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EVALUATION STATEMENT
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Final Report

Rockwell International

F19628-75-C-0108

This report is the Final Report on this contract. It covers
investigations relating the characteristics of silicon-on-
sapphire (SOS) materials and SOS processing techniques to
the quality of devices fabricated in the epitaxial silicon layers
grown on sapphire during the period 15 January 1975 to

30 June 1976, The objective of this work was to delineate the
SOS material selection and processing procedures that yield
material from which quality, radiation hard MOS/SOS devices
can be fabricated. Specific steps in polishing and cleaning
sapphire substrates and pre-epitaxial heat treatment can result
in improved device yields and reduction in radiation-induced
leakage at the silicon-sapphire interface. The continued im-
provement in both yield and hardening of MOS/SOS devices is
essential as LSI circuitry using the MOS/SOS technology finds

increasing application in radar and communications systems.
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1. INTRODUCTION
1.1 Scope of Program

A serious problem in the development of SOS technology has been
material-related problems, particularly the variations in n-
channel SOS transistor leakage currents from lot-to-lot and wafer-
to-wafer, The silicon-sapphire interface is thought to play a
critical role in determining the uniformity of device electrical
parameters and radiation hardness, The studies performed under
this contract were designed to investigate the relationship
between SOS material characteristics and the quality of CMOS/SOS
integrated circuits.

The first phase (January 1975 to January 1976) of this contract
was concerned with relating defects in SOS material to device
yield and quality, while the second phase has been concerned with
identifying SOS material fabrication procedures leading to
improved device yield and quality. Because the first phase was
described in detail in Interim Technical Report, RADC-TR-76-208,
July 1976, this report covers the second phase (January 1976 to
July 1976). However, a brief review of the result of the first
phase is given in the following subsection, while the rest of the
report deals with Phase II.

1.2 Phase 1

The first phase of this study was primarily directed at determin-
ing the impact that sapphire defects and impurities have on the
electrical parameters and radiation hardness of CMOS/SOS tran-
sistors. As a part of this effort, sapphire substrates were
examined which were supplied by thiee vendors--Union Carbide,
Tyco and Crystal Systems. The wafeirs were polished by Union
Carbide, Tyco and Insaco (for Crystal Systems) with half of each
group from Tyco and Crystal Systems also being polished by Union
Carbide.

The sapphire substrates were examined using selective etch and X-
ray diffraction topography and Ion Microprobe Mass Analysis (IMMA)
techniques. The results from the first two analysis techniques
are shown in Table 1-1, The results showed a wide variation in
sapphire quality and surface smoothness. Of the samples ev.'uated,
the Union Carbide sapphire appeared to have the least defects and
the fewest scratches, The IMMA results for all samples showed
contaminants concentrated on the surface of the sapphire, indicat-
ing that the impurities remained from the polishing and pre-
silicon-deposition cleaning steps. Generally, the impurities con-
sisted of micron-size sapphire chips and remnants of polishing
compounds--with some residue left after the final cleaning rinse.

Silicon films from two different sources [Union Carbide (UC) and
Hewlett Packard (HP)] were deposited on sapphire substrates from
the three vendors indicated above., Each sapphire vendor type had
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two polishing variations--the vendor-furnished polish and a Union
Carbide polish. Also, some experimental films were deposited by
Rockwell on one group of Union Carbide sapphire wafers.

All of the silicon films were found to possess discrete inclu-
sions of impurities, in varying degrees, These inclusions
appeared vividly in surface maps generated using the IMMA tech-
nique. This particular technique has proven valuable in determin-
ing the quality of the deposited silicon film, since many of the
impurities, which are observed with the IMMA, either are trans-
parent or are too small to be observed optically. The corre-
sponding impurity sites, however, did appear in SEM photomicro-
graphs and were correlated with the IMMA surface maps.

The effects of impurities and crystal imperfections in silicon

and sapphire upon the finished device characteristics were

studied using 4007 type circuits fabricated on the SOS material
using a simple, radiation-hard process procedure. Two wafers

from each sapphire and polishing group were included in ecach
device processing lot, to improve the probability of obtaining at
least one processed wafer for each material variation., For the
most part, this approach was successful, The electrical test data
indicated that good electrical characteristics were obtainable for
the various groupings of SOS material--apparently independent of
sapphire substrate quality., However, the Tyco group of wafers
seemed, in general, to yield below-average results, either

because of the material or the processing. Tyco material polished
by Tyco and having Union Carbide silicon films (Tyco/Tyco/UC)
showed very poor results. This particular group showed problems
on every wafer (lot 506) indicating that the silicon on these
substrates may have been of poor quality. Only one wafer in the
Tyco/UC/UC group was found to be good (lot 503). The Tyco/UC/HP
group and the Tyco/Tyco/HP group, however, yielded satisfactory
devices.

The wafer maps for leakage currents showed that all groups of
material were capable of producing good CMOS/SOS circuits. The
yields found on some Crystal Systems wafers, with Insaco polish
showed that very high yields could be achieved on material which
had earlier shown a high defect density with highly scratched
surfaces; however, it appeared that devices lying along, or
adjacent to, deep saw cuts tended to fail more readily than those
between the saw marks.

The wafer mapping also showed that the defects were randomly
distributed which tends to rule out most processing-related pro-
blems and is probably a reflection-of either material problems
(such as defects in silicon films serving as enhanced diffusion
conduits between source-drain regions) or mask defects. To
eliminate the latter variable, devices were selected which showed
neither apparent processing nor mask defect problems, as evi-
denced by electrical probe data and optical examination. The
IMMA results on these carefully chosen dice, which generally




included only one failed device among several good devices,
showed no impurity inclusions, These results were very surpris-
ing. However, contamination, as found in the pre-processing
surface maps, was present in the 1 mm square silicon test area
on the same sample. This result was true in nearly every wafer
examined, implying that impurity inclusions were removed in the
device areas which went through all the processing steps. The
large silicon test areas were covered with a thick silox layer
during the entire processing cycle, except during two short
oxidation steps,

Radiation results showed that there is no particular correlation
between backchannel hardness and the gate threshold hardness.
This conclusion appears to be true when comparing the Union
Carbide and the Hewlett Packard silicon films as shown in Figures
1-1a and 1-1b, Devices fabricated with the Union Carbide depo-
sition showed the best backchannel results, while the Hewlett
Packard films showed the best oxide hardness with good to poor
backchannel hardness.

The first phase has further verified previous observations that
the silicon epitaxial films containing the highest concentrations
of impurities generally produce devices with higher initial drain-

leakages and higher post-irradiation leakage currents. Although
wide variations were observed, even for a given wafer and film,
the following qualitative statements can be made. The experi-

mental Rockwell film (lot 505) showed the highest contamination
level, as shown in Figure 1-2, and the devices fabricated in tiat
film generally exhibited the greatest backc nel leakages. The
Union Carbide film (lot 504) was the '"cleanest,'" and the corre-
sponding devices generally exhibited the least backchannel
leakages. All other films and corresponding devices tended to ve
intermediate in contamination levels and leakages, respectively.

The results from this study tended to discourage the use of
sapphire selective etch and X-ray topographs to determine the
suitability of sapphire material for SOS use,. It appears likely
that the eventual quality of the silicon films will depend on the
following:

Substrate surface roughness
Substrate surface cleanliness
Sapphire pre-fire conditions
Silicon deposition ratcs
« Silicon film uniformity
The second phase of this study was structured to address all of
these areas except for the silicon deposition rates. The

remainder of this final report will discuss the results of the
final six months of this effort,
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1.3 Phase 11

In January 1976 the Crystal Products Department of Union Carbide
Corporation and Rockwell International, Autonetics Group, began

a cooper ative program to study the effects of various pre-epitaxial
conditions on device parameters, Administratively, this coopera-
tive program was established with Rockwell International function-
ing as the prime contractor and Union Carbide Corporation
functioning as the subcontractor,

1.3.1 Goals

The goal of this program has been to study the effects of pre-
epitaxy substrate preparation on the electrical properties of
radiation-hardened CMOS devices fabricated on SOS material. For
the materials section of the program, the objective was to fabri-
cate several SOS wafer lots, representing a wide range of experi-
mental surface conditions, in order to perform studies of effects
of pre-epitaxy material quality variations on device performance,
Substrate surface finish variations, chemical cleaning variations,
hydrogen prefire time variations, oxygen anneal cycles, and
hydrogen chloride anneal cycles were the experimental conditions
studied.

1.3.2 Technical Approach

This phase of the program was concerned with fabrication of SOS
wafers with process variations in pre-epitaxy conditions.

The approach followed was to fabricate SOS wafers (UCC starting
material) with variations in the above procedures for the pre-
epitaxial treatment of the sapphire, and to build devices on
these wafers (Rockwell radiation-hardened CMOS/SOS fabrication)
and evaluate the resulting CMOS/SOS devices with regard to yield,
electrical characteristics, stability, and radiation tolerance.

A total of 100 wafers was supplied representing four experiments.
The actual experimental conditions and number of wafers in each
experimental lot were defined to fit device processing require-
ments and reflect the most recent information on critical surface
quality parameters, Current reports from several SOS users and
preliminary analysis and device results from Rockwell were used
to refine and redesign experimental conditions as the program
progressed. Table 1-2 lists the actual experimental lots and
number of SOS starting material wafers fabricated for subsequent
evaluation, i.e,, CMOS/SOS device evaluation to identify specific
areas for further detailed study and investigation. Experimental
Sets I - I1I were variations of the standard fabrication and pre-
epitaxy procedures. Set IV described new experimental conditions,
which are not part of the standard fabrication or pre-epitaxy
process. These experiments were designed to represent a wide
range of pre-epitaxy surface conditions.




Table 1-2, Experimental Lots of SOS Starting Material

Set I. Surface Finish and Substrate Variations

Wafers

Exp. Conditions

AL S IS I IS NG

Standard
Standard
Standard
Standard
Standard
Standard

Set II. Pre-Epitaxial Chemical Cleaning Variations

5
5
5

g om

Final Alcohol Rinse
Final Acid Clean
Final D.I. Water Scrub

O min. Hydrogen Prefire
O min. Hydrogen Prefire
30 min. Hydrogen Prefire
30 min. Hydrogen Prefire

16 hr. O, at 1100°C
16 hr. O, at 1100°C
2 min. HCI at 8000C

Exp. Lot No. Substrate Lot

1 KC0084

7. KC0014

3 KC0084 Redo

5a KC0084 Select Finish

5b KC00133

6 KC0084 Poor Finish

7 KC0084

8 KC0084

9 KC0084

Set III. Hydrogen Prefire Conditions
lla KC0084
11b KC00133
12a KC0084
12b KC00133
Set IV. Annealing Experiments

16a KC0084
16b KC00133
17a KC0084
17b KC00133

N U Q9 o»m

2 min. HCI1 at 800°C




At program start, fifty (50) wafers from two sets of experiments,
variations in substrate surface finish quality, and variations in
pre-epitaxy chemical cleaning were delivered to Rockwell for
evaluation. Later in the program, a second delivery of 50 wafers
from the remaining two sets of experiments, variations in hydro-
gen prefire time and experimental gaseous annealing, was made.
All substrates used were (1102) orientation, 2.0 inch diameter,
0.013 inch thick, fabricated to standard specifications. The
epitaxial films were approximately 0,75 microns thick, intrinsic
resistivity (undoped). The SOS wafer fabrication process is out-
lined in Table 1-3.

On January 29, 1976, the first delivery of 50 wafers (Group I)
was made. These were Experimental Lots 1, 2, 3, 5a, 6, 7, 8, and
9. AlIl films were measured at greater than 700 ohm-centimeters
resistivity. Conductivity type could not be determined. All
films were grown in the same reactor, B1200, using the same
silane cylinder, in contiguous runs with preprogrammed deposition
times, temperatures, and flow rates. The same operator grew all
of the films.

On May 6, 1976, the second delivery of 50 wafers (Group II) was
made, These were Experimental Lots 5b, 1la, 11b, 12a, 12b, 16a,
16b, 17a, and 17b., All of these films were made in the A1200

reactor, a different reactor than used for the first lot. The
same silane cylinder was used for all films in this lot, but a
different cylinder than used for the first lot. The same pre-

programmed deposition times, temperatures, and flow rates were
used, except for the noted pre-epitaxy annealing and prefire
experiments.

Table 1-4 summarizes the characteristics of the SOS starting
material, while Table 1-5 outlines the sapphire selection for the
various wafer lots.

At Rockwell, upon receipt from Union Carbide, the wafers were
subjected to a visual inspection using a Nomarski interference
contrast filter, examined for silicon thickness variations using
a sodium light interferometer and silicon thickness measured in
three places using an IR spectrophotometer. The details of this
pre-processing inspection are given in Appendix A, The wafers
were then divided into three processing lots for device fabrica-
tion. The first lot (lot 610) contained 12 wafers consisting of
4 wafers having all procedures standard, 4 wafers with an
"inferior" sapphire polish, and 4 wafers with a "select" sapphire
polish. The second processing lot (lot 618) also contained 12
wafers--4 wafers for each of the three sapphire cleaning varia-
tions. The third processing lot (lot 627) contained 20 wafers in
five groups of 4 wafers each, including one group of completely
standard wafers, as a control, two groups of hydrogen prefire
variations, and two groups of annealing ambient variations.

The devices chosen for fabrication on the experimental SOS wafers
were 4007SR CMOS inverters. The mask set used contained special




Table 1-3. Manufacturing Sequence of SNS Wafers

High Purity Powder
- (densification)

Crackle
’ (Melt and Grow)

Czachralski Ingot
' (Turn Round with Flat)

Processed Ingot or Barstock

' (Slice)
Sawn Blank
£ 3 (Grind)

Ground Blank
' (Mechanical Polish)

Polished Blank
P (Chemical Mechanical Polish) ‘

Finished Substrate
’ (Clean)
Clean Substrate
P (Inspect) L 4
Accepted Substrate Rejected Substrate
g (Package) (Classify)
Substrate Inventory Scrap Rework —
' (Pre-epitaxy Clean) ‘
Epitaxial Preparation

' (E pitaxial Film Deposition)

Epitaxial Wafer
P (inspect) Y
Accepted Wafer Rejected Water
' (Packaging) (Inspect)
Inventory &?l; Reprocess —— no;giu;—

10




Table 1-4. Summary of SNS Starting Material
PRE-EPITAXIAL
UCC LOT | NO.OF | SUBSTRATE SAPPHIRE SAPPHIRE ANNEAL AND/OR | EPITAXY RUN
NUMBER | WAFERS LoT POLISH CLEAN PREFIRE NUMBER
1 15 KCo0084 Standard Standard Standard 812012901 & 02
2 5 KC0014 Standard Standard Standard B12012904
3 5 KC0084 Redo Standard Standard Standard B12012903 &
= 812013002
e 5a 5 KC0084 Select Standard Standard 812012901
g 6 5 KC0084 Poor Standard Standard B12012905
T]
7 5 KC0084 Standard Alcohol Rinse | Standard B12013004
8 5 KC0084 Standard Acid Wash Standard 812013001
9 5 KC0084 Standard Water Scrub Standard B12012906
B12013003
5b 2 KC00133 Standard Standard Standard A12050605
11a 5 KC0084 Standard Standard No Prefire A12050508
11b 7 KC00133 Standard Standard No Prefire A12050603
= 12a 5 KCO0084 Standard Standard 30 Min Hj Prefire A12050506
% 12b 7 KC00133 Standard Standard 30 Min Hj Prefire A12050611
<
- 16a 5 KC0084 Standard Standard 16 hr 07 at 1100°C | A12050608
16b 7 KC00133 Standard Standard 16 Hr 05 at 1100°C | A12050607
17a 5 KC0084 Standard Stendard 2 Min HC/ at 800°C | A12050609, 12
17b 1 KC00133 Standard Standard 2 Mir HCZ at 800°C | A12050606

11




Table 1-5. Flow Chart for Substrate Lot Selection

EXPERIMENTAL SETS I-IV

Select 3 Substrate Lots, each containing all substrates cut from individual, identified ingots.

N 4 ¥ N 4

Substrate Lot KC0084 Substrate Lot KC0014 Substrate Lot KC00133
Crystal No. M15-1861-9 Crystal No. M14-1722-27 Crystal No. M13-1899-3
Select 6 substrates for Assign to Experimental Assign to E xperimental
Experimental Lot No. 6 and Lot No.2 Lots 5b, 11b, 12b, 16b, 17b
repolish

4

Assign remaining substrates to
Experimental Lots 1, 3, 5a, 7,
8,9,11a, 124, 162, 172

12



test devices at regular intervals among the 4007SR inverter dice.
The device fabrication is described in greater detail in Appendix
B. Following device fabrication, the wafers were probed and
measurements made of channel leakage, output voltage under load,
gate leakage, drain breakdown voltage, and turn-on threshold
voltage, Yields were determined on the basis of the leakage
current, output voltage, and gate leakage measurements, and the
wafers were mapped with respect to location and failure mode of
unacceptable devices, The details of the wafer probe measure-
ments and yield determination are given in Appendix C., Devices
selected from each wafer on the basis of wafer maps and the
silicon thickness measurements were then evaluated as to radiation
induced channel leakage and turn-on threshold shift in a Co
environment, as described in Appendix D. Selected devices from
each wafer were also evaluated under bias-temperature stress, as
described in Appendix E. The four experiments--namely, sapphire
polish, sapphire cleaning, hydrogen prefire, and annealing
ambient--are described and the results given in the following
sections, while a final section summarizes the program and

gives the conclusions and recommendations.
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2. SAPPHIRE POLISH EXPERIMENTS
2.1 Technical Approach and Rationale

The quality of the surface polish on the sapphire substrate is
expected to have a strong effect on the quality of the silicon
which is later grown on the sapphire., Surface imperfections,
such as scratches will expose crystal orientationsdifferent from
the desired surface orientation, leading to local variations and
defects in the crystal structure of the epitaxial silicon, Also,
there is a strong tendency for impurities to become trapped in
scratches and other surface imperfections, where they are less
likely to be removed by ordinary cleaning procedures. The
association of impurities with scratches was established by IMMA
analyses in Phase I of this program, The work in Phase I also
established a strong correlation between silicon impurities and
device quality, especially initial and radiation-induced drain
leakage currents. Thus it is important to investigate the effect
of sapphire polish quality on the yield and characteristics of
CMOS/S0S devices.

2.2 Sapphire Substrate Preparation

As described above, the first set of experiments was designed to
study variations in substrate surface quality., Substrate lot
selection is shown in Table 1-5 (see Section 1.3), a flow chart
of substrate lot selection and use in the experimental lots.
Boule history cards (on file at UCC, Crystal Products) are used
to identify each substrate lot from crystal growth through
epitaxy. The card contains crystal identification as well as
processing and yield information. The crystal identification
number identifies the particular growth station used, date of
growth, and growth data,

Substrate lot identification and substrate preparation variations
for the first experimental set are given in Table 2-1.

Table 2-1, Surface Finish and Substrate Variations
Experimental Set I
Lot KC0084 Lot KC0084
Select 28 substrates and Select 12 substrates and prepare for
clean with standard pro- mechanical polishing. At the chemical-
cedure, Load into epi- mechanical polishing step, separate in-
taxial reactor in 2 runs to 2 groups of 6 each, One group of 6
of 14 each, Select § shall have a 75% reduction in cycle
wafers with best surface time. The other group of 6 shall have
quality for Experimental a 50% cycle time reduction. Use
Lot No. 5a. Select 15 standard pre-epitaxial cleaning pro-
wafers of standard cedure, Keeping lots separate, load
quality for Experimental into epitaxial reactor and deposit film,
Lot No, 1. Select 2 wafers from 50% cycle and 3
wafers from 75% cycle for Experimental
Lot No, 6.

14




2.3 Description of SOS Starting Material

Epitaxial run identification for the first experimental set is
listed below,.

Experimental Set I Identification

Experimental No. of Substrate Epitaxial
Lot No, Pcy . Lot Experimental Conditions Run No.

1 15 KC0084 Standard B12012901

B12012902

Sa 5 KC0084 Select Surface Quality B12012901

6 5 KC0084 Poor Surface Quality B12012905

All substrates were cleaned with the standard cleaning procedure
described in a subsequent section of this report. Standard
epitaxial prefire conditions were used as described in a subse-
quent section of this report,

The epitaxial reactors used in this work are wertical rotary
reactors and are made by Applied Materials, Inc., Santa Clara,
California, Model AMV1200. The substrates are placed flat onto a
graphite susceptor, and the susceptor is rotated to provide good
wafer-to-wafer uniformity., Time, temperature and gas flows are
pre-programmed to minimize operator error and maintain run-to-run
uniformity., Nitrogen, hydrogen, or hydrogen chloride atmospheres
can be selected as desired. Deposition of silicon results from
chemical vapor decomposition of silane.

2.4 Starting Material Wafer Specifications

The standard specification for substrates and epitaxial wafers is
given in Table 2-2, referenced as Union Carbide Corporation,
Crystal Products Department Product Specification S0S-10. In
addition to conforming to these specifications, a test for
particulates was performed on the wafers. Lot samples were
inspected microscopically using Nomarski interference contrast
for particulates in the film, Film resistivity was intrinsic,
greater than 700 ohm-cm, type indeterminate., Film thickness was
held at -0.75 micron, within the range of 0.70 - 0,80 microns for
the center value, No haze was visible on any of the wafers.
Particulate contamination was held to a minimum, with microscopic
examination at 100X showing less than 10 particles larger than 2
microns diameter in an X-Y scan of the surface.

Substrates were standard size 2.0 inch diameter, 0.013 inch thick,
with standard surface quality except where noted as an experi-
mental condition. Experimental lot number 6 had a poor surface
quality that did not meet specification, as planned for this
experiment.

15




Table 2-2. Product Specifications”

SILICON-ON-SAPPHIRE EPITAXIAL WAFERS

Czochralski Grown Sapphire Substrates:

N Material Specifications

1. The orientation of the substrate is (1‘1.02) 1 20. Structural (hexagonal)
indices.

2. The substrate flat is 45° to the projected ""C''-axis of the sapphire
substrate and parallel to the (110) epitaxial silicon plane.

3. The substrate is free of slips, twins or lineage.

3, Geometrical Specifications
Thickness 1.500" Diameter - 0.013" % oo02"
2.000" Diameter - 0.013" 1. 002"

3.000'" Diameter - 0.020" t oo02"

o

Bow 1.500" Diameter -
2.000" Diameter -

. 0015" max. (excluding outer .040'")
. 002" max. (excluding outer .040'")

o

3.000'" Diameter - 0.003" max. (excluding outer .040'")
Flat Width 1.500" Diameter - 0.625" ]fro. 125"

2.000" Diameter - 0.625" ~0.125"

3.000" Diameter - 0.875" f0.125"
Diameter t 010"

Edge Chips Not to exceed 10 chips per substrate. Chips shall be less
than 0.125'" deep and less than 0.375' long. 90% of the
substrates to have no chips ) 0. 040" deep.

Parallelism . 001'"/Inch of Diameter

Backside £32 Microinches, CLA

*

S0S-10

May 15, 1974
Rev. A - 2/14/75
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Table 2.2 (Continued)
Silicon Ipitaxial Film:
A. Type - As Specified
B. Concentration - As Specified
C. Thickness - As Specified
B,

Surface Finish

The following describes a consistent method to evaluate epitaxial

silicon films on sapphire substrates. A microscope is not used, only
artificial light most suited to the particular defect definition is used.

1.

Procedure:

Under a bright light (preferably a flood lamp), the substrate is
rotated until it is approximately 45 degrees to the light beam.
The entire surface is scanned and the results from the back
reflections are noted. This method is best suited to scratch
definition and pit definition.

Epitaxial Film Evaluation:

a: Pifs - Under the bright light test, there shall
be no more than 4 pits per substrate.
The pits shall not be larger than 50
microns.

b. Scratches - Under the bright light test, there shall
be no scratches greater than 0.5 inches
long and the combined length of all scratches
shall be less than 2.0 inches. Ninety (90)
wafers out of a lot of one hundred (100)
wafers will have no scratches.

c. Haze - Under fluorescent light there shall be no
haze visible on the epitaxial film.

d. Resistivity

and Film - Both shall be measured in the center of the
Thickness wafer.
e. Spikes -~ No visible spikes greater than one times

film thickness are acceptable.
f. Orange Peel - None

g. Dislocation

Density - None visible at 100X after light Sirtl etch.

17




F.

Table 2.2, (Continued)

Lot Size - 100 wafers or less

Certification - A certificate of compliance to these

specifications will be issued with each

lot.

Packaging - a. Wafers will be packaged in a manner
such that they will be free from wax,
dirt, grease, or other surface con-
tamination after a standard solvent
cleaning.

b. Wafer containers will be clearly labeled
showing type, concentration, diameter,
thickness, lot number a-ud purchase order
number.

2.5 Wafer Inspection - Lot 610
Prior to the start of processing, the wafers were i1nspected using

the techniques outlined in Appendix A,

A visual scan of the wafers using a Nomarski interference con-
trast fillter revealed scratches on the sapphire on wafers 9, 10
and 11 only. These scratches, which resulted from a planned
reduction in polishing time are easily distinguished from the
small scratches caused by handling damage which occur in the
silicon at the outer wafer edges. The scratches, similar in all
three wafers, ranged in length from 0.13 cm to 2.0 cm and from
0.1 ym to 0.2 um in width, No attempt was made to measure the
depth of the scratches.

The surface texture of the film, excluding scratches, was noted
to have a slight increase in graininess (roughness) going fromn
the select finish, to the standard f£inish, to the inferior finish.

The results of IR spectrophotometer measurements and sodium light
topographs, as shown in Table 2-3 showed silicon film thickness
variations ranging from 1000 X to 2000 R. The films were
generally found to be thinner at one edge of the wafer and to
increase in thickness in a monotonic manner toward the opposite
edge. There was no indication of a "ripple effect" of alter-
nately thinner and thicker silicon. The average film thickness
on wafers in lot 610 was 7260

18
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Table 2-3. Wafer Inspection Prior to Device Fabrication

Wafer Polish No. of Minimum Maximum
No. Quality Fringes Thickness, um Thickness, um
610.1 Standard 1.9 0.68 0.83
61a. 2 L s 0.61 0.78
610.3 L 2.5 0.63 0.81
610.4 L 2 .5 0.60 0.80
610,55 Select W | 0.70 0.83
610.6 " j I 0.67 Q.77
610, 7 " 1.8 0,61 .75
610.8 3 - a T3 0.85
610.9 Inferior--75% 2.3 0.64 0.82
610.10 " 75 1.9 0.63 0.78
610,11 L = =75% 2.8 0.64 0,80
610. 12 i ~=50% 255 0.65 0.83

2.6 Device Fabrication - Lot 610

Four wafers from each polishing variation (standard, select and
inferior) were processed in one l2-wafer lot, designated lot 610.
CMOS inverter circuits (4007SR) were fabricated on these wafers
according to the process outlined in Appendix B. Four wafers
(610.4, 610.5, 610,8, and 610.11) were broken during fabrication.
These broken wafers could not be probed for the yield analysis
experiment, and consequently, no characterization was done on
them.

Wafers 610.9 and 610.10, which had a 75% reduction in final polish
time, had marks in the silicon apparently corresponding to
scratches in the sapphire. These marks were still apparent after
device fabrication.

2.7 Wafer Probe Results - Lot 610

The wafers were probed and the resulting data were mapped and

sorted. Yields were calculated as described in Appendix €. The
four broken wafers (610.4, 610.5, 610.8 and 610.11) could not be
probed on the automatic probe. The wafer maps did not show

effects corresponding to either the thickness variation across
the wafer or to the scratches on 610.9 and 610.10. The wafer
maps in general did not show local variations--the failures
appeared randomly distributed over each wafer,

The yield results for lot 601 wafers are presented in Table 2-4,.
In the failed dice column, it is apparent that there is little
difference between the standard and select polish, but that the
inferior polish gives a significant improvement in yield. Closer
inspection of these results reveals that the die yield on the
wafer having a 50% reduction in final polish time (610.12) is

19
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quite similar to wafers from the standard or select groups, but
that the two wafers having the 75% reduction in final polish time
(610.9 and 610.10), and having visible scratch marks, show a much
improved yield. This leads to the rather surprising conclusion
that the final polishing step, which removes visible scratches
from the sapphire surface, might be actually detrimental to the
quality of silicon grown on the sapphire. Further inspection of
Table 2-4 reveals that the n-channel failure rate is signifi-
cantly higher than the p-channel failure rate and that the
superior yield in wafers 610.9 and 610,10 is associated only with
the n-channel transistors. Finally, it is apparent that almost
all of the failures in both n-channel and p-channel transistors
are leakage current failures and that wafers 610.9 and 610.10
exhibit many fewer n-channel leakage current failures than other
wafers in this lot. It must be remembered, however, that the
channel leakage is the first measurement tested and that tran-
sistors failing this test are not tested for voltage drop or gate
leakage.

The results of sorting the various measurements are shown in the
distribution curves of Figures 2-1 through 2-4. It is character-
istic of this lot that the leakage currents either fall within
the rather narrow distributions shown in Figure 2-1 or they are
beyond full scale of the measuring instrument (200 nA). The

gate leakages are essentially all either less than 200 nA or
greater than 2 puA and are not plotted, The height of the various
distributions is related to the number of devices tested, which
is different for the three different polish variations and may
vary also with the type of measurement and from wafer to wafer,
due to the order and hierarchy of testing, as described in
Appendix C. There appears to be little difference between the p-
channel distributions for the different polish variations, or in
the median of the various distributions for the n-channel tran-
sistors. However, the n-channel leakage distribution for the
inferior polish group is slightly broader than for the other two
variations, while the n-channel voltage drop distribution is
broader for the select polish, and both the standard and select
polishes show a broader n-channel threshold voltage distribution
than the inferior polish. No major significance is attributed to
these differences, as they are not great enough to impact device
performance.

Measurements of field-effect mobility were taken at several
locations on each wafer in an independent probing operation, as

described in Section C-4 of Appendix C. These measurements were
made on the test structures located between 4007SR dice on
alternate rows of the wafer. The results are shown in Table 2-5,

There is no significant dependence of field-effect mobility on
sapphire polish quality.

21
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Table 2-5. Effect of Sapphire Polish on Field-Effect Mobility

Sapphire Wafer Average Field-Effect Mobility (em? v-1 sec-1)
_Polish Number p-channel n-channel
Standard 610.1 209 354
610.2 209 365
610.3 252 329
Average 7 349
Select 610.6 2L3 403
610.7 210 3593
Average 212 398
Inferior 610.9 190 363
610.10 226 360
610,12 179 363
Average 198 362

2.8 Stability in Co®0 Environment - Lot 610

The Co60 testing was done as described in Appendix D. Dice to be
tested were selected on the basis of the previously described
failure maps and were taken from three locations on each wafer to
study the effect of silicon film thickness. Radiation-induced
threshold shifts are shown in Table 2-6 for the different sapphire
polish variations. The numbers shown for each wafer are the
average of three devices, and represent the maximum shift induced
by irradiation to 106 rads(Si) [in some cases the maximum shift
occurs below 109 rads(Si)].

Table 2-6. Effect of Sapphire Polish on Worst-Case Radiation-
Induced Threshold Shift for 0 < y < 10° rads(Si)

Sapphire Wafer n-channel AVT p-channel AVT
Polish Number V. = -T0O V V. = +10V Vo = 210V N ™ * LUV
G G G G
Standard 610.1 =y -. 453 . | -2.44
610,2 . -.41 -.685 sl g
610, 3 v, 0067 -,593 ~1,093 «do Y
Average PO & =485 ~ B8 -2.51
Select 610.6 -, 127 -.353 -.603 S |
610.7 -.,507 -.523 <92 -2, 29
Average e ) § ~.438 .76 2,23
Inferior 610.9 - 153 - 887 s 71 ; -2.49
610.10 -, 107 -.417 «y 18 «2,56
610.12 -.403 w513 -,883 ks &S
Average -.d41 -. 472 v 2.9
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There is little difference between the aVerage radiation-induced
threshold shift at a given bias condition for the different
qualities of sapphire polish. The wafer-to-wafer variation, how-
ever, is relatively large, except in the case of the p-channel,
positive bias case. This case produces the largest radiation-
induced threshold shifts and does indicate a slight improvement
in radiation hardness for the select polish, This improvement is
not large enough to be significant from the standpoint of circuit
performance.

Radiation induced n-channel leakage currents are shown in Table
2-7. No p-channel leakage increase was observed. The maximum n-
channel leakage often occurred at doses below 1 megarad, in which
case the maximum leakage current measured is tabulated for three
devices on each wafer along with the corresponding radiation dose.
Also shown is the starting thickness of the silicon film at the
location on the wafer from which the device was taken. The
radiation bias condition for maximum n-channel leakage was Vpp =
+10 V and Vgg = 0, while the measurement bias is Vpp = +10 V and
Vgs = - 10 V. The results indicate little difference between the
standard and select sapphire polishes but that the inferior
polish gives a very definite reduction (about a factor of two) in
radiation induced leakage. A rather striking feature of the
results is the correlation between radiation induced leakage and

silicon film thickness. The maximum radiation induced leakage
current is seen to be a strongly decreasing function of silicon
film thickness. This is shown in Figure 2-5 where maximum

radiation-induced leakage is plotted against starting silicon
film thickness,

There was no significant change in gate leakage induced by any of
the radiation tests,

2.9. Stability Under Bias-Temperature Stress - Lot 610

Bias-temperature measurements were done on one or two dice from
each wafer as described in Appendix E. Initially the devices
were stressed at the three different bias conditions for 16 hours
at 200°C. However, the changes produced by this test were hardly
measurable, so the same devices were stressed again for 16 hours
at 260°C, Changes were still very small. Under the two static
bias conditions, leakage currents remained less than 1 uA,
threshold shifts remained less than 0.3 V, and transconductance
changes were less than 15%, except in two cases., These two cases
were wafers 610.2 and 610,10, On wafer 610.2, devices on both
dice tested exhibited n-channel leakages of ~5 uA for the positive
drain bias case, while the devices on one die showed threshold
shifts in excess of 0.6 volt for both static bias conditions and
a 40% decrease in n-channel transconductance. In the case of
wafer 610,10, p-channel threshold shifts were about 0.6 V for
both static bias conditions, while the n-channel leakage current
was 1.8 uA in the positive drain bias case, and n-channel
transconductance decreased by about 30%. Changes in gate leakage
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Table 2-7, Effect of Sapphire Polish on Radiation-
Induced n-Channel Leakage

Polish Wafer Device Leakage{(uA) Dose(rads) Si Thickness (um)

Standard 610.1 1606 80.69 103 0.69
1616 48 .2 100 0.78
1628 24 .4 106 0.83
610.2 2706 257 106 0.61
1516 234 3 x 10° 0.71
610.3 2020 87.7 106 0.76
2920 143 106 0.68
0908 21 106 0.83
Average 110
Select 610.6 2206 177 3 x 10° 0.76
2216 117 106 0.77
2228 114 106 0.74
610.7 0420 246 3 x 10° 0.64
1620 120 3 x 105 0.76
2720 63 3 x 10° 0.8
Average TZ3
Inferior 610.9 0712 8 3 x 10° 0.8
1812 45 106 0.74
2612 75 106 0.7
610.10 0718 141 106 0.68
1918 83 106 p.72
2618 54 106 0.75
610.12 0916 7 106 0.82
2316 16 106 0.75
2818 49 106 0.71
Average S
Notes: i Radiation doses tabulated above are doses for which

the maximum leakage current was measured in the
range from zero to 106 rads(Si).

2, Devices were 40 mil wide n-channel transistors on
CMOS/S0S 4007SR devices,
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during the bias-temperature tests were negligible. Under dynamic
bias, there was no significant change in any of the devices
tested at 260°C for 16 hours.

2,10 Sapphire Polish Results

The most striking feature of the sapphire polish investigation
has been that the inferior polish has shown an advantage in both
yield and radiation tolerance. In both cases, the device
parameter showing the advantage was n-channel leakage current,
Possible explanations suggested for this unexpected result are
(1) the final polishing step is actually deletericus to the
sapphire surface quality, possibly leaving a thin, amorphous
layer of Al03, possibly contaminated with polishing materials on
the sapphire surface, (2) the inferier polish, leaving a rough
surface on the sapphire, leads to growth of poor quality, very
low mobility, silicon adjacent to the sapphire, (3) the extra
polishing involved in producing the inferior polish may be bene-
ficial to the sapphire, and (4) the inferior polish, leaving a
rough sapphire surface, may expose sapphire crystal planes upon
which silicon grows with a different orientation, thereby produc-
ing a silicon/sapphire interface which traps less radiation-
induced charge.

All of these effects may be present, with the inferior polish
sapphire trapping less positive charge close to the interface and
yielding silicon with extremely low conductance in the vicinity
of the interface, thus decreasing the n-channel leakage in two
ways. In any case, the result is quite unexpected, and, in view
of the sample size, should be confirmed before it is recommended
that present polishing procedures be revised.

Another significant result is the relationship between silicon
film thickness and radiation induced n-channel leakage current,
It is believed that this dependence arises from the use of boron
implantation near the Si-Al703 interface to increase the acceptor
doping concentration, thereby inhibiting inversion of the silicon
(formation of a backchannel) . For the thinner areas of the
silicon film, most of this deep implant will penetrate the silicon
and stop in the sapphire. Thus the boron doping density of the
silicon near the back interface is decreased while the sapphire is
damaged by the implanted ions. Both of these effects would lead
to an increase in n-channel leakage. The thickness dependence of
radiation-induced n-channel leakage has strong implications
relative to radiation hardening. As can be seen from Table 2-7,
in the inferior polish case the maximum radiation induced leakage
current for doses up to 106 rads(Si) is only 7 uA and 8 uA in the
two cases where the starting silicon film thickness is as large
as 0.8 um, This is more than an order of magnitude less than the
average for the standard wafers. The results suggest the possi-
bility of achieving very low radiation-induced leakage on a
regular basis, either through much better control of the silicon
film thickness or through an improved ion implantation method or
some combination of both, :
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Other than the leakage current effects, no significant differences
were found between the various sapphire polish qualities. In
probing for yield, neither the p-channel parameters nor the n-
channel voltage drop (related to mobility values) and gate leakage
showed any significant dependence on quality of sapphire polish.
The average field-effect mobility for the different cases was

also independent of sapphire polish., Likewise, the radiation-
induced threshold shift and the bias temperature results show no
dependence on sapphire polish. Thus we have the surprising con-
clusion that a significant improvement in n-channel leakage, hoth
from the yield standpoint and from the radiation hardness stand-
point can be achieved by reducing the final polish time, while no
other advantages or disadvantages are apparent for any of the
three qualities of sapphire polish investigated,

Finally, it is appropriate to recommend additional experimental

confirmation, based upon the small sample size (8 wafers) from
which these conclusions have been made.

< |



3. SAPPHIRE CLEANING EXPERIMENTS

The IMMA work on Phase I of this contract showed a strong corre-
lation between device yield and quality and the presence of
impurities in the silicon. One very important source of impuri-
ties in the silicon is the sapphire sarface upon which the

silicon is grown. Due to the thinness of the silicon layer

(0.75 um), comparatively small surface concentrations of impuri-
ties on the sapphire can result in significant impurity concentra-
tions in the very small volume of silicon. Thus it is important
to identify cleaning procedures leading to either very clean
sapphire surfaces or at least sapphire surfaces having a minimum
of detrimental impurities. It should be noted that certain clean-
ing procedures, designed to remove one type of impurity, might
themselves introduce another, more harmful impurity. The
experiments described in this section were designed to investi-
gate the effect of three variations in sapphire cleaning pro-
cedures on the quality of SOS material as determined by the yield,
electrical characteristics and stability in radiation and high-
temperature environments.

3.1 Material Fabrication

3.1.1 Background to Cleaning Approaches

Recent processing results at several S0S device manufacturers
have indicated that substrate cleaning, particularly the pre-
epitaxy cleaning process, is critical to device performance and
yields. Polishing compound residues, mobile ion contaminants,
organic solvent residues, and statically-held particulates on the
substrate surface are thought to be the causes of high leakage
currents in n-channel transistors, wafer-to-wafer variations, low
CMOS/S0S device yields, and unstable resistivity values. Many
changes were made in the cleaning procedure over the past two
years in order to minimize each contaminant as it was reported by
device manufacturers. Rigorous, detailed substrate cleaning
prior to epitaxy has resulted in recent user reports of high
yields, improved device parameters, lot-to-lot consistency, and
successful LSI circuit fabrication.

Historically, the basic pre-epi cleaning procedure for sapphire
substrates used until recently was designed and used as part of
the fabrication process in 1971, The increased demand for SOS
wafers justified the establishment of a separate cleaning
facility at UCC in 1971. The basic procedure is listed in Table
3-1. The final pre-epitaxial cleaning step consisted of a hand-
scrubbing of the substrate surface, using an acetone-loaded Kim-
wipe, Each substrate was manually wiped, being held in a vacuum
chuck and illuminated with a microscope lamp. A filtered nitro-
gen blow gun was then used to remove any loose particulates as
the substrates were loaded into the reactor.
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Fable 3-1. Cleaning

Manufacturing Sequence

Finished Substrate

' (clean)*

Clean Substrate

' (inspect)

Accepted Substrate

' (package)

Substrate Inventory
P (Preepitaxial clean)**

E pitaxial Preparation

P (Film deposition)

Epitaxial Wafer

' (Inspect)

Accepted Wafer

- (package)

Wafer Inventory

Procedure 1971 - July 1975
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*Cleaning Procedure

(B Gross Contaminant Removal
A. Ultrasonic agitation of detergent solution
at 80°C for 15 min.

B. D.I. water rinse for 15 min.

. Chemical cleaning
A. Aqua regia acid boil for 15 min

B. D.I. water rinse for 15 min
C. Sulfuric acid at 80°C for 15 min

D. D.I. water rinse for 15 min

1. Drying
A. D.l. water rinse for 15 min

B. Spin dry in warm, dry nitrogen
atmosphere

**Pre-epitaxy Cleaning Procedure

I Manual Substrate Scrub
A. Secure substrate onto vacuum chuck

B. Wipe surface with acetone-loaded Kim-
Wipe leaving clean surface with no smears

C. Blow surface with dry, filtered nitrogen

D. Load onto susceptor



This procedure seemed to work well for some time (1971 - 1975),
and device manufacturers had no adverse comments on surface
cleanliness quality or related device performance, A history of
device processing experience, larger scale SOS device development
programs at more companies, related bulk silicon processing
experience, and the move to the more complex LSI circuitry
demanded materials improvements, beginning in early 1975,

The first request for improved quality involved the particulate
contaminants on the substrate surface that subsequently inter-
fered with CMOS/S0S device yields, particularly in LSI device.
These particulates were statically attracted and thus held
tightly to the substrate surface. The final pre-epitaxial clean-
ing did not remove these particulates efficiently or consistently,
and subsequent film deposition would cause projections or spikes
in the film. These defects would scratch the photomasks and
lower yields by interfering with line geometry and initiating
further defects in subsequent processing. These particulates
appeared to be common dust particles present in the ambient
atmosphere, cleaning tanks, and rinse water supply. A concentra-
ted effort began in early 1975 to improve the cleaning procedure
in order to minimize or eliminate these particulates.

Particulates were reduced by installing sub-micron size filters
on water lines and nitrogen lines, and installing an automatic
wafer scrubber to be used for the final cleaning just prior to
film deposition. The wafer scrubber, illustrated in Figure 3-1,
is Model C-2WS, made by II Industries, Sunnyvale, California,
The manufacturer recommended that a cleaning cycle of detergent-
brush scrub, ammonia rinse, isopropanol rinse, and spin dry be
used. This procedure was followed and particulate contamination
was greatly reduced. The automatic scrubber was used as part of
the manufacturing process in July 1975, User reports on SOS
devices made with scrubbed substrates were quite encouraging,
indicating the particulate counts were greatly reduced, yields
improved, and device performance improved. At Rockwell Inter-
national, comparison of two lots, reflecting SOS wafers made
prior to and after scrubber installation, gave significantly
different leakage currents as reported in Reference 1. Rockwell
CMOS/S0OS Lot A had higher leakage current values, and wafers from
this lot were fabricated prior to the scrubber installation at
uce. Rockwell CMOS/SOS Lot B had lower leakage current values
and was made after the scrubber installation. Other users
reported improved yiclds and successful fabrication of devices at
the LSI complexity level. Table 3.2 lists the pre-epitaxial
procedure used at that time.

1. RADC-TR-76-208, Interim Technical Report, "Investigation of
Defects and Impurities in Silicon-on-Sapphire,' July 1976
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BRUSH WAFER
DIRECTION DIRECTION (1 ]1) QU
WAFER IN USH / Co=m—m——— =t
o b e e 7y
DI RINSE
CLEANING BAR FLUID
LINES

. Load Cycle

A.  Substrate is brought from cartridge to position on vacuum chuck
fl.  Scrub Cycle

A.  Vacuum chuck lowers into scrubbing position

B.  Substrate is spun at selected speed while held in place by vacuum chuck.

Spindie range is 0—10,000 RPM.
C.  Revolving roller-type brush contacts spinning substrate.
D. Liquid detergent is applied to substrate and scrubbing action continues for
present time. Time range is 0~99 seconds.

I, First Rinse Cycle

A.  Brush contact may be maintained if desired.

B.  Rinse solution is applied to spinning substrate and continues for preset time.
IV. Second Rinse Cycle :

A.  Rinse solution is applied to spinning substrate and continues for preset time.
V. Dry Cycle

A.  High speed spin of substrate is continued for preset time.
B.  Dry, filtered, anti-static nitrogen is blown onto substrate to promote drying action.

Figure 3-1. Automatic Wafer Scrubber
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Table 3-2, Changes in Pre-Epitaxial Cleaning Procedure-
July 1975

Pre-Epitaxy Cleaning Procedure

1. Automatic Substrate Scrub
A. Transfer substrates to scrubber cartridge
B. Load substrate cartridge into scrubber

1. Scrub cycle - brush scrub spinning substrate with
detergent -water mixture

2. First rinse - dilute NH4OH rinse
3. Second rinse - Isopropanol rinse
4. Dry -~ High speed spin with blowing dry nitrogen

C. Unload substrate cartridge with cleaned substrates and store
in Laminar Flow Hood.

D. Load substrates onto susceptor, using dry, filtered, anti-static
nitrogen to blow off surface.

The second area of surface cleanliness improvement was the more
efficient removal of polishing compound residues and loose Al 05
particles from the grinding operation, In-house yields in the
UCC Epitaxial Department showed that polishing compound removal
was not being accomplished efficiently or consistently. Changes
in the basic procedure occurred from September through November
1975. Some of the solutions investigated efficiently removed
polishing compound residues, but contained sodium, These solu-
tions were replaced since users were quite concerned about mobile
ion contaminants remaining on the surface and effecting device
properties. By November 1975, all solutions known to contain
mobile ions as a majority constituent were eliminated from the
cleaning procedure. Table 3-3 lists the cleaning procedure as it
existed in September 1975 and the current procedure as instituted
in November 1975,
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Table 3-3.

Cleaning Procedure

September 1975

1.

IL.

III.

Iv.

Polishing Residue Removal

A. Experimental acids, bases,
solvents
Gross Contaminant Removal

A. Ultra-sonic agitation of deter-
gent solution at 80°C for 15
min.

B. D.I. water rinse for 15 min.

Chemical Cleaning

A. Aqua regia acid boil for 15 min.
B D.I. water rinse for 15 min.

C. Sulfuric acid at 80°C for 15 min.
D. D.I. water rinse for 15 min.

Drying

A. D.I. water rinse for 15 min.

B. Spindry in warm, dry nitrogen
atmosphere

Pre-Epitaxial Clean

A, See Table 3-2.
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Changes in Substrate Cleaning Procedure-
September

- November 1975

November 1975

I. Polishing Residue Removal
A. Detergent solution

B. Rinse and dry
C. Hot solvent

D. Dry

E. Ultrasonic agitation of
detergent solution at 80°C

F. D.I. water rinse
II. Chemical Cleaning
A. Reducing acid - oxidizing acid
B. D.I. water rinse
C. Dry

D. Ultrasonic agitation of
hot solvent

E. Dry

1. See Table 3-4.




Polishing compound residues are not always visible prior to epi,
and thus may avoid detection until a film is deposited. After
epi, these residues appear as boat marks or smears, generally
near the wafer edge. These marks or smears have a gray, cloudy
appearance and the pattern suggests that the cleaning process was
inefficient, It was thought that these residues may be the
source of the impurities noted in Reference 1, It was postulated
that these imp .~ities could be present as a result of inefficient
polishing comp~und removal, and may be present even though the

tell-tale marks and smears are removed. Loose Al,0z particles on
the surface from the sapphire fabrication process may be the
source of Al found in the surface analysis. By November 1975, a

process was established that is believed to be efficient and con-
sistent in removing polishing compound residues and Al,;04
particles.,

The third area of surface cleanliness improvement was made in
cooperation with a major user, and concentrated on surface
residues left from the scrubber cycle, just prior to epi. This
user reported wide lot-to-lot and wafer-to-wafer variations in
n-channel leakage currents, with wafers delivered prior to July
1975 much better than post-July 1975 deliveries. Average leakage
values were less than 10 nA/mil for the older lots, while post-
July lots varied from 10 to 300 nA/mil, with most of the wafers
in the lots having leakage values approaching 100 nA/mil.
Associated with the problem of high leakage currents was a pro-
blem of unstable resistivity values., The intrinsic resistivity
value of the film would be measured immediately after deposition,
and a high value, >300 ohm-cm, type indeterminate, recorded.
After shipment, the original value could not be remeasured on
many of the wafers. In some cases, the original value could be
reproduced, but only after several measurements, Returned wafers
were remeasured, and original values were observed, although
sporadically.

The high leakage current and unstable resistivity proulem seemed
to occur after installation of the wafer scrubber. Surfaces were
much cleaner visually, having very few particulates, but were
postulated to have cleaning solvent residues that affected
electrical properties. The recommended final isopropanol rinse
in the wafer scrubber, Table 3-2, was postulated to be the source
of these residues. At this point in time, reports from bulk
silicon users indicated that bulk device yield and electrical
parameters were being affected by the use of organic solvents in
the automatic wafer scrubber cycles, Efforts were begun in
November 1975 to eliminate these residues, and still produce
particle-free films. The wafer scrubber was retained as part of
the process, since this was necessary for particulate removal.

1. RADC-TR-76-208, Interim Technical Report, "Investigation of
Defects and Impurities in Silicon-on-Sapphire," July 1976
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The scrubber cycle was modified so that the organic solvent rinse
as shown in Table 3-4 was eliminated. Another final cleaning
process was designed using the isopropanol rinse cycle in the
scrubber, but adding a boiling oxidizing acid step, followed by a
deionized water rinse. This is shown in Table 3-4, alternate
procedure. These tests were conducted in November - December
1975, and the user reported greatly improved properties of
devices made with the acid-washed wafers. The user reports that
all wafers supplied since December 1975 have had very low leakage
values, from 1 to 5 nA/mil, with most of the wafers at <2 nA/mil,
All of these substrates had been acid washed to oxidize organic
solvent residues on the surface. For substrates that had been
cleaned using a final water rinse in the scrubber, eliminating
the organic solvent, somewhat higher leakage values were
attained, from 17 - 30 nA/mil. The user also reported that as-
received resistivity values had stabilized. This was confirmed
as originally-measured values were reproducible, and values were
stable over long periods of time,.

Since December 1975, no organic solvents have been used in the
final cleaning steps. Since this time, other users have reported
higher device yields, lower carrier concentrations (higher
resistivity) for intrinsic films. stable resistivity values
remaining high after high-temperature oxidation, and lower leak-
age current values.

3.1.2 Sapphire Cleaning Variations

At the start of this program (January 1975), cleanliness of the
pre-epitaxial surface was thought to be of critical importance to

device parameters. Subsequent evaluations by other users tend to
confirm this view. Experimental lots 7 - 9 were designed to
study the pre-epitaxial cleaning variations. Experimental Sets

IIT and IV were designed to provide additional cleaning action or
modification of the silicon-sapphire interface.

Three variations on the standard sapphire cleaning procedure were
examined. The standard procedure uses an acid wash followed by a
rinse and a scrub cycle, No alcohol is used in the rinse or
scrubber cycles. The first variation on this procedure uses
isopropyl alcohol as a final rinse in the scrubber cycle. The
second variation was to first clean the sapphire using isopropyl
alcohol in the scrubber cycle and to follow this with an acid
wash and a rinse. The third variation was to eliminate all
detergents and organics from the scrubber cycle in the otherwise
standard cleaning procedure. Thus, experimental lot number 7
reproduced the pre-epitaxial cleaning process used from July -
November 1975, as listed in Table 3-2, Experimental lot number 8
reproduced the pre-epitaxial cleaning process developed in
November 1975 for one particular user, and is detailed in Table
3-4, as the alternate procedure. Experimental lot number 9
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Table 3-4,

Changes in Pre-Epitaxial Cleaning Procedure-

November 1975

Standard Procedure

Pre-Epitaxy Cleaning

I. Chemical Cleaning

A.
B.
C

Oxidizing acid boil
D.I. water rinse
Spin dry in warm dry
nitrogen atmosphere.

II. Automatic Substrate Scrub

A.

Load substrate cartridge
into scrubber

1. Scrub cycle - brush scrub
spinning substrate with
detergent-water mixture

2. First rinse - dilute NH4OH
rinse

3. Second rinse - D.I. water

4. Dry - high-speed spin with
blowing dry nitrogen
Unload substrate cartridge

and store in laminar flow
hood.

Load substrates onto susceptor,
using dry, filtered, anti-static
nitrogen to blow off surface.

40

Alternate Procedure
Pre-Epitaxy Cleaning

I. Chemical Cleaning

A. Same
B. Same
C. Same

II. Automatic Substrate Scrub

A. Same

1. Same

2. Same

3. Second rinse -
Isopropanol

4. Same
III. Chemical Cleaning

A. Oxidizing acid boil
B. D.I. water rinse

C. Spindry in warm dry
nitrogen atmosphere

D. Load substrates onto
susceptor, using dry,
filtered, anti-static
Nitrogen to blow off
surface.




generally follow the standard procedure as listed in Table 2-4,
except that no detergent or ammonia or alcohol was used in any of
the scrubber cycles, Deionized water was the only solvent used
in the scrubber. In the following, these variations will be
referred to as I, alcohol final rinse, II, alcohol scrub-acid
wash, and III, no detergents or organics,

The pre-epitaxial cleaning variations were carried out as shown

in Table 3-5, which shows substrate lot selection and experimental
conditions for the second experimental set, Epitaxial run
identification for the second experimental set is listed in

Table 3-6.

Two epi runs were needed to supply five wafers for lot 9. A pro-
blem occurred at this time, and deposited films had hazy surfaces.
Other substrates from the same lot, KC0084, were selected,

cleaned according to instructions, and epi'd. Lot 9 consisted of
two wafers from run B12012906 and three wafers from B12013003.

All SOS starting material for Experimental Set II were fabricated
in accordance with the standard UCC specifications, with the
experimental wafer cleaning variations as the only nonstandard
variable (the process variable under study).

Following cleaning, the wafers were spun dry, given the standard
hydrogen prefire, and intrinsic (>700 ohm-cm) silicon was grown
to a thickness of ~0.75 uym using standard UCC procedures. As
with the polishing variations, all films were made in the same 9
reactor (B1200) using the same silane cylinder, by the same
operator, during two consecutive days.

3.2 Starting Material Wafer Inspection Results - Lot 618

Pre-processing inspection was conducted using the techniques

described in Appendix A. A visual scan of the wafers using the
Nomarski filter technique revealed no scratches, pits or bumps in
the silicon film, There was no noticeable difference in the

general texture of the silicon film from wafer to wafer.

The results of IR spectrophotometer measurements and sodium light
topographs, as shown in Table 3-7, showed a typical silicon film
thickness variation of 1575 A--the smallest 1100 X and the
largest 2000 K. The film was generally found to be thinner at
one edge of the wafer and to increase in thickness in a monotonic
manner toward the opposite edge. There was no indication of a
"ripple effect'" of alternately thinner and thicker silicon. The
average film thickness on wafers in lot 618 was 0.745 um,
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Table 3-5,

Pre-Epitaxial

EXPERIMENTAL SET Il

Substrate Lot KC0084

Chemical

Cleaning Variations

-

VARIATION |

Select 5 substrates for Exp.

Lot Na. 7. Do final pre-epitaxial
cleaning according to following:
Detergent scrub

NH4OH rinse

Isopropanol rinse

Spin dry

Load into reactor and

deposit films for Lot No. 7

l
VARIATION Il
Select 5 substrates for Exp.
Lot No. 8. Do final pre-epitaxial
cleaning according to following:
Detergent scrub
NH40H rinse
Isopropanol rinse
Spin dry
Oxidizing acid boil
D.l1. water rinse
Spin dry
Load into reactor and deposit
films for Lot No. 8
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VARIATION 1t

Select 5 substrates for E xp.

Lot No.9. Do final pre-epitaxial
cleaning according to following:
No detergent scrub

No NH40H rinse

Use Hy0 only in scrubber cycles
No Isopropanol rinse

Spin dry

Load into reactor and deposit
fitms for Lot No. 9




Table 3-6.

Experimental Set II Identification

Experimental Experimental Epitaxial
Lot No. Wafers Substrate Lot Conditions Run No.

7 S KC0084 Alcohol Rinse B12013004

8 S KC0084 Acid Wash B12013001

9 5 KC0084 Water Scrub B12012906 (2)

B12013003 (3)
Tahle 3-7. Wafer Inspection Prior to Device Fabrication

Wafer No. Minimum Maximum
No. Fringes Thickness, u Thickness, u
618.1 1.4 0.71 0.82
618.2 21 0.67 0,84
618.5 1.8 0.68 0.82
618.4 &0 0,65 0.81
618.5 35 0.64 0.82
618.6 20 0.66 0.83
618.7 1.4 0. 7% 0.82
618.8 50 0.68 0.81
618.9 22 0.66 0.84
618.10 2.5 0.65 0.85
618.11 1.8 0.68 0.83
618.12 2.4 0.61 0,80
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3.3 Device Fabrication - Lot 618

Four wafers from each of the three cleaning variations were pro-
cessed in one 12-wafer lot, designated lot 618, There were no
"standard" wafers in this lot, all having been cleaned using some
variation from the standard cleaning procedure. CMOS inverter
circuits (4007SR) were fabricated on these wafers as outlined in
Appendix B. Processing on this lot was done in the Rockwell

Hard MOS Wafer Processing Lab, Due to a malfunction in the ion
implanter, the deep boron implant (200 keV) could not be per-
formed in the usual manner. As the implanter would not run at
200 kv, it was set for 100 kV and the ion source set to supply
doubly ionized boron instead of the singly ionized boron normally
used, Other se the process was completely normal. Only one
wafer, 618.1 1s broken during processing. The wafer numbers

corresponding to the different sapphire cleaning variations are
tabulated in Table 3-8. The broken wafer is not listed.

Table 3-8, Lot 618 Wafer Identification
Wafer No. Cleaning Procedure
618.1 I Alcohol final rinse
618 .2 "
618.3 "
618.4 bl
618.5 II Alcohol scrubber followed by acid wash
618.6 L
618.7 i
618.8 2t
618.9 III No detergents or organics
618.10 Ik
618.11 "
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3.4 Wafer Probe Results - Lot 618

The wafers were probed and the resulting data mapped and sorted,
and yields were calculated as described in Appendix C. The wafer
maps did not show local variations in number or type of failure,
except in two cases where a very high leakage current failure
rate was noted in one corner of the mapped area of wafer 618.1
and in two corners of wafer 618,11. Because these areas are very
near the edges of the wafer, these failures are attributed to
handling damage to the wafer,.

The yield on the wafers of this lot was much better than the
previous lot (610). The yield results are shown in Table 3-9.

It is apparent that the alcohol final rinse (cleaning procedure
I) is detrimental to the yield of both n- and p-channel tran-
sistors, with channel leakage being the major failure mode.
Cleaning procedure II (alcohol scrub followed by acid wash)
appears to give slightly better yields than III, thus suggesting
that the use of detergents and organics is advantageous and that
the harmful effects of alcohol are removed by an acid wash.
Unfortunately, the limitations of lot size to 12 wafers mitigated
against including wafers cleaned with the standard process 1in
this lot, so no yield comparison with the standard clean is made,.
It was hoped that lot-to-lot processing variations would be
sufficiently small to permit some yield comparison with the
standard wafers in the other lots, but this was not the case,

The results of sorting the various measurements are shown in the

distribution curves of Figures 3-2 to 3-5. As with lot 610, the
ieakage currents fall either within the rather narrow distri-
butions shown on Figure 3-2 or they are beyond 200 nA. Again
the gate leakages were essentially all either less than 200 nA
or greater than 2 puA and are not plotted. As only three wafers
were tested for cleaning procedure III (no detergents or
organics), the distribution curves are lower in height than for
procedures I and II where four wafers were tested. The greatest
difference between the results of the various cleaning pro-
cedures occurs in the voltage drop at 3 mA load where cleaning
procedure I (alcohol final rinse) shows a narrower distribution
peaked ~50 mV above the other two cases, In all the above cases,
the differences in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>