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PROCESS TRCHNIQUES STUDY OF INTEGRATED CIRCUITS

Quarterly Report No. 11

ABSTRACT

The purpose of this program is to investigate some of the dominant
problems confronting planar technology, to seek solutions to these problems
and to provide instrumental support services to NASA-ERC in the areas of
failure analysis and instrumental capabilities., Areas of investigation
are organized under the following four categories of activity.

Investigational Activitiess
l. Failure Mechanisms Related to Oxide Passivation
2. Failure Mechanisms Associated with Packaging

Services:
1. Failure Analysis Service and Consultation
2, Instrumental Capability Profile

Past program activities on oxide passivation have provided insights
into the origin of atomic species contributing tc inversion and the origin
of dielectric defects. Current activities are concentrated primarily on
the latter problem where it has been shown that most of the dielectric
defects in oxide layers are developed during the cooling of wafers after
oxidation and follow an exponential decay with increasing oxide thickness,
Present experiments show that diffusion barriers introduced prior to oxi=-
dation tend to reduce virtual defect densities and lead to a lateral ion
migration model to account for initial inhomogeneous oxide disuribution,

Previous packaging investigations have been confined tc gas ambient
studies in which the effects of hydrogen and of water were evaluated on
the performance of various transistor camples. The program has been
extended to other failure problems cof importance to packaging as well as
to environmental studies on integrated circuits. The present report summa-
rizes investigations which show the effects of hydropen on integrated
circuits tc be nonspecific and innocucus. 4 listing of interactions involving
potential package components alsc has been compiled giving thermodynamic '
“ree energy values and kinetic data of possible utility in the predicticn
of long term device stability.

Failure analysis on Jase Number CQF-10l, comprising £9 npn transistors
has been completed,

The instrumental capability profile provided at an early stage of
this program has been updated in the present report,
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1. Failure Mechanisms Related to Oxide Passivation

The occurrence of dielectric defects, or "pinholes", constitutes a
significant failure mode in modern oxide passivated devices and is probably
the largest remaining barrier to large scale integration. Although numerous
remedial innovations in materials and process techniques have been attempted,
no reliable solutinn to this problem has yet been found. Because of the
general convenience and superiority of thermally grown oxide for most masking
and passivating purposes, and because this application of silicon dioxide
has been successfully optimized in most other respects, it seems important to
take full advantage of these characteristics by determining the process require-
ments needed to remove this remaining major problem in its use., The object-
ives of this effort, therefore, are to discover why structural defects are

preoduced in thermally grown oxides and to learn how they may be prevented,

Previous activity on this program has sought to relate the origin of
dielectric defects to various process factors and structural considerations.
These results may be summarized as follows:

A, TFactors tending to increase dielectric defects,

a. Extended processing (generally).
b. Higher compressive stress in the oxide.
ce Embedded lapping grains in the substrate,
de Superficial HF etching.
e, Abrupt oxide steps.
f. Thermal cycling,
gs Mechanicdl wiping.
h. HRemoval of back oxide layers,
B. TFactors tending to decrease dielectric defects.
a. Growth of oxide to higher thicknesses,
b. Chemical etch of initial wafer,
ce Pyrolytic oxide, uniformly applied and properly densified.
d, Additives tending to reduce bond strain in silica glass.

e. Addition of steam to oxidation process gas, or termination of
any dry oxidation step with a wet oxidation,

1=
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C. Factors having little or no effect on defect incidence,.

3. Wafer cooling rates after oxidation.

be. Mineral content of water used as steam source.

Ce (xide growth rate,

de Substrate doping (fenerally).

e, Crystal defects (dislocations and stacking faults),

f. Certain non-reactive particulate contaminants (such as

alumina) which do not stick to the oxide during growth,

Flectron photomicrographs show pile-ups of oxide layers at defect sites,
thereby indicating compressive stress in the oxide as the major cause of
daefects, This idea was confirmed by comparing oxide defect densities
existing at the oxidation temperature with those existing after cooling.
Briefly, the technique consists of terminating an oxidation with a short
HCl etch which sttacks any exposed silicon, producing an etch pit at each
defect site, After cooling the additional defects are located by electro-
phoretic decoration. In an oxide layer grown to BOOOR the ratio of defect
densities before and after cooling was found to be 1:195. Most of the
above findings have been reported previouslyl’z and all are consistent
with the compressive stiress model advanced as the originating agency of
oxide defects,

The approaches to continued investigation on this program consist
of examining in detail the inhomogeneities in oiide distribution evidently
present at the initial stages of oxidation using the techniques described
above. Experiments have shown that a significant number of defects may
exist at the processing temperature after only a brief oxidation period,
thus predisposing oxides to a distribution of thin spots at later stages
of oxidation. It is postulated that a portion of these thin spots yield
to the compressive stress prodtced on cooling and that the remainder con-
stitute the latent defect sites opened up by light etching in hydro-
fluoric acid. It is further postulated that if initial oxidation irregﬁ-
larities could be removed through appropriate proceés control the finished
oxide layers would be free of thin spots and capable of withstanding
the existing stresses without rupture. .

-
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More quantitative investigations were conducted to compare defect
densities at no stress (i.e., before cooling), at full stress (i.e., after
cooling) and at partial stress relief (i.e., after removal of the back
oxide layer). These data were obtained for a series of oxidation times
in order to yield growth dependent plots as typified in Figures 1 and 2,
Conventional oxide growth technique was used (NQ: 245 cc/ming 0,1 2L5 cc/min
passed through water at slightly less than 100C; temperature: 1180 C)
followed by HCl-He etching before removal from the growth zone, Defect
densities were evaluated by §tandard etch pit and decoration counts.,

The observed dependence on t* is characteristic of a diffusion controlled
process and has been confirmed by other investigator53_9 for the oxidative
growth of silica. The exponential decrease in the number of defects with
oxide growth also is apparent from Figures 1 and 2., Decay of this number,
N, may be expressed either in terms of growth time, t, or layer thickness,

&

Z, according to

N = Nte'A = Nze'¢z (1)

where Nt and Nz are the corresponding preexponential factors (ordinate
intercepts) and A and ¢ are the respective decay factors. Decay factors

appropriate to Figures 1 and 2 are listed in Table I3

TABIE I. OXIDE DEFECT DECAY FACTORS

Condition A (ninutes™?) ¢ (per_1000f) A/
No stress 1.37 2,22 62
Full stress 0.60 1.08 .55
Partial stress "~ 0.L5 0483 5k

Internal consistency between the time and thickness data is given by the
ratios, A /¢ , and is better than 94 percent,

Obviously the smaller the decay factor the greater the defect density
and the more serious the pinhole problem. Merely by cooling from the oxi-
dation temperature to room temperature the decay factor is reduced by
more than 50 percent and the defect density increased by roughly an order
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of magnitude, Simultaneously with cooling the compressive stress is
developed in the oxide layers which, for the set of wafers under discussion,
was found by Proficorder analysis to be uniformly L.l X 10‘“ psi10 over

the range of thicknesses grown (see Appendix A), Tt is this magnitude of
stress that differentiates the "“full stress" condition (middle curve) from
the "no stress" condition (lower curve) existing at the oxidation tempera-
ture. And it is the difference in slopes of these two curves that links

the occurrence of dielectric defects with compressive stress.

In the upper curve stress in the oxide layer has been partially relieved
by etching off the opposite oxide layer. The relief mechanism is through
strain of the silicon substrate, yielding an observable warp curvature in
the wafer, As a result the remaining oxide layer assumes a conformal con-
vex curvature which, it is postulated, opens up oxide fracture sites
previously held together in the more planar "full stress" state. Thus,
the "partial stress relief" condition is believed to introduce still more
defects, as evidenced by the slope of the upper curve in Figures 1 and 2,
because of the unbalanced nature of the relief, It would appear from these
results that an integrated circuit technology that allowed the back oxide

to remain on the chip would be somewhat less prone to pinhole problems,

A more serious problem, however, remains, This is the existence of
a virtual defect density (Nt’ equation 1) of the order of 103/cm2. Admitting
that this extrapolated value is fictitious, one still must assume a very
large defect density at some small t>0 which increases exponentially with
thinner oxides, This problem is especially critical to MOS-FET technology
where gate oxides of 10002, or less, areAgenerally required, It seems
more important, thefefore, to understand the physical basis for the virtual
defect density, so that it can be manipulated downwards, rather than
attempting to increase defect decay factors. Furthermore, on the assump-
tion that oxide growth (and defect mending) must remain constitutionally
invariant, there would appear to be very little opportunity at all for
affecting decay factors one way or the other.

From a comparison of Figures 1 and 2 it is seen thdt the preexponential

defect density is approximately 50 percent higher for the thickness dependent
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curves than for the t% dependent curves. This difference is significant
within the experimental limits of error and suggests that the reaction
kineties governing the initial phases of oxidation differ from those
applicable to the remainder of the process, It appears reasonable that
the time dependent curves would tend to become asymptotic in the vicinity
of the ordinate, but no firm conclusion of this nature can be drawn on
the present evidence, Of more practical significance is the evidence
afforded by these plots of nonhomogeneous oxide distribution at the
beginning of oxidation, and its possible association with the anomalous
reaction kinetics in that phase of the process, If this is the case,
process steps or modifications capable of moderating the initial oxi=-
dation kinetics should have a significant effect on the virtual, and
hence ultimate, defect densities.

Initial efforts to test this hypothesis were directed toward wafer
pretreatments designed to produce diffusion attenuation layers on the
surfaces, These layers consist primarily of silicon dioxide in the 2008
or less thickness range produced by wet chemical methods and have shown

"initial encouraging results. Briefly the method consists of treating

the wafers with HF (to remove old oxide), 50 percent KOH at 50C (to remove
residual flouride), and hot concentrated nitric acid (to remove residual
¥OH and initiate uniform oxidation)., Each step is followed by thorough
rinsing with distilled water. Initial tests revealed zero defects under
conditions of no stress after only 15 minutes of oxidation., Therefore
shorter oxidation times were investigated which were expected, on the
basis of previous results, to yield higher defect densities. Hydrogen
chloride etch-pits in the silicon produced under no-stress conditions

are listed in Table ITI, '

TABLE IT, INFLJENCE OF WAFER PRETREATMENT ON INTITIAL OXIDE DEFECTS

Oxidation Volume Etch Pits
Time HC1 in He (average

Sample (minutes) (%) per wafer)
1 2.5 3.5 0.5
2 5 3.5 0.5
3 5 2.6 1.0
b 5 3.0 3.0
5 10 3. 1.0
6 15 3.0 4.0
7 15 3.9 0.0
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These results appear to indicate that the pretreatment exerts sub-
stantial control over the incidence of initial defects to the extent that
the previously found exponential dependence on growth time is absent and
no significant extrapolation to latent defect density at zero time is
possible, This effect represents a significant departure from previous
resulis and requires further verification.

A second set of wafers, therefore, was pretreated with nitric acid
as above and exposed to a sequence of increasing oxidation times without
a terminal HC1 vapor phase etch. On cooling to room temperature these
wafers were examined by electrophoretic decoration, yielding the results
listed in Table III and plotted in Fipure 3.

TABLE TTI. FULL STRESS DEFECT DENSITIES IN PRETREATED WAFERS

Oxidation Oxide Defects

Time Thickness per wafer

Run (minutes) (Angstroms) (Average)
K 2.5 1300 213+18
L 5 2000 172+29
M 10 2700 88+11

N 15 3000 75+ 6 .

0 20 1100 50+ 3
P 30 5000 Lo+ 3

It is immediately apparent that the virtual (preexponential) defect
densities are reduced by a factor of almost 10 by the wafer pretreatment.
However, this is still substantially higher than expected on the basis
of the etch count data in Table II. The underlying mechanism responsible

for this effect of the nitric acid pretreatment is still unresolved,

It also can be seen from Fipure 3 that the virtual cefect density
is now higher for the time dependent plot than for the thickness dependent
plot---a reversal of the trend found for the untreated wafers, It appears,
therefore, that the wafer pretreatment with nitric acid does in fact slow

the initial oxidative attack. This becomes more apparent by plotting
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thickness versus (time)% for the two sets of wafers as shown in Figure L.
The "treated" curve is concave near the origin whereas the "untreated®
curve is convex, again suggesting that the treatment initially attenuates
oxygen diffusion to the silicon. The difference in slopes is due to an

increase in water injection for the treated series,

The exact nature of the layers produced by the nitric acid still are
unknown. Boundaries in such layers produced by controlled (masked) HF
etching are readily revealed by moisture condensation from a humid environ-
ment, Attempls to measure the thickness of the layers by Proficorder and
Tally-Surf tracing, and by interferometry, however, have failed., Although
the layers are suspected of being a porous and partly hydrated silicon
dioxide, the possibility of a small component of nitride cannot be ruled
out.

Following the kinetic clues to the control of oxide defects developed
above a series of wafers was pretreated with a slow-growth oxide layer
(2508 in 0.5 hour, 0,:N, = 1:148) prior to normal oxide growth to varying
thicknesses (2500-4300 8). The results are plotted in Figure 5 and show
essentially negligible improvement over those plotted in Figure l. Since
this pretreatment was made at normal growth temperature it can be assumed
that the conditions leading to inhomogeneous oxide distribution in the

initial phase of oxidation were essentially unchanged.

In summary it may be said that the very presence of a virtual defect
density implies an inhomogeneous distribution of oxide at the start qf
oxidation which is progressively ®mended" by continued oxidation. The
mending process is observed to be random~both in temporal and spatial
distribution, resulting in a population of thin spots of varying degrees
of thickness, The major question to be answered is what produces this
initial inhomogeneity., The answer is being sought by the use of two types
of experiment: extrapolation of oxidation kinetic data to time zero and
examination of the effects of process variants on. oxide morphology after
extremely limited oxidation,

Process variants investigated thus far include a hot nitric acid
pretreatment of wafers (previously reportedlo) and a slow initial growth

=10=
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of oxide achieved by limiting the oxygen concentration (to about 2 percent
v/v) during the first half hour of oxidation. Initial results of these
experiments indicate the following:

l. A kinetic anomaly exists during the first minute or two of
oxidation which is in the direction of an accelerated rate
(vs a strictly linear dependence on t%) for wafers precleaned
by normal technique and a decelerated rate for wafers pre-
treated with hot nitric acid.

2. Pretreatment of wafers with hot nitric acid appears to reduce
the wvirtual defect density to a negligible value for the
unstressed condition (i.e., before cooling), but the virtual
defect density after cooling is lower only by a factor of
about ten,

3. Pretreatment of wafers by slow initial oxide growth (about 2508
in the first half hour) at 1180 C produces essentially no
reduction in virtual defect density for the full stress condition.

The latter two observations require further verification. If vali-
dated, however, they lead to the speculation that the initial rate of
oxidation of silicon atoms is lower (i.e., more hindered) than at some
subsequent but still incomplete oxidation state, SiOx (x<2),. Assuming,
at 1180 C, a lateral mobility of oxygen ions on a silicon surface, SiO
(yg<x), any SiQx present will tend to usurp incoming oxygen via transport
through SiOy. One way to formulate the sequence of events is as follows:

sio, + Sioy - si0, + Si (2)
si + 0, > Sioy (3)
nsmy + 0, - (n-1)Sioy + 810 (L)

The model requires, however, that each molecular "unit" of 8102 produced
leave behind an adjacent SiOx to continue the local propagation. The
model predicts a distribution of latent oxide defects equivalent to the
initial distribution of SiOx, which is determined in turn by the surface
mean free path of oxygen ion diffusion via Sioy.

-13-



€5-1471.11/3111

A more graphic representation of the model may be depicted as
follows:
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The localized oxide aggregates in the beginning stages of oxidation may
be visualized as follows:

where the circular contours represent accurmlation sites at two stages

of oxidation., According to the present evidence the density of sites is
about 1000/cm2. The arrows indicate the directions of postulated oxygen
ion surface migration. As oxide continues to accumulate the areas should
grow larger, eventually comingling and producing a set of interstices at

the same number density, pictured somewhat as follows:

-1,‘\-
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The interstices are in turn "filled in" at a random frequency, as evi=-
denced by their exponential decay with oxide growth, producing the thin
spots which later yield, in varying degrees, to such forces as compressive
stress on cooling, electrorhoretic decoration probing and shorting
through the oxide on completed.devices,

The model appears to explain the observations described above but
is not proved by them, Nitric acid pretreatment introduces an oxide
layer of something less than 2503, as noted earlier, This layer may act
to restrict lateral diffusion of oxygen ions at growth temperature, or
it may contain an initial population of SiOx which is more dense or
continuous than SiQx sites produced thermally, leavinz a smaller number
of oxide gaps to be filled in by conventional oxidation. On the other
hand, slow growth of the first 2508 at 1180C would merely assure the
discreteness of SiO2 build-up around initial SiOx sites. That is to say,
it would do nothing to reduce the virtual defect density, as apparently

observed,

Experiment.s planned for testing the model include the following:
1. Growth of 2508 oxide at high temperature according to the last
described pretreatment, but without further subsequent oxidation, followed
by tests for inhomogeneous distribution; 2. Exposure of nitric acid pre-
treated wafers to oxidation temperature in an inert ambient followed by
tests to determine whether a nonhomogeneous distribution has been produced
by the postulated lateral migration; 3. Prolonged pretreatment of wafers
in hot nitric acid prior to oxidation to determine whether deeper layers
provide better barriers to surface ion migration, or more uniform SiOx
distribution, as -evidenced by the resulting virtual defect densities,
If the proposed mechanism is borne out by these tests, a'logical route

to the elimination of dielectric defects will become possible,

2. Fallure Mechanisms Associated with Packaging

Present process control of packaging technigues is inadequate in
several respects and fosters a variety of modes of failure. These include

variations in gas ambient compositions, nonhermeticity, corrosion of leads,

~15a
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inferior heat sinks and cracked dice, These problems often are inter=-
dependent and augment each other or additional failure modes. Nonherme-
ticity may contribute to variations in package ambients and corrosion of
leads; inferior heat sinks may contribute to cracked dice, degradation

of hFE and metallization mass transport, &ll of which are current reliability
protlems, Associated with the problem of nonhermetic packages is the lack
of an adequate gross leak test. The objective of this investigation is to
locate the sources of these problems in process control techniques and to
seek remedies therefor,

Previous program activities in this area have been limited mainly
to the analysis of package ambients and the investigation of the effects
of certain of these gases on transistor function, Using mass spectrometrie
and gas chromatographic techniques a large variety of gaseous species
were detected in the packages of transistors and integrated circuits.
It was shown that the presence of moisture seriously affected the low
temperature performance of mesa transistors but not of planar transistors.
It also was shown that baking for limited periods in a hydrogen ambient
produced irreversible increases in the betas of some groups of transistors
but not in others, General conclusions could not be reached because of

the limited sampling and the insufficiency of available process histories,

The rather surprising variety of gas compositions detected in the
packages of generally well-made components led to considerable concern
regarding the possible effects of such gases on the long-term constancy
of electrical parameters. Since it was not considered feasible to inves-
tigate the effects of all of these compositions experimentally an attempt
was made to catalog potential interactions on the basis of available
thermodynamic and kinetic data with the expectation that attention would
be focused on strongly favored interactions and diverted from those that
were unlikely or forbidden. This compilation is included in the present
report as Appendix B, In its present form the report is somewhat over-
simplified and neglects certain questions of interest, such as the
simultaneous effects chemical and electrical potentials or the effects of

certain decomposition intermediates, It should be regarded, therefore,

-16-
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somewhat as an initial draft which, through subsequent expansion, will
evolve into a useful tool in calling attention to potential failure modes
and, hopefully, providing an estimate of pertinent reaction kinetiecs.

Following the investigations on transistors facilities were established
for similar investigations on integrated circuits providing considerable
flexibility in the selection of test ambient compositions, temperatures
and pressures, Investigations also were extended into other problem areas,
such as the development of a satisfactory gross leak test., The general
approach to these problems consisted of examining current practice for
clues to the process origins of component defects followed by chemical
and instrumental failure analysis by established procedures.

A number of environmental tests were conducted on groups of GPA
integrated circuits (type 9L7) with the purpose of establishing what
effects the presence of ambient hydrogen would have on the long term
performance characteristics. Accelerated effects were first sought under
the simultaneous application of electrical load and thermal stress. This
proved highly destructive to the devices, even at only 150 C, because of
localized thermal excursions. Surviving devices, however, were found to
have undergone no significant change in characteristics due to the presence

of hydrogen (forming gas) in these tests,

In subsequent tests electrical hias was eliminated in order to achieve
higher ambient temperatures without catastrophic destruction. For example,
a group of integrated circuits showed no change in room temperature electri=-
cal performance after baking at 525 C for nineteen hours under nitrogen.

A sample of identical devices, however, displayed substantial degradation

of outboard transistor betas as a result of baking in vacuum. The degra-
dation was just noticeable at 300 C but pronounced at 350 C,: Further
experiments showed that the betas could be restored by baking in hydrogen,
nitrogen or forming gas, and that the degradation and restoration apparently
may be repeated indefinitely.

On the basis of these and earlier results it appears that the effects,
if any, of hydrogen ambients on planar devices are curative rather than
degradative and are not likely to occur at significant rates except at

-17-
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well above use temperatures. It also appears that hydrogen is not unique
in this respect and that improvement in betas after vacuum baking may be
effected by other gases, such as nitrogen. The precise reason for the
effects of vacuum baking are not known at this ftime but may be of further
interest in view of the deep space nature of NASA missions and the uncer-
tainty of achieving absolute package hermeticity. The search for unique

effects of hydrogen on planar devices, however, has been discontinued.,

3, Failure Analysis Service

The objective of this service is to examine state-of-the-art components
periodically for inhomogeneities arising from process techniques. These
analyses are being performed in detail on components important to the
Failure Mechanisms Branch, Qualifications and Standards Laboratory, NASA-ERC.
This effort constitutes a support function which is expected to reveal
hitherto unsuspected inadequacies associated with fabrication steps as well
as to characterize salient reliability problems peculiar to components from
specific sources. Component anomalies are being examined by established
failure mechanism techniques from which performance predictions can be
derived appropriate to the long term reliability and environmental require-
ments applicable to NASA missions. Analytical results are independently
summarized on each group of components. Groups are identified by Case
Number, and individual specimens by Lot Number, Part Number and Sample
Number. Clarification of test techniques and instrumentation, where required,
is given in the Instrumental Capability Profile following this sectiﬁn.
Analysis of Case Number CQF-10l, consisting of 89 npn transistors has been
completed, '

L. Instrumental Capability Profile

The objective of this effort is to apprise NASA-ERC of optimum instru-
mentation and test sequences from which maximum insight into failure
mechanisms may be gained. Original tabulations were'pnesented’in the
second Monthly Report and Quarterly Report Number One, giving instrumental

=18~
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capability ranges, applications to failure mode and failure mechanism
investigation and references to pertinent process steps. Supplementary
instrumental data have been presented in various succeeding reports,
Continuing efforts in this area are intended to ensure the awareness of
NASA-ERC of current instrumental innovations for extracting maximum
failure information, On the following pages the most recent updating of
this compilation is presented in tabular form.

Present information on the development of improved package leak
tests is not sufficiently organized to be included in the accompanying
tabulation and will be summarized at a later date. Two promising methods,
however, are emerging, both of which are claimed to accommodate the
combined ranges of gross and fine conventional tests., These are the

sulfur hexafluoride test and the helium excitation transfer test,

In the sulfur hexafluoride test provision is made to incculate the
package under pressure without a previous outgassing. The inoculated
package then is connected to a vacuum system containing a cold trap which
condenses any SF6 pumped out of the package. The condensate is thereby
localized in a small volume from which it may be conveniently evaporated
and admitted to a gas chromatograph for analysis, Recent results have
shown the test to be operable from a lower leak rate of 5 X 10-'7 std cc
He/min up to that of a ,013 inch diameter hole (#80 drill hole). Correlation
with the standard helium leak rate test is uncertain at present mainly
because of uncontrolled test variables in the conventional method. The
sulfur hexafluoride method is tedious, a factor which may cancel out the
elimination of two separate leak tests, However, in the upper range it

is far more reliable than the present gross leak test,

Thersecond technique depends on the transfer of excitation energy
from a flowing stream of previously excited helium atoms to molecules
of nitrogen or hydrogen escaping from the leak in the package. The leak
is "detected" downstream from the package as a photoemission (fluorescence)
as the excited molecules return to their ground state, or by measurement
of the accompanying ionization effects, The helium is initially excited

by an rf field or by beta emission from a tritium source. The test requires

=19
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INSTRUMENTS

(Physical Properties)

Instrument and
Procedure

Parameters Measured

Sensitivity, Resolution
or Power

Optical microscope
Phase contrast

Surface topography
Stacking faults

3X to 2000X, 0.5 micron
To 1000X, 0.5 micron

Electron microscope

Crystal imperfections
Dislocations & stack-
ing faults

10 angstroms, 300,000X
100 angstroms apart

Tnterferometer Film thickness or
Single beam surface roughness 300 angstroms
Multiple beam 25 to 10 angstroms
Proficorder Surface texture 100 angstroms

Contour projector

Surface contour along
' a line shadow

10 microns

Ellipsometer

Film thickness, die-
lectric

Film thickness,

| silicon

2 angstroms

10 microns

ETectron diffractograph
Reflection
Transmission

Crystal character
Crystal lattice
parameters

0.0l angstroms

Low energy electron
diffraction ( LOO )

Surface structure
(generally) indicates
presence of adsorbed
materials

1 to ¢ atomic layers deep

Scanning electron
microscope

Device topography,
voltage contrast

0.05 to 0.5 micron, 50,000X

Radiography unit

Inner topography

0,1 micron

X-ray diffraction

Phase analysis
Crystallite size

Dislocation mapping

Ooﬁ‘to 10‘%
0.05 to 0.3 and 10 to 1,000
micron ranges
Over 5 microns apart

5,000 psi or 500 ppm strain
over area 0,010 in, across

Strain gauges

Strain, thus stress

1 ppm over .015 in, 100
pico strains

Tensile testers

Bond strength

0.l gram

Thermal plotter

Surface temperature

2°C over .35 mil, 0.5°C
over 1 mil diameter

Ztching

FEislocations or

stacking faults

10 microns apart
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SENSITIVITIES
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INSTRUMENTS

(Electrical Properties)

Instrument and

Sensitivity, Resolution

Procedure Parameters Measured or Power
Oscilloscopes Current and Voltage 10-9 amperes
Ammeters, electro- Current 10'17 amperes

meters )

Voltmeters, Poten- | Voltage difference |5 X 1020 volts
tiometer

Capacitance Capacitance 1077 farads, static
bridges

Nhmmeter, bridge

Resistance, impedance

10‘8 to 161h ohms

(Chemical Properties)

Absorption spectro=-
scopy atomic

Detection of metallic

& semi-metallic ele- |

ments

65 elements in ppm.

Infrared, attenuated|

total reflection

Surface composition

| Depth is about 1 wave-

length, depending on the
angle of reflection,

X-ray spectiroscopy

Chemical composition,
oxidation state

10 to 1,000 ppm

Emission spectro~
scopy
Visible
X-ray
Neutron activation

Chemical composition

Concentration of
impurities

1 ppm of most elements
10 ppm of most elements

1 ppb of most elements,
1 ppm of oxygen

Mass spectroscopy
Gas
Spark

Sputter

Chemical composition

0.02 to 200 ppm 10713 torr
1 ppb of many elements 20

" to 200 ppb of H, N, C, O

1 to 10 ppm in surface which
is removed at 10 to 100
monolayers per second. Area
0.1 mm across may be analyzed,

Gas chromatography

Chemical composition

1 ppb hydrocarbons on milli=-
gram sample
1 ppm H, 1C ppm Ar, 50 ppm water

Electron spin
resonance

Dangling bonds, free
radicals, excited
states

1011 H electron spins per
gauss with 1 second integration
time,



SENSITIVITIES OF

c5-1471.11/3111

INSTRUMENTS

(Electrical Properties)

Instrument and
Procedure

Parameters Measured

Sensitivity,* Resolution
or Power

Nuclear magnetic
resonance

Molecular structure

8

2,000 ppm, 3 X 10" spins/cm3

Charged particle
spectroscopy

Surface contaminant
identification

Atomic number difference of 1

Electron microprobe
X-ray mode

Backscattered
electrons

Specimen .current
mode

Identification &
amount of chemical
elements

Relative At. No
variations

Device topography

10 ppm in bulk (1,000 ppm
for lightest elements)

0.5 to 1 micron

Wet chemistry
Colorimetric
Fluorimetric
Ton exchange

Chemical composition

10 picograms
1 picogram of most elements
Concentrates ions 100X

Carbon analyzer

Carbon determi-
nation

10 ppm

Vacuum fusion

Chemical composition

50 ppb H, 200 ppb or O or N

*Sensitivities quoted are the highest given in apparatus maker's

literature.
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ultrapure helium but is simple and rapid, and the required instrumentation
is relatively uncomplicated. At the present time it appears to exceed

the range covered by the sulfur hexafluoride test, However, considerable
work is still required to establish a quantitative correlation between

instrumental readings and actual leak rates,.

Further results on these and other techniques will be reported as

they become available,
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APPENDIX A

MEASUREMENT OF COMPRESSIVE STRESS IN OXIDE LAYERS

The compressive stresses associated with oxide layers of various
thicknesses and defect densities are listed in Table A-I, Determinations
were made by Proficorder tracing arranged to give both the step thickness'
of an etch mark and the delta curvature, or deflection, over a given trace
distance produced by removal of an oxide layer., From the deflection data

the compressive stress is computed using the following relation:

8- &2 %a /3 1 (2)

where Es is the modulus of elasticity of silicon (27.3 X 10-6

psi), Zs
and Zo are the thicknesses (inches) of the silicon and oxide layers
respectively, ds is the deflection produced by oxide removal and 1 is
the length of Proficorder traverse, yielding the compressive stress, 45,
in psi. Mutually perpendicular Proficorder traces were made on each

wafer,

Error in these measurements arose from two sources: step thickness
determinations (:2503) and curvature irregularities in about 50 percent
of the Proficorder traces. The thickness error is apparent from Table I
where the calculated stresses deviate from the average most for the thinner
oxides (i.e., where the measurement error is proportionately greater).
There is, however, no apparent change in stress with oxide thickness, as
as deduced earlier from more limited evidence. Curvature irregularities
were dealt with by area summation technique applied to the regions enclosed
by the pre- and post-oxide removal curve traces. This resulted in an
improvement of about 50 percent (to *+6.L percent) over earlier computations,

L psi)

is considered substantial enocugh to rupture a large proportion of existing

The magnitude of the compressive stress in the oxide (L X 10~
thin spots in the oxide on cooling from the oxidation temperature. Other

thin spots, although fractured, may be held together by the residual

compressive stress and escape detection by electrophoretic decoration,

w3
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These spots appear in turn to be opened up (i.e., they become detectable
by decoration) by the convex curvature and relief of stress introduced
by back oxide removal, The convex curvature is of course, readily

apparent from the Proficorder traces.

TABLE A-I, CORRELATION OF DEFECT DENSITIES WITH OXIDATION AND STRESS

Oxidation Defects vs Stress (No./wafer) Measured
time, tg thickness No Fll Partial Stressd

Run (minutes) (Angstroms) Stress® Stressb Stress® (psi x 10-3)
A 2.2k 1720 131 5h5 987 L0.3
B 2.16 1995 35 511 6Lk L9.5
C 3.87 2590 10 33 L79 36.8
D L7 3125 5 111 1L6 L0.0
E £.00 2945 8 170 353 h2.1
J £.00 3760 0.5 205 333 37.3
F 6.32 Lere 1 31 1Lo b1l
G 7.81 5325 0 2l 90 h2.6
Av: U41.3

+6.1%

a, Silicon etch pit count produced before cooling.

b.  Decoration count after cooling,

¢. Decoration count after removal of back oxide layer,
d. By Proficorder trace method described in teit.



C5-1471.11/3111

APPENDIX B

THERMODYNAMIC ANALYSIS OF AMBIENT GAS EFFECTS

Introduction

Silicon device and integrated circuit technology, which represents
one of the major areas of progress in electronics, depends heavily on
the sophisticated use of highly specialized materials. The juxtaposition
of such materials needed to produce the desired electronic function also
often contains the seeds of long-term drift or deterioration of that
very function, The mechanistic reasons for this frequently are unobvious
because of the specialized nature of the materials and the intricate
manner in which they are assembled. As a first step in anticipating such
long=-term interactions it should at least be determined which of them are
thermodynamically permissible and which can be eliminated from further
consideration, The present analysis attempts to do this for gaseous
components that have been encountered by instrumental techniques, such
as gas chromatography and mass spectrometry, in the packages of integrated

circuits,

Gases considered were: nitrogen, hydrogen, argon, helium, methane,
oxygen, water vapor, carbon dioxide, carbon monoxide, benzene, toluene,
methylcyclohexane, and freon., Additional gases will be included as they
are revealed by instrumental analysis,

Solid surfaces under examination were: silicon, silicon dioxide,
aluminum, and aluminum oxide. Other surface compositions will be added

in order of frequéncy and geheral reactivity,

Chemical reactions for the foregoing gases and solids were considered

in terms of the simple thermodynamic free energy of reaction.

A literature survey concerned with integrated circuits and ambient
gases is appended,

-35..
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Free mnergy Values

An important thermodynamic property is the free energy of reaction,
for it is the magnitude and algebraic sign of this quantity which describes
the chemical species which will exist under eguilibrium conditions at a
given temperature, Thus, the free energy of reaction or the change in
free energy for a chemical reaction and its sign offers a means for the
prediction that ambient gases will or will not chemically react with the
solid surface materials present in packaged integrated circuits. With
this connotation in mind Tables B-I and 3-I1 surmarize pertinent standard
free energy values for temperatures, 298, 500 and 1000°K. The standard
state is 298°K at atmospheric pressure. For gases a correction must be

(1)

is important to note that the standard free energy of formation of an

made for fact that a real gas is not a perfect gas. Furtherrmore, it
element is, by definition, zero for the standard state., It is through

application of equation (1) that the standard change in free energy is

calculated for possible chemical reaction between ambient gases and

solids in packaged integrated circuits.
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Conclusions

The results of free energy calculations are summarized in Table B-III.
The data predict for the indicated ambient gas-solid surfaces in contact,
at the indicated temperatures, chemical reactions in all .cases where the
standard free energies are negative, These are the reactions between solid
silicon and oxygen gas, solid silicon and carbon monoxide or carbon dioxide,
gaseous benzene and solid silicon to form silicon carbide and hydride,
toluene vapors and solid silicon to form the carbide or hydride, and CF,Cl,
and silicon to form silicon fluoride, silicon chloride and carbon,

Silicon dioxide solid is very stable and much less reactive than
silicon, Free energy calculations for solid silicon dioxide with ambient
gases were negative in only one instance, i.e., the chemical reaction with

difluoro=-dichloro=methane,

Aluminum metal is a common component in integrated circuit technology.
Accordingly, simple standard free energies of reaction were calculated
for solid aluminum-ambient gas systems. These thermodynamic data disclosed
that the formation of aluminum nitride solid, aluminum oxide solid, (from
both water vapor and oxygen, as well as carbon monoxide and dioxide), are
probable reactions which occur between ambient gases and solids in packaged
integrated circuits., As in the case of silicon metal and silica, the freon,
dichloro-difluoro-methane, reacts with aluminum to form halide salts and

carbone.

Aluminum oxide, solid, showed no chemical reactivity with any of the

ambient gases commonly found in circuit packages,

A few generai statements can be made concerning the calculated data
in Table B-III.
(1) Only chemical reactions between ambient gases and solids most
commonly used in packaged integrated circuits were considered.
Other materials can be included.
(2) TFree energy calculations for methylcyclohexane reactions are
not shown as the results show that these reactions are less

favorable than those of benzene and toluene.
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No limits of error were associated with thermodynamic values
used as they were not available in many cases,

The predictions made concerning ambient gas-solid chemical
reactions are for the equilibrium condition, The kinetic picture
can be quite different. For example, the kinetic removal of one
chemical product from the reaction at equilibrium can cause a
complete shift in the equilibrium to form more of the reaction
products, VJuring this shifting condition the processes may be
steady state and are kinetic in nature until the new equili-
brium is achieved,

Only over-all chemical reactions were considered. The partici-
pration of potential chemical intermediates and/or activated
states was omitted from consideration.

Al and Al 03 is thermo-

Reaction of hydrogen with Si, SiOz, o

dyramically disallowed.

~liliee
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Solid State Abstract 3, 16912 (1962) Electron Design 9, 121-122
December (1961),

A monograph to determine the design limitation of microminiature
packages exposed to thermal stress, Five basic parameters inves-
tigated were: total temperature between ambient environment and
the center of the package, thermal conductivity of package
material, cooling technique and size and configuration of maximum.

Kislev, A,U, and Lygin, V,I, "University of Moscow". Solid State
Abstract 5, 28828 (196h), Surface Science 2, 236-2LL (196kL).

The shift of the absorption band of silica surface hydroxyl
groups on adsorption of molecules of different electronic
structures is in accordance with their heats of adsorption and
ionization potentials. On the basis of vibrational theory the
spectra of water and ammonia molecules adsorbed on silica and
zeolites have been analyzed.

Boutin, H, and Prask, H. "Study of Water Vapor Absorption on Gamma
Alumina and Silica by Slow Neutron Inelastic Scattering', Solid State
Abstract 5, 28830 (196L); Surface Science 2, 261-266 (196L).

The energy spectrum of neutrons, inelastically scattered by
hydrogenous groups adsorbed on the solid surface is able to
provide information concerning the degree of mobility of
those groups, the nature and strenzth of the binding with the
adsorbent and the frequencies of rotational or vibrational
motions ranging from 20 to 1,000 em~l, The principle of the
technique is given and is applied to water adsorbed on silica
and gamma alumina after the samples have been heated to a
150° under vacuum. Two types of water molecules exist on the
surfaces distorted molecules with hydroxyl groups hydrogen=-
bonded to oxygen atoms, and tetrahedral molecules similar to
the liquid, Additional water layers on the surface become
more water-like,

Volkenstein, F,¥, and Karpenke, I.V. "Theory of Photoadsorptive Effect
in Semiconductors®. Solid State Abstract 5, 30709 (196L); STAR 2,
34574 December (196L) AD605733.

The sign of the photo-adsorptive effect in semiconductors
depends on selection of the system, on the mode of experiment
and the preparation of the sample for experiment, Report
offers formulas for establishing basiec criteria for determi-
nation of the photo-adsorption effect.

Farnsworth, H.E, and Campbell, B,D, (Brown University) "Study of the
Surface Properties of Atomically Clean Metal and Semiconductors",
Solid State Abstract 6, 37205 (1966); Contract DA2830L ANC 0029E US
Governgent Research and Development Reports 4O, 1L6A May 20, (1965)
AD 31" 990
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Oxygen adsorption on the (0001) matte surface was enhanced when
an intense light was incident on the crystal, A 3-5 Torr-min
oxyren exposure in intense light extinguished the diffraction
pattern whereas a 759 Torr-min exposure in the dark had little
effect upon the pattern, but did cause a slizht decrease in
conductivity of the surface., Ton bombardment increased the
dark conductivity and greatly decreased the effect of intense
lizht. Photo-adsorption of oxygen is indicated. Unlike matte
surface (0001) specular surface was not effected by exposure to
light,

21. Hobson, J.F. "4 New Method for Firding Heterogeneous knergy Distri-
hutions from Physical Adsorption Isotherms", Solid State Abstracts
6, 11617 (1966); Canadian J. Phys. L, 193l November (1965).

A model is described which assumes that a hetergeneous surface

has a distribution of adsorntion energies for physical adsorption,.
A new solution is presented giving a number of step types:

local isotherms, which are chosen ito represent varying degrees

of adsortate-adsorhate interaction. The solution permits energy
distributions to be obtained cuite simply from isotherm data

at one temperature, This solution 1may be used to calculate
isotherms at other temperatures,

2?. Howling, D.H. "Photoelectric Response of Metal Surfaces in Ambient
Atrospheres". Solid state Abstract 7, L8029 (1967); J. Appl. Phys.
31, 1°uh (1966),

Experiments are described which examine variations in the photo-
electric response of metal surfaces immersed in gas atmospheres.
Work function changes have been produced by gas bombardment,
electrode heating, deposition of small amounts of X on the sur-

face. By operaling the electrode under study as the cathgde of
geiger nmller photon counter, photocurrents as low as 107“~ A

could be measured, Factors which influence irrewversible changes

in work functions have been explored, A less well known increase

in work function which is thermally activated has been demon-
strated. Systems included were: tungsten/hydrogen, nickel/hydrogen,
iron/hydrogen, platinum/hydrogen, paladium/hydrogen, rhenium/hydrogen;
also nitrogen, neon, argon and ammonia,

23. Logan, R.M., and Stickney, R.E., "Simple Classical Model for the
Scattering of Cas Atoms from a Solid Surface", Solid State Abstract 7,
L6668 (1967); J. Chem, Phys, Lli, 195 (1966). -

A simple classical model for the scatterins of gas atoms from a
solid surface is proposed and its characteristics discussed.
Fesults are obtained for the angular distribution of scattered
particles, The model correctly predicts the general appearance
of the scattering pattern, and its dependence upon the anple of
incidence of the beam and on the temperature and masses of the
gas and surface atoms,
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Iu, Wei-Kao, ™The General Rate Equation for Gas Solid Reaction in
Metallurgical Processes with the Restrictions of Reversibility of
Chemical Reaction and Gaseous Equimolar Counter-Diffusion". Soldd
State Abstract 7, L6669 (1967); AIME. Trans. 236, 531 (1965).

An improved general rate equation for a one dimensiénal gas-

solid system has been derived., The concentrations of gaseous
reactant and product have been calculated with relations furnished
by the following constraints on the system: quasi-steady state

and equimolar counter diffusion of gases. The interfacial

chemical reaction is taken as lst order with respect to the
concentration of the gases involved. The equation has proper
dependence on gas composition and on solid structure through

the relative values of Knudsen and normal diffusivities,

Micheletti, F.B., and Mark, P., "Effects of Chemi-sorbed Oxygen on
the Electrical Properties of Chemically Sprayed CdS Thin Films",
Electronics and Communications Abstracts 6, LL67 (1967); Appl. Phys.
Letters 10, No. kL, 136-138 (1967). -

Measurements with spray deposited semiconducting CdS films are
reported that demonstrate the primary effect of oxygen chemi-
sorption is the reduction of hall mobility.

Blum, J., Warwick, R. and Genser, M. "Surface Studies with Silicon
Planar Junction Structures'. Presented at the Spring Meeting of the
Electrochemical Society, Toronto, Canada, May 3-7 (196L) (Gen. Prec.
Aerospace,, Kearfott Div,)

Changes in: emitter current gain, beta, with collector current.
Surface recombination velocity limits beta and is in turn determined
by the density of fast interface states and the surface potential.
Changes in characteristics of silicon npn planar transistors were
observed after heating for various times at temperatures between
300-350°C in forming gas (15% H,, 85% N,), oxygen, vacuum and
nitrogen,
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