec. Publ. 400-20 (October 1975).
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Lieberman, A. G., Problems in Using Surface Analysis Techniques for the Depth Profiling of

Microelectronic Materials, Teohniaal Digest, 2975 International Eleatron Devices Meeting,
Washington, D.C., December 1-3, 1975, pp. 126-129 (IEEE Cat. No. 75-CH 1023 lED)

.

Sawyer, D. E., and Berning, D. W., Laser Scanning of Active Semiconductor Devices, Teohniaal
Digest, 1975 International Eleatron Devices Meeting, Washington, D.C., December 1-3, 1975,

pp. 111-114 (IEEE Cat. No. 75-CH 1023 lED).

Buehler, M. G., David, J. M. , Mattis, R. L., Phillips, W. E., and Thurber, W. R. , Semioon-
duator Measurement Teohnology: Planar Test Structures for Characterizing Impurities in
Silicon, NBS Spec. Publ. 400t21 (December 1975).

Pease, R. L., Galloway, K. F., and Stehlin, R. A., Radiation Damage to Integrated Injection
Logic Cells, HEE Trans. Nual. Soi. NS-22 . 2600-2604 (1975).

Schafft, H. A., Ed., Semiaonduotor Measurement Teohnology. ARPA/NBS Workshop III. Test Pat-
terns for Integrated Circuits, NBS Spec. Publ. 400-15 (January 1976).

Albers, J. H., Ed., Semiaonduotor Measurement Teohnology. The Destructive Bond Pull Test,
NBS Spec. Publ. 400-18 (February 1976).

Sawyer, D. E.,, and Berning, D. W. , Semiaonduotor Measurement Teohnology. Laser Scanning of
Active Semiconductor Devices - Videotape Script, NBS Spec. Publ. 400-27 (February 1976).

Sawyer, D. E., and Berning, D. W. , Laser Scanning of MOS IC's Reveals Internal Logic States
Non-Destructively, Proa. IEEE

6Ji_,
393-394 (March 1976).

Lieberman, A. G., Introductory Concepts for Silicon Surface Analysis, Semiaonduotor Measure-
ment Technology. ARPA/NBS Workshop IV.. Surface Analysis for Silicon Devices, NBS Spec.

Publ. 400-23, pp. 3-6 (March 1976).

Lieberman, A. G., Semiconductor Measurement Technology. ARPA/NBS Workshop IV, Surface
Analysis for Silicon Devices, NBS Spec. Publ. 400-23 (March 1976).

Buehler, M, G., Semiconductor Measurement Technology: Defects in Pi7 Junctions and MOS
Capacitors Observed Using Thermally Stimulated Current and Capacitance Measurements -

Videotape Script, NBS Spec. Publ. 400-26 (April 1976).

Kenney, J. M. , Semiconductor Measurement Technology. Permanent Damage Effects of Nuclear
Radiation on the X-Band Performance of Silicon Schottky-Barrier Microwave Mixer Diodes,
NBS Spec. Publ. 400-7 (April 1976).

Galloway, K. F., Keery, W. J., Leedy, K. 0., Electron Beam Effects on Microelectronic De-
vices, Proceedings of Scanning Electron Microscopy/1976 , Toronto, April 5-9, 1976, pp. 507-

514.

Galloway, K. F., Leedy, K. 0., and Keery, W. J., Electron-Beam-Induced-Currents in Simple
Device Structures, Proceedings of the 26th Electronic Components Conference, San Francisco,
California, April 26-28, 1976, pp. 257-262.

Buehler, M. G., Semiconductor Measurement Technology. Microelectronic Test Pattern NBS-3
for Evaluating the Resistivity-Dopant Density Relationship of Silicon, NBS Spec. Publ.
400-22 (May 1976). i

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 Super-
intendent of Documents, U.S. Government Printing Office, Washington, D. C. 20402, or
the National Technical Information Service, Springfield, Virginia 22161, or both.
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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. E. C. Cohen, Room A327, Technology Building, National
Bureau of Standards, Washington, D. C. 20234.

B.4. Videotapes

Color videotape cassette presentations on improvements in semiconductor measurement

technology are being prepared for the purpose of more effectively disseminating the

results of the work to the semiconductor industry. These videotapes are available
for distribution on loan without charge on request to Mrs. E. C. Cohen, Room A327,

Technology Building, National Bureau of Standards, Washington, D. C. 20234. Copies

of these videotapes- may be made and retained by requestors. Two videotapes, Defects

in PN Junctions and MOS Capacitors Observed Using Thermally Stimulated Current and

Capacitance Measurements, by M. G. Buehler and Laser Scanning of Active Semiconductor

Devices, by D. E. Sawyer and D. W. Berning have been completed and released for

distribution. As an added feature, arrangements can be made for the authors to be

available for a telephone conference call to answer questions and provide more de-

tailed information, following a prearranged showing of either of the videotapes.

APPENDIX C

WORKSHOP AND SYMPOSIUM SCHEDULE

C.l. Proceedings or Reports of Past Events :

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 Assembly, Palo Alto, California, September 7, 1973. Report: NBS
Spec. Publ. 400-3 (January 1974).

ARPA/NBS Workshop II. 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. (Co-
sponsored by ASTM Committee F-1 and NBS). Proceedings: NBS Spec. Publ.
400-10 (December 1974).

ARPA/NBS Workshop III. Test Patterns, Scottsdale, Arizona, September 6, 1974.
Report: NBS Spec. Publ. 400-15 (January 1976).

ARPA/NBS Workshop IV. Surface Analysis for Silicon Devices, Gaithersburg,
Maryland, April 23-24, 1975. Proceedings: NBS Spec. Publ. 400-23
(March 1976)

.

NBS/FDA Workshop. Reliability Technology for Cardiac Pacemakers, Gaithersburg,
Maryland, July 28-29, 1975. Report: NBS Spec. Publ. 400-28 (June 1976).

Reliability Technology for Cardiac Pacemakers, II, Gaithersburg, Maryland,
July 19-20, 1976. Report: in preparation.
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STANDARDS COflfllTTEE ACTIVITIES

ASTM Committee F-1 on Electronics

J. H. Albers, Secretary, Packaging Subcommittee; Hybrid Microelectronics Subcommittee

M. G. Buehler, Chairman, Task Force on Test Patterns, Process Controls Section;

Semiconductor Crystals, Semiconductor Processing Materials, Semiconductor
Measurements , and Quality and Hardness Assurance Subcommittees

*W. M. Bullis, Secretary; Editor, Semiconductor Crystals Subcommittee

J. R. Ehrstein, Chairman, Resistivity Section; Semiconductor Crystals, Semiconductor
Processing Materials, Semiconductor Measurements, and Quality and Hardness
Assurance Subcommittees

*J. C. French, Chairman, Editorial Subcommittee

G. G. Harman, Secretary, Interconnection Bonding Section; Hybrid Microelectronics, and
Packaging Subcommittees

K. 0. Leedy, Chainnan, Packaging Subcommittee; Chairman, Interconnection Bonding
Section; Semiconductor Crystals, Semiconductor Processing Materials, Semi-
conductor Measurements, Hybrid Microelectronics, and Quality and Hardness
Assurance Subcommittees

T. F. Leedy, Semiconductor Crystals, Semiconductor Processing Materials, Semiconductor
Measurements, and Quality and Hardness Assurance Subcommittees

*C. P. Marsden, Honorary Chairman

R. L. Mattis, Editor, Semiconductor Measurements Subcommittee; Semiconductor Crystals,
and Semiconductor Processing Materials Subcommittees

*J. F. Mayo-Wells, Secretary, Editorial Subcommittee

D. B. Novotny, Editor, Semiconductor Processing Materials Subcommittee; Semiconductor
Crystals and Packaging Subcommittees

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

G. J. Rogers, Lasers and Quality and Hardness Assurance Subcommittees

S. Ruthberg, Chairman, Hermeticity Section; Hybrid Microelectronics, and Packaging
Subcommittees

*R. I. Scace, Second Vice-Chairman

*H. A. Schafft, Publicity Officer

A. H. Sher, Semiconductor Crystals, Semiconductor Processing Materials, Semiconductor
Measurements, Hybrid Microelectronics, Packaging, and Quality and Hardness
Assurance Subcommittees

W. R. Thurber, Semiconductor Crystals and Semiconductor Measurements Subcommittees

ASTM Committee E-10 on Radioisotopes and Radiation Effects

W. M. Bullis, Subcommittee 7, Radiation Effects on Electronic Materials

J. C. French, Subcommittee 7, Radiation Effects on Electronic Materials

R. I. Scace, Subcommittee 7, Radiation Effects on Electronic Materials

All subcommittees

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

D. L. Blackburn, Task Group JC-25-5 on Thermal Characterization on Power Transistors,
and Committee JC-25 on Power Transistors

F. F. Oettinger, Chairman, Task Group JC-25-5 on Thermal Characterization on Power
Transistors, Committee JC-25 on Power Transistors; Technical Advisor, Thermal
Properties of Devices, Committees JC-13.1 on Government Liaison for Discrete
Semiconductor Devices, and JC-22 on Rectifier Diodes and Thyristors

S. Rubin, Chairman, Council Task Group on Galvanomagnetic Devices

D. E. Sawyer, Task Group JC-24-5 on Transistor Scattering Parameter Measurement
Standard, Committee JC-24 on Low Power Transistors

H. A. Schafft, Technical Advisor, Second Breakdown and Related Specifications
Committee JC-25 on Power Transistors

lEC TC47, Semiconductor Devices and Integrated Circuits

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

IEEE Electron Devices Group

J. C. French, Standards Committee

F. F. Oettinger, Standards Committee Task Force on Second Breakdown Measurement
Standards

H. A. Schafft, Standards Committee Task Force on Second Breakdown Measurement
Standards

IEEE Magnetics Group

S. Rubin, Chairman, Galvanomagnetic Standards Subcommittee

Semiconductor Equipment and Materials Institute

R. I. Scace, Standards Committee

Society of Automotive Engineers

W. M. Bullis, Planning Subcommittee of Committee H on Electronic Materials and
Processes

J. C. French, Subcommittee A-2N on Radiation Hardness and Nuclear Survivability

F. F. Oettinger, Steering Committee, Electronic Systems Committee
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SOLID-STATE TECHNOLOGY & FABRICATION SERVICES

Technical services in areas of competence are provided to other NBS activities and other
government agencies as they are requested. Usually these are short-term, specialized
services that cannot be obtained through normal commercial channels. Such services
provided during this and the previous reporting period, which are listed below, indicate
the kinds of technology available to the program.

E.l. Semiconductor Device Fabrication (J. Krawczyk)

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

E.2. Oxidation (Y. M. Liu and J. Krawczyk)

Silicon wafers were oxidized for the NBS Poljraiers Division for ellipsometer studies.

E.3. Metal Evaporation (J. Krawczyk)

Aluminum films of various thickness were vacuum evaporated in two stages on several quartz
substrates. These were for use in metal-vacuum-metal tunneling experiments for the NBS
Mechanics Division.

E.4. Scanning Electron Microscopy (W. J. Keery)

Samples of gypsum wall board which had been exposed to fire damage were examined for the

Fire Safety Engineering Division.

A portion of a lunar sample was examined with Dr. P. Bell of Carnegie Institute.

Several samples of glass plates coated with an optically transparent tin oxide film were
examined for the NBS Optics and Micrometrology Section. These samples were to be sub-
strates for photomask line width standards. The coatings were poor and -the SEM was
crucial in diagnosing the causes and developing modifications to the procedures to be
used by the coating supplier.

E.5. Semiconductor Evaluation (W. R. Thurber)

Several crystals of high-resistivity silicon were evaluated for Eglin Air Force Base.
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acoustic emission 46-49

acoustic microscopy 61

alignment test structure 40-41

argon Ion penetration depth 16-17

ASTM Method F 43 7-8

ASTM Method F 84 7-8

Auger electron spectroscopy 14-15; 16-19

beam-lead bonding 46-49

bias-temperature stress test 27-28

boron redistribution 24-25

capacltance-vbltage methods 27-28; 28; 31-32

carbon contamination 17-18

chemical etch methods 23

chemical shift effects 18-19

corona discharge method 34

Darlington transistors 64
deep depletion method 24-25

double hermetic enclosures 53-55

dopant profiles 24-25, 31-33

EIA Recommended Standard 313-B 62; 63-64

electron spectroscopy for chemical analysis
14-15

electrophoretlc cell method 23-24

emitter-only switching method 62; 62-64

flame emission spectrometry 19-20

flying-spot scanner 58
four-probe array, square 39-40

four-probe method 7-8; 39-40

gross leak tests 55-56

hermeticlty 53-57

hydrogen chloride oxidation 35-36

Infrared mlcroradlometer 62; 62-64

Infrared reflectance method 20-23

Integrated circuits 58; 62-64
Interface states 25-27

Ion Implantation 31-33

Ion mlcroprobe mass analysis 14-15; 15-16

Ion stimulated Auger transitions 17

irradiation, SEM 27-28

junction temperature 62; 62-64

laser Interferometry 47, 49

microscopy, optical (theory) 4

modular test patterns 41-43
moisture Infusion 56-57
MIL-STD-883A 57

MOS capacitor 24-25; 25-27; 27-28

NBS-3 test pattern 42-43
neutron activation analysis 15-16

oxidation furnace qualification tests 29-30;
35-36

oxide films 18-19; 27-28

passivation overcoats 33-34
i

photomask inspection 4

photomask metrology 4

photoresist exposure 37-38

probe materials, hardness of 12-13

pull test, wire bond 47, 50-51

quasi saturation mode 62

resonance fluorescence spectroscopy 29-30

ribbon wire bonding 51-52

sapphire, silicon on 20-23; 28; 44
scanning acoustic microscopy 61
scanning electron microscopy 60
scanning low energy electron probe 58-59
Schottky barrier diodes 31-32

secondary ion mass spectrometry 14-15, 15-16
sodium contamination 19-20; 27-28; 29-30
spatial filtering techniques 4

spreading resistance 8-12; 12-13

square array collector resistor 39-40

static-expansion gross leak test 55-56
substrate diode method 62-64

surface preparation 8-12; 20-23

test patterns 41-43; 42-44; 44-45

thermal resistance 62; 62-64

thermally stimulated current 25-27

transistor, power 62 ,

ultrasonic wire bonding 47; 50-51; 51-52

voltage contrast mode 60

water vapor contamination 35-36

wire bonds 47, 50-51; 51-52

x-ray photoelectron spectroscopy 14-15
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coaparison of techniques for surface analysis, ion nicroprobe cass analysis, analysis of process checicals withj

flame emission spectrometry, redistribution profiles, thernally stimulated current response of interface stateaj

bias-temperature stress test ceasurecents on Y-OS capacitors, a high voltage capacitance-voltage method for mea-

suring characteristics of thic's insulator films, hydrogen chloride oxidation, ion implantation parameters,
methods for determining integrity of passivation overcoats, measurement of free sodium in an oxidation furnace
by resonance fluorescence, a square array collector resistor test structure, an electrical alignment test strufr

ture, two dimensional wafer- naps, test pattern design and analysis for silicon-on-sapphire MOS device technol-
ogies, a nondestructive acoustic emission test for bean-lead bonds, wire bond pull test, bondability of doped
aluminum metallizations, leakage into double hermetic enclosures, a static expansion dry gas gross leak test,

correlation of moisture infusion in semiconductor packages with leak size and device reliability, an autotated
scanning low-energy electron probe, an optical flying-spot scanner, scanning electron microscopy, scanning
acoustic microscopy, and thermal resistance measurements on power transistors and simple integrated circuits.

Supplementary data concerning staff, publications, workshops and symposia, standards coEmittee activities, and

technical services are also included as appendices

.
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JOURNAL OF RESEARCH reports National Bureau
of Standards research and development in physics,

! mathematics, and chemistry. It is published in two
j
sections, available separately:

I
• Physics and Chemistry (Section A)

! Papers of interest primarily to scientists working in

I these fields. This section covers a broad range of physi-

; cal and chemical research, with major emphasis on
' standards of physical measurement, fundamental con-

I

stants, and properties of matter. Issued six times a year.

I Annual subscription: Domestic, $17.00; Foreign, $21.25.

{
• Mathematical Sciences (Section B)
Studies and compilations designed mainly for the math-

I ematician and theoretical physicist. Topics in mathemat-
ical statistics, theory of experiment design, numerical

analysis, theoretical physics and chemistry, logical de-

sign and programming of computers and computer sys-

tems. Short numerical tables. Issued quarterly. Annual
subscription: Domestic, $9.00; Foreign, $11.25.

DIMENSIONS/NBS (formerly Technical News Bulle-

tin)—This monthly magazine is published to inform
scientists, engineers, businessmen, industry, teachers,

students, and consumers of the latest advances in

science and technology, with primary emphasis on the

work at NBS. The magazine highlights and reviews
such issues as energy research, fire protection, building

technology, metric conversion, pollution abatement,
health and safety, and consumer product performance.
In addition, it reports the results of Bureau programs
in measurement standards and techniques, properties of

matter and materials, engineering standards and serv-

ices, instrumentation, and automatic data processing.

Annual subscription: Domestic, $9.45; Foreign, $11.85.

NONPERIODICALS

Monographs—Major contributions to the technical liter-

ature on various subjects related to the Bureau's scien-

tific and technical activities.

Handbooks—Recommended codes of engineering and
industrial practice (including safety codes) developed

in cooperation with interested industries, professional

organizations, and regulatory bodies.

Special Publications—Include proceedings of conferences

sponsored by NBS, NBS annual reports, and other
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Applied Mathematics Series—Mathematical tables, man-
uals, and studies of special interest to physicists, engi-

neers, chemists, biologists, mathematicians, com-
puter programmers, and others engaged in scientific

and technical work.

National 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 coordinated by NBS. Program under authority
of National Standard Data Act (Public Law 90-396).

NOTE: At present the principal publication outlet for

these data is the Journal of Physical and Chemical
Reference Data (JPCRD) published quarterly for NBS
by the American Chemical Society (ACS) and the Amer-
ican Institute of Physics (AIP). Subscriptions, reprints,

and supplements available from ACS, 1155 Sixteenth

St. N.W., Wash. D. C. 20056.

Building Science Series—Disseminates technical infor-

mation developed at the Bureau on building materials,

components, systems, and whole structures. The series

presents research results, test methods, and perform-
ance criteria related to the structural and environmental
functions and the durability and safety characteristics

of building elements and systems.

Technical Notes-r-Studies 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 proce-

dures 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 rec-

ognized 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.

Consumer Information Series—Practical information,

based on NBS research and experience, covering areas

of interest to the consumer. Easily understandable lang-

uage and illustrations provide useful background knowl-
edge for shopping in today's technological marketplace.

Order above NBS publications from: Superintendent

of Documents, Government Printing Office, Washington,
D.C. 20U02.

Order following NBS publications—NBSIR's and FIPS
from the National Technical Information Services,

Springfield, Va. 22161.

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 15 CFR (Code of Federal
Regulations).

NBS Interagency Reports (NBSIR)—A special series of

interim or final reports on work performed by NBS for

outside sponsors (both government and non-govern-
ment). In general, initial distribution is handled by the

sponsor; public distribution is by the National Techni-

cal Information Services (Springfield, Va. 22161) in

paper copy or microfiche form.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES

The following current-awareness and literature-survey

bibliographies are issued periodically by the Bureau:
Cryogenic Data Center Current Awareness Service. A

literature survey issued biweekly. Annual subscrip-

tion: Domestic, $20.00; Foreign, $25.00.

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