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SECTION 1

SUMMARY

This report describes the various steps involved in obtaining quantitative
wformation of structural defects in crystalline silicon samples. The
report discusses the following procedures: 1) chemical polishing;

2) chemaical etching; 3) automated image analysis of samples on the
QTM 720 System; and 4) preliminary discussion of data.



SECTION I

INTRODUCTION

The objective of this program 1s to evaluate and, if possible, predict the
conversion efficiency for a variety of silicon samples with differences 1n
structural defects, such as grain boundaries, twin boundaries, precipitate
particles, dislocations, etc. It s important to know the type of defect/
defects, and the concentration at which such defect/defects severely
cause deterioration of conversion efficiency., Quantitative data of this
nature may then enable us to predict the performance of silicon samples
before they are fabricated 1nto solar cells. Also, such a technique mavy,
in addition, be used routinely as a Nondestructive Quality Assurance Tool
to rapidly and routinely evaluate and survey a variety of silicon samples
with differences in growth, fabrication, and processing varables.

Quantitative analysis of surface defects will be performed by using =2
Quantimet 720 Quantitative Microscopy System. This system can
differentiate and count 67 shades of gray levels between black and white
contrasts, In addition, 1t can characterize defecis (such as dislocations,
twin boundaries, precipitates, grain boundaries, etc.) by measuring

their length, perumeter, area, density, spatial distribution, frequency
distribution {(in any preselected direction), and so on. However, the
Quantitative Microscopy System is extremely sensitive to opfical contrasts
of wvarious defects, Therefore, to obiain reproducible results, the
contrasts produced by various defects must be sumilar and uniform for
each defect types along the entire surface area of samples to be analyzed.
To achieve this, a chemical cleaning and polishing technique has now been
perfected, and this technique is now routinely used. The cleaning and
polishing preparation technique produces a very clean and even surface
for s:licon crystals suitable for analyses by the QTM 720 System. We
have just started obtamning quantitative information from a variety of
silicon crystals, and these will be reported in due course.



SECTION III

CHEMICAL POLISHING

In our previous Quarterly Reportl, the chemical polishing technique was
briefly explained. Since the above work was reported, the silicon sur-
faces were subsequently examined in a QTM 720 Quantitative Micro-
scopy System. It was found that further refinements in polishing will
have to be done 1n order to obtain surfaces suitable for QTM 720 analysis.
This work has now been completed and will be described herein,

For the present study, two types of samples e, g., those manufactured
by Wacker and IBM were used. It was observed that the tizne required
to polish the two types of samples varied by a small amount; however,
this variation is important for QTM 720 analysis and, therefore, should
be understood and used carefully in practice., The variation in polishing
tiume 1s due to certain inherent manufacturing /fabrication/processing
variables, which affect the reaction rates for the two types of samples
under i1dentical polishing conditions. Similar refinements in polishing
and etching steps will have to be perfected and used, when silicon crystals
manufactured by other manufacturers are used in future. These will
require additional development time and effort.

Polishing of Wacker and IBM groups of samples were performed at
different combinations of temperatures and tumes. The results are
summarized in Tables 1 and 2 respectively for Wacker and IBM sam-
ples, It may be observed from these tables that for Wacker samples,
polishing temperature of 50° £ 3° C and polsihing time of 80 to 85 sec.
1s acceptable. For IBM samples, polishing temperature of 50° 1 3°G
and polishing time of 85 to 90 sec, is acceptable.

Samples which are slightly underpolished as well as samples which are
well-polished, exhibit bright and shiny surfaces when observed by the
naked eye. Therefore, visual observation cannot be used to determine
the quality of polishing. However, when the same samples are obser-
ved in a high quality optical metallograph, the underpolished samples
show faceting and subgrain-type structure; whereas the well-polished
samples show clearly defined grain boundaries and some of the twin
boundaries in sharp contrast. Therefore, optical metallograph must
be used to determine the quality of polishing. Because of the presence
of subgrain-type structure 1 underpolished samples, it is better to
slightly overpolish a sample by a few seconds. This will insure good
quality surface and reproducibility from sample to sample.



SECTION 1V

CHEMICAI ETCHING

COMPOSITIONS OF ETCHING SOLUTION:

The main objectives of etching a polished silicon sample are:

1) to reveal grain boundaries 1n sharp contrast;

2} to reveal clearly defined twin boundaries which do not touch or
overlap one another,

3) to reveal dislocation etch pits which do not touch or overlap one
another,

A variety of etching solutions, which are commonly used in the semi-
conductor industry were tested on JPL-supphed silicon samples.
After considerable testing and evaluations, it was observed that Sirtl
etch produced good quality surfaces wher observed under QTM 720
System, Therefore, Sirtl etch has been selected to etch the silicon
ribbon samples. The etching solution that has been developed is a
diluted variation of the Sirtl etch. Composition of the Sirtl etch is as
follows:

Solution A Solution B

50g Cr03:100 ml deronized water HF
. Solution B equal in volume to
Solution A

Three dilute variations were prepared from the Sirtl etch. The
results obtained by using each of these three etchants are discussed

below and also shown 1n Table 3.

ETCHING SOLUTION I:

The first variation from the Sirtl etch was prepared by dissolving 20
grams of Cr03 in 60 ml of deionized distilled water , and then adding
an equal volume of concentrated HF. A 15 second etch by this first
etching solution revealed dislocations, twin boundaries, and grain
boundaries., The resolution of the defects are lirmited only by the
optical equipment used.

Figure 1 shows the structure of an IBM silicon ribbon after chemical
polishing. Figure 2 and 3 are photomicrographs after a 15 second etch.



The variation in contrast between different boundaries may be indicative
of different energies associated with different types of boundaries.
Grain boundaries and twin boundaries have different energies, which
affect their etching rates,

An additional 15 seconds etch by the Etching Solution 1 revealed a
higher number of defects and less contrast variation between different
twim boundaries (Figure 4).

ETCHING SOLUTION II

The second variation from the Sirtl etch was prepared by dissolving 10
grams of CrO3 in 40 ml of deionmized water, and adding an equal volume
of concentrated HF,

Figure 5 is a photomicrograph of the chemically polished surface,
Figure 6 15 a photomicrograph of the same surface after 30 second
etch by Etching Solution II. Figure 6 shows all dislocations, twin
boundaries and grain boundaries present in the sample., Variations
in contrast of dislocations observed is due to focusing on a slightly
curved surface,

The silicon surface in Figure 6 was etched for an additional 30 seconds.
This resulted in deeper etching of dislocations and overlapping of twin
boundaries (Figure 7). An additional 30 second etch (i.e. a total of

90 seconds) on the same surface resulted in significant overlapping of
dislocations and twin boundaries. (Figure 8),

ETCHING SOLUTION III

The third variation from the Sirtl etch comprises 10 grams of CrO5 n
60 ml of delonized distilled water; and an equal volume of concentrated
HF,

Figure 9 is a photomicrograph of a chemically polished silicon surface.
Figure 10 1s a photomicrograph of the same area after 60 seconds etch
by Etching Solution IiI. Figure 11 is another etched area on the same
surface,

The etching treatment by Etching Solution III will resuit in an optical
resolution of 10°% cm for twin boundaries and an optical density
resolution of 107 dislocations per cmz. A higher resolution, how-
ever, can be achieved if a higher magnification 1s used for observation.
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The Etching Solution III has also been used to etch chemically polished
Wacker samples. Figure 12 is a photomicrograph of chemically
polished silicon surface of Wacker sample. Figure 13 is a photo-

micrograph of the same area after 50 seconds etch by Etching Solu-
tion IIIL,

It has been observed on many silicon surfaces that an optumum etching
time of approximately 50 seconds by Etching Solution III 1s sufficient
to distinctly reveal grain and twin boundaries and dislocations. Both
IBM and Wacker samples were etched with Etching Solution III. High
quality defect structures, without overlapping and without wide variation
in contrast of each defect type, were always obtained,

ETCHING PROCEDURE:

The silicon sample 1s placed into a teflon beaker with the surface to

be etched facing up. Enough freshly prepared etching solution 1s
poured so as to cover sample surface with a 5 mm head of etching
solution. The test sample 1s left in the etching solution until desired
contrast 1s achieved, Etching rates may vary slightly depending on
the internal energy associated with the various types of defects, and
the manufacturing /fabrication/processing variables associated with
each sample type. The etching reaction was quenched using a volume
of delonized water twice that of the etching solution. The test sample
was removed from the etching solution, and it was 1mmmersed in another
beaker containing a 5% NH,OH solution for 30 seconds or less. The
sample was then immersed in deionized water for 5 minutes, The
sample was then rinsed in pure ethyl alcohol and the surface was dried
by blowing Nitrogen gas.

{(Note: The purpose of using NH,OH solution 1s as follows., Evena
small amount of residual HF left in the sample can attack and corrode
the very expensive objective lenses of the metallograph or QTM,
Therefore trace amounts of any left-over HF should be removed by
mmmersing the sample NH,OH. Longer than 30 seconds exposure

to NH,OH will result in etching of the sample by NH4OH and, therefore,
should be avoided,

INPUT MATERIALS:

Deionized water
Trichloroethylene
Acetone

Ethyl alcohol
Cotton balls
Nitrogen gas



Aplezon Wax (W)
Hydrofluoric acid

Nitric acid

Acetic Acid

Chromwmm trioxide (CrO3)
NH,OH solution

EQUIPMENT AND FACILITIES

Fume hood

Baking oven capable of reaching 125°C

A1r Brush

Hot plate

Rubber gloves

Face mask

Pyrex beakesrs; teflom beakers and tweezers

TWO - STEP ANALYSIS OF SAMPLES:

The etching technique, as described above, produces surfaces which are
quite satisfactory when observed under an optical metallograph,.but
not entirely satisfactory and reproducible when dserved under the QTM
720 system ata magnification of 800X. It was found that many disloca-
tion etch pits were touching the grain and twin boundaries. This
overlapping of defects creates problems for separate detection and
measurement of twins, grain boundaries, and dislocation pits. The
problem was serious, especially in the areas where the twin density
was high. Therefore, effort was made to prevent such association
whereby dislocation pits were joined with twin or grain boundaries.
One way of achieving this goal was to etch silicon samples for a shorter
time to develop and bring in sharp contrast only grain boundaries and
twin boundaries, but not dislocation etch pits. This is possible, since
etching rates vary shightly depending on the internal energy associated
with each types of defects.

Several samples were then etched for different time durations ranging
from 5 seconds to 30 seconds , and examined 1n the QTM 720 system.

It was found that an initial 15 second etch was requred to distinctly

etch only the grain and twin boundaries, and produce a gecod contrast
for detection and measurement with the QTM 720 system. An
additional 35 seconds etch brings the dislocation pits in sharp contrast.
Therefore, these two different etching times (separately for grains
and twins on the one hand, and dislocation pits on the other) require

the silicon samples to be analyzed in two separate steps as shown
below:

12



Analysis of Defects on the QTM 720

Defect Types

First Step

Second Step

Chemuically polished and
15 seconds etching

Same Sample with additional
35 second etch

Grains Counted not counted
Twins Counted not counted
Dislocaticn not counted counted
etch pits

13




SECTION V

AUTOMATED IMAGE ANALYSIS

Preliminary measurements have been made on grains , twins, and
dislocation pits of silicon samples from different manufacturers as

reported earlier 2, These measurements were performed with
.a field area of about 0. 46mm? and ncluded: 1) the number of fea-
tures and their area density, 2) mean free path between features

(both horozonta lly and vertically), 3) the length of features per
unit sample area, and 4) the average feature area,

We have now accomplished performing these measurements automatically
while scanning the entire sample surface (fields for measurement are
chosen at fixed increments 1n a square array}. This automated

analysis 1s accomplished by using the Programmer , Automatic Stage,
and Automatic Focus optional modules in the QTM 720 System. Those
allow the basic measurements (area, peruneter, vertical projection,
horozontal projection, and count ) to be made on each field, followed
automatically by scanning to the next field , then focusing, and then
performing the measurements again., The basic measurements from the
QTM 720 are transferred to a Hewlett-Packard Model 9810 programmable
calculator (HP9810) by way of a Field Data Interface module {optional
QTM module)., A block diagram of the system is shown in Fig. 14.

A program (on magnetic card) has been written for the HP9810 to convert
the basic QTM parameters into the desired measurements for each field
and print out the results on a standard teletype. In addition, the
average of the data (based upon all previous fields) may be obtained at any
time during a sample run by accessing a subroutine 1n the program.

The HP9810 program and the storage register information 1s given
Appendix A.

PROCEDURE FQOR RUNNING PROGRAM

1. Select proper objective for desired magnification.

2. Adjust optics for "Kohler illumination, ' following steps in Reichert
Microscope Manual, 1if necessary. If is important that the field of
view be uniformly illuminated.

3. Adjust Light intensity (with filters and/or lamp voltage ) to obtain

14



a reading of 1 on the white level meter with light sensitivity switch

in MANUAT, Sensitivity should read 0, 4.

4., Place sample on a blank field of view and perform shade correction,
setting the RANGE at about 10-1lo'clock . This 1s an important step.
Be certain that entire standard frame can be detected umiformly.

(Light sensitivity switch must be in AUTO to perform shade correction.)
5. Place sample at origin of scan. This will be the lower left-hand
corner of the sample. Make certamn that sample 15 firmly held to stage.
Select the size of the X-Y step on the automatic stage control. Gener-
ally, the X and Y steps will be of the same si1ze (units are in mm),
Determine the number of steps in a single row (X-direction). The
number of fields 1n a row 1s one greater than the number of X steps.

After setting the number of steps on the automatic stage control, place
control in AUTO and push ORIGIN. Any time you wish to have manual
control of stage, swithch from AUTO to MANUAL. When returning to
AUTO mode, stage must be at ORIGIN. Always set ORIGIN after push-
ing AUTO. At this time, set automatic focusing module to AUTO and
SKIP FIELDS to zero.

6. Determine the size of the Varible Frame to be used for scanning and
position it. The product of the horizontal and vertical divisions (in pp)
will be the frame area called for at the beginning of the program,

7. Set proper detection of the features in the field using the "flicker
method ' and the 1-D Standard Detector Module.

8., The Standard Computer' MS-3 should be switched to PATTERN RECOG-
NITION. Function Computer #1 will generally be set to AREA if area
s1zing 1s being used on the Classifier-Collecter Module. Function Com-
puter #2 , the Classifier-Collector, and the Field Data Interface Modules
should be set to AUTO. The form Separater Module should be OFF.

The Programmer Module should be set to STOP and AUTO/0-15.  The
Programmer board on left should be setup according to Fig. 15.

SETTING UP THE HP9810 DESK CALCULATOR TO RUN THE QTM720

1.With the appropriate magnetic card in hand, push RUN-END-LOAD on
the HP9810 and load side A of magnetic card followed immediately by
side B.

2. Push RUN-END-CONTINUE to begin Program. The HP0910 will print
out on 1its tape''Magnification?' Type n the objective being used. It will

15



then ask for the calibration factor in whatever units /pp are being used.
Later, you will type in the units on the teletype sheet which records
the results. The frame area (in units of pp ) is the product of the
horizontal and vertical settings of the variable frame, If the Stand-
ard Frame is used, the frame area is 500, 000 pp. (Note: After
responding to each command on the HP9810, push CONTINUE ).

The teletype will type out "Units - and the operator types in the
appropriate response. Push CONTINUE on the HP9810 and the
heading will be typed out. Note that all units will be in those
specified by the calibration factor. In the example of Fig. 1, the
frame area 1s 1n units of mm?,

The meaning of each heading on the teletype printout is described below:
Field: The number of the field.

NQ- The absolute number of features detected in the field.
NO. /AREA : The number of features detected per unit sample area,
(in the example,number of features /mm? ).

MFPYV : Mean free path (vertical }): This quantity is the frame area
divided by the vertical projection of all detected features in the field
(frame ), It represents the mean distance between features in the
vertical direction.

MFPH: Mean free path { Horizontal ): This is the horizontal ana-
logue of MEPYV,

L/A : Length (L) of twins per unit area (A) of sample. In the
example, it is in units of mzn/mmz . This gquantity is equal to
(perimeter /2 ) — frame area, where the perimeter is the total
detected feature perimeter. As long as the length »» width of
the feature (true for twins ), perimeter/2 1s approxumately equal
to the length.

16



Note: In the case of dislocation pits,

I
d

1 . L - P . 1
NO, /AREA A 24 NO. /AREA 2(NO.)

=l

27 F(NO.) = 7.
2 (NO. )

’

1

T = mean pit radius 1 Ly (o ™ e )
NO. /AREA

AFETA : Average feature area. This quantity 1s the total detected
feature area in the field — the number of detected features. Note
that for dislocation pits,

T . AFETA
\} ™

When the HP9810 screen goes blank, 1t is ready to accept data from the
QT M.

Push STEP on the QTM Programmer Module. The following QTM
measurements on the detected features will be made (in order ): Area,
perimeter, vertical projection, horzontal projection, count. As these
measurements are made they are printed out (in units of pp) on the
HP9810 immediately following the FIELD number, Following all
measurements the results for that field are typed out on the teletype
in the specified units. The QTM automatically steps to the next

field and focusses on 1t, The operator then examines the new field
and performs the appropriate image editing or detecting. Do not
change the variable frame size. It must remain constaht throughout
the run., Note that the HP981(0 screen goes blank, signifying 1t is
ready to accept QTM date for the new field.

17



DELETING DATA

If the last field measured is determined to be in error for any reason,
the operator may perform the following key sequence on the HP9810.
STOP, GO TO, LABEL, D {for Delete), CONTINUE, The
teletype will respond immediately with:

LLAST FIELD DELETED

AVERAGING DATA

Averaging of the data can be performed at any time by the following
HP9810 key sequence- STOP, GO TO, LABEL, A (for average),
CONTINUE. This will not affect data determined in the last field
and 1s always an average of all of the data accumulated from field
number one through, and including, the last field.

18



SECTION VI

PRELIMINARY ANALYSIS OF DATA

In the Mobil Tyco and IBM samples, almost all the twin bound-
aries are parallel to the longitudinal axis of the silicon ribbon.

In the 1 inch x 1 wnch samples examined in the QTM, these twins
were found to run from one edge of the speciumen to the opposite
edge. There are few grain boundaries in each sample, and these
grain boundaries are approximately parallel to the twins, There-
fore , only a2 small number of twins intersect the grain boundaries.
Therefore, counting of these defects by QTM 1s not too tedious.
However, in the Wacker samples there are larger number of grain
boundaries in each of the 1 inch x 1 inch samples. Moreover, the
twins within different grains are oriented in different directions

{not parallel to one another as in IBM and Mobil Tyco samples ).
To further complicate the counting of these defects, all the twins
intersect the grain boundaries, and there are large number of such
intersections in each field of view. The QTM counts all features
which touch one another as one feature. As an example, if one
grain boundary is touching several twins these will be counted as one
feature. Thereiore, eachof the twins which touches a2 grain bound-
ary must be made to separate on the TV - screen image. This 1s
done by manually using a light pen, This becomes very tedious,
since each field of view on the TV screen must be manually edited
quite extensively. Because of these complications, Wacker samples
were chosen as the first ones to be analyzed by QTM. It was

felt that if Wacker samples could be successfully analyzed, the other
samples would be easier to exarmire by QTM.

Wacker sample No. 7 was the first sample to be analyzed on the
QTM, This sample had a surface area of 40.32 mm . As shown
1n Table 4 , a total of 50 fields (or frames) were analyzed on the
QTM, These 50 fields were uniformly distri buted 1n a square
raster covering the entire sample surface. The magnification
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of the image on the QTM screen was 311.2 X wusing a 12.5 objective.
A calibration standard was used to calibrate the TV screen, and it
was found that 0.4 mm was equal in length to 415 picture points (pp).
In terms of area, 0.16 mm2 = 172, 225 pPPp. The total area

of the image on the TV screen was 500,000 pp, which represented
an area of 0.46 mm?2 on the specimen surface. For 50 fields this
represents a total area analyzed by QTM of 23.23 mm? of 57. 6%

of specimen surface, Table 4 also shows average values (listed

as AVERAGE ), standard deviation (SD) and standard error (SE).

The values are for all the data points preceding such listing.

In other words, the data for Average, SD, SE at the bottom of Table 4
is for all the 50 fields.

The data in table 4 was analyzed statistically to get an idea of the
mimimum number of fields to be analyzed for precise measurements.
The minimum value is that which gives a mean within 95% confid-
ence (two standard deviations) of the mean determined from the 50
fields. Length of twins /unit area (L/A) in Table 4 was chosen as
the test measurement, and was grouped into 2 mm class intervals,
These are shown 1n seven histograms in F1g., 16 where the length

of twins /unit area 1s plotted against 50, 25, 17, 13, 10, 10, and

10 fields . The data for the above fields were picked unlformly
from the 50 fields listed 1n Table 4 ., If may be observed from

the Figure 16, that the principal mode in all the cases as the fields
are decreased from 50 to 10 lies in the 2 to 4 mm class, The distri-
bution may be considered unimodal to a first approximation,

The arithmetic mean (X), variance (¢&), and standard deviation
(SD) were calculated for each group of data. These are given
in Table 5 and also listed to the right side of the graphs shown in
Fig. 16. Figure 16 also shows the range of mean (X ) at 95%
confidence level calculated by using the formula:

X x Toars <SD/V N"i)

where N = Number of fields, and
tg. 975 represents the 97.5 percentile value.

20



It 1ndicates that if the data 1s meaningful and significant at 95%
confidence level, the value of the true mean (X) must lie within
the range of the calculated mean shown for each of the graphs in
Fig. 16 . As the number of fields decreases from 50 to 10,

the mean ( X ) in Fig.16 hes within the range of 95% confidence
level, Values of tg. 975 (95% confidence level ) for differ-
ent degrees of freedom were taken from the standard table given
in statistical texts,

The student's " t " test was also applied to check the validity of
the data at 95% confidence level. The formula used for these

calculations 1s-
R M
‘. )
<D

Results obtained down to the level of 10 fields using the above
formula are significant at the 95% confidence level. In other
words "t ! tests indicate that ten (10 )} data points or

11.52% of the surface area of a test specimen 1s enough to obtain
95% confidence level. However, this is preliminary analysis
and at the present tune we intend to continue taking 50 measure-
ment fields per sample. After more data is collected, the
number of measurement fields will be decreased 1n the near future,
if this lesser number of fields can still give 95% confidence level.
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SECTION VII

CONCLUSIONS

Polishing and etching procedures have been perfected for Mobil
Tyco, Wacker, and IBM group of silicon samples for obtaining
proper contrast of structural defects suitable for QTM analyses.

A computer program for automated quantitative umage analyses of
grain boundaries, tiwin boundaries, and dislocation pits using
Quantimet 720 Image Analyzer has been perfected. Prelimi-
nary data on a Wacker sample 15 discussed . In the future,

it is planned to interface a Terak 8510 A minicomputer to the
Quantumet 720 for an improved data collection capability.
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Polishing solution:

TABLE 1

CHEMICAT. POLISHING OF WACKER SAMPLES

Time (sec.)

Temperature (°C)

Note:

30

50

50

50

70

80

(L

(2)

30

45

60 to 75

80 - 85

45

55

mixture of HNO4: HF: CH4CO0H = 1: 2: 3 by volume

Surface Conditions

slight smaythening of
surface; but no polishing

" underpolishing of surface, Facets

join together to form subgrain
type structure,

slight underpolishing., Subgrain
type structure (due to facets)
becomes larger, and, in some
places, becomes faint and starts
disappearing. Get staining and
pit formation inside subgrain
type structure,

Good even polishing. Subgrain
type structure, and pits within
subgrains completely disappear. _

slight underpolishing

reasonzbly good polish

Time of polishing is to be increased or decreased depending
on how soon and how fast bubbles evolve from sample surface.

For each polishing operation, a fresh solution must be used
since the strength of solution decreases drastically after

just one use,
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TABLE 2

CHEMICAL POLISHING OF IBM SAMPLES

Polishing solution: mixture of HN03: HF: CH,COCH = 1: 2: 3 by volume

3
Temperature {(°C) Time (sec.) Surface Condition

50 30 growth lines persist. Faceting
persists,

50 45 growth lines disappear, but facets
join together to form subgrain

-~ type structure.
50 60 surface appears very even

and bright, however, faint
remnants of subgrain type
structure still persists.

50 85 to 90 Good even polishing

Note: (1) Time of polishing is to be increased or decreased depending
on how soon and how fast bubbles evolve from sample surface.

(2) For each polishing operation, a fresh solution must be used

since the strength of sclution decreases drastically after
just one use.
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TARLE 3

CHEMICAL ETCHING OF IEM SAMPLES

GComposition of

Sirtl Etch

Sol A Sol B.
20 g CroOj 60 ml HF
in 60 ml

deionized

water

Sirtl etch Solution TI

10 g Cr04 40 ml HF
in 40 ml

deionized

water

Sircl etch Solution IIT

10g CrO3 in 60 ml HF
60 ml dejionized
water

Etching

time gSec!

15

additional
15

30

additional
30 sec.

additional
30 (a total
of 90 sec)

50

26

Surface conditions

Revealed dislocations
twins and grain
boundaries.
Resolution limited by
the optical equipment

Revealed higher density
of defects and less
variation in contrast
between twin boundaries.

Revealed all dislocations,
twin and grain boundaries,

Resulted in deeper etching
of dislocations and over-
lapping of twin boundaries.

Resulted in significantly
more overlapping of
dislocation, twins.

Resulted in optical resol=~
ution of 10~% cm for twin
boundaries and optical
density resolution of 107
dislocations per cm“*



TEST RUN 13/11/78 _WACKTIR SAMPLE 7

TWINS ONLY
N ’
MAG«311.2 UNITS-MM CAL. FACTOR~ %3.30909864 INITS/PPR
FRAME AREA- P.464648 ~ -~
FIELD NQ. NO./AREA MERY " MFPH L/a AFETA
1 i@ 21.522 B.217 el a3 G294 M P [ Jc e & §-)
2 8 174717 34315 34154 TeSF13 34132949
3 6. 12.913 J.154 A4 44 7216 3,322 75
a 14 » 33.132 Aal147 %4156 12,287 1.373331 4
s 7 1'5.265 Fe26% Te? 81 34794 - T .73337F
& 5 13.761 B527 3754 4eARZ2H 21.4739872
7 1 2.152 B.333 A«RAHES Fa24R T AAIAR27
B8 5 13.751 A5 EY - Jed 44 PLha2 1.7311727
9 B 17217 Q147 - 1578 T+476 ' 1.73237%
.“}BﬂpﬂJ'PPJ§E 18 1@ 15 32.283 *3.185 7.753 Tel47 1.793 9 4]
OR & QU ALITY AVERAGE
OF POO NO. NO./AREA MFBY vFPH LA AFETA
Te97 17.332 17357 YeTAT Le245 3.332415
0 4.31 B.56373 2.3372 13756 2, o9 .37 111
SE 1027 3.-733 -’!0737 3.&35 3099_'3 1.‘3“"‘151
11 13- 21 .522 3276 A.214 T«129 1.4329%7
12 1?2 21.522 d«272 3234 $.723 B.A71F49
13 1t 2.152 4+595 Y.374 1.574 1.731111
14 9 19373 A. 248 J.1 8B4 A7 T« 32773
15 3- 6457 LY X! Tt 9 1«41R 14371 45
18 & 12'(’13 Io")!l 10';6'” 1 +492 VeIF33927
17’ g+ 17.217 %.183 J.112 11278 N34S 24
18 [ B 23.674 A1 567 1252 Re?24 1.3793195
19 3* &4 457 Fe692 T.341 3.499 3.37449]
23 7 154355 1e295 1,267 Seagt 1. 332425
4YEA6E
NJe NJI«/43EAQ MF=y MFPH L/4 ' OATETY
7+35 15718 1.976 Y787 3716 V1.332547
59 3.71 S r.074 1976 1172 Rl AT 11731 425
32 B3 1.7 3. 119 14742 L TAR 1.17711 9
21 2. 4.1 4 n,v52 1.49% 1381 1.%742457%
22 7 15.3465 A« 2RH” 1.23% A ADE F.a2FFIRT
23 8 !7!!17 ‘3-248 3.1 A7 42973 ’1-‘31'}459
24 & 12.9173 1. 471 1277 Ael T2 1. 794253
25 4~ B:.4829 J.841 1.323% 1.%546 139272
26 B 17217 Ae387 3115 S.1135 1,31 777
27 4 8.4939 L1348 1.375 TL.RY4 1,3349RY
28 4 B+ 579 31,413 .25 1.7173 T 113377
29 S a 13.761 S«5671 1721 T.472 L 2 e P
39 9 19.379 14372 1.499 .33 43311737
31 5 ¢ 13.761 1.395R 1.%21% o133 1.3731 285
32 4 Fe439 F.349 1.548 721 17132347
ViTaes
NTJ. NI.FAZER MES FIH 1L/4 AFITTY
866 144325 1.342 1.405 Se171 1,137 241
) 332 T«113 1738 V2959 = 24948 1.331 924
SE 3.58 {1257 g.311 1.1 71 1.521 T+ 3333287
a3 B 17217 A.+355 1.275 44734 1,332431 R
34 4 2.439 4+931 1735 19513 1.7t 517
35 54 13.761 3.998 1.?RR 14527 Te 13341 °
aé R 17.217 4.4793 1. 48P e | 1.2%1 451
37 3« 6+ 457 P.623 Te316 1.915 1. 198213
as % 19.1771 J.354 3.3R7 2e1 71 T+ 111 474
39 194 21 0222 1«158 14191 1.7 Te 1747 A0
43 5 13.761 Ae397 1+304 e 44 - 1.77a11°
41 9 1 19,373 B.375 A194 AsSaQ . 1, 13971 a
42 5 14,781 1.328 Je912 1+44% 17317724
43 12 4 25,8264 Te 477 Fea9) 1.967 1, 1734679
44 4 19.373 Ae3TH Ae 142 3.755 Y. 1311319
a5 ¢ 194 49 . 891 FelMN EEN-Y: 184173 - 1. ¥33 437
a6 9 19.379 F+579 Ja3?5 159 1. 101577
47 18 A 38,719 3.1 49 Tel a2 11.193 YrII2RAS
48 g 17.217 Ae424 3,787 1713 1. 172525
49 7 A 15-065 6-444 100‘14 10‘31 *.QQ!IOO
54 g 17,217 13145 1+304 16517 %, 1321 R
AVERAGE
NOs NO./AREA MFPV AFOH 173 AFETA
738 15.R8% B« 862 Ae573 S« 47 1. 2754
5D 3.75 Be1543 a4l 1R 3. 447 7771 852
SE Fa33 l«]4@ G244 1,111 T. 487 Yo 392402

br b 4



TABLE 5. "t " Test for Data 1n Table 4

Number of Mean Variance Standard 1t test at 95%

fields (%) Deviation confidence level
SD

50 5. 247 11.88 3,447 significant

25 5.658 18.90 4,348 signlfi‘cant

17 4.116 7.628 2,762 significant

13 5. 9255 25, 39 5,039 significant

10 5,5403 13, 91 3.73 significant

10 4. 8481 5.577 2.3616 significant

i0 5,4948 11,99 3.4629 significant

6 5.8869 3.508 1.873 significant

5 6. 677 37.34 6.112 not significant
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Figure 5.

-

IBM #6 - Section 1 - Side 2, micrograph of
ribbon surface after chemical pclishing.
Mag 200X

: GE IS

IBM #6 - Section 1 = Side 2, micrograph of

ribbon surface, shown earlier in Fig. 5,

after a 30 second etch by Etching Solution II.
Mag 200X
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micrograph of

Mag 200X
Mag 210X

<

3

IBM #6 - Section 3 = Side 2 - Area 2, micrograph

of ribbon surface after a 60 second etch by

Etching Solution III.
ribbon surface after chemical polishing.

Wacker #7 = Section 1 = Area 1,

Figure 11.
Figure 12.
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Figure 13. Wacker #7 = Section 1 - Area 1, micrograph of
ribbon surface, shown earlier in Fig. 12, after
50 second etch by Etching Solution TII.
Mag 210X
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pan!
03&(3?%10,& Q})B‘—‘
of ¥ FIGURE .15

QTM PROGRAMMER BOARD SET-UP FOR DEFECT
CHARACTERIZATION OF SILICON

Column Switches ON
) 0 A,M,R, X
1 AM,PLHY
2 AM,P,R,W
3 AMNLW, Y
4 A,J,M, N, R
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NUMBER OF FIELDS

WACKER SAMPLE

15
i 57.6%IN 40.32 mm?
oI N = 50 FIELDS
- X = 5247
_ SD=3.447
s £ AT 95% CONFIDENCE LEVEL THE TRUE
B VALUE OF X WILL LIE BETWEEN 4.2557
- 6.236
- THE 95% CONFIDENCE LIMITS ARE
- £ Z /E GIVEN BY X+1t-975 (6/VN-1)
0 A d 2
Q 2 4 £ 8 e 2 I4 20
LENGTH OF TWINS (ummm/mnz
“15
A 28.81% IN 40.32 mm?.
- M
oy N = 25 FIELDS
C X = 5.658
2 SD= 4.348
- TRUE MEAN VALUE AT 95% CONFIDENCE
5T 2 LEVEL BETWEEN 3.8300
: é 7 486
- ALBE %
7 A :
O o2 4 6 8 10 CR ao
LENGTH OF Twms (L./A) mrs/mm2
15
- 1959%IN 40.32 mm?
10 N =17 FIELDS
- X= 4.116
. Sp=2.762
B 7 TRUE MEAN VALUE AT 95 % CONFIDENCE
N7 LEVEL BETWEEN 2.645
L EA 5.558
ZiZ
ik
C 1A E @ 1 1 1 m
0T R R e T
LENGTH OF TWINS (L/A) mm/mme
15 2
- 1498% IN 40.32 mm
10 N =13 FIELDS
B X = 59255
. SD= 5.039
sk TRUE MEAN VALUE AT 95% CONFIDENCE
| LEVEL BETWEEN 2.7545
! 30965
P88 =
4 & I8

LENGTH OF TWINS (LJA}mmfmmZ

. ——

Fig. 16 Histograms showing distribution of L/A as Number of Fields is changed
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ORIGINAL PAGE I3

OF POOR QU ALITY

15
10
S
O-@%@m 1Z
0O 2 4 6 B8 10 12 14 16 18 20
LENGTH OF TWINS (L/A)mm/mme
18
" ™
2 5
= i
m —
w 10
s B .
o -
m s - =
W5
m —
= .
= "
= N
O™ 5 % 8 o iz A 2o
LENGTH OF TWINS (L/A}mm/mmP
15
[o]
5
Nz
0 2 4 6 B 10 1Z 4 16 .18 20

Fig.

LENGTH OF TWINS (L/A)mm/mm2

16 (cont.)
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WACKER SAMPLE (CONT)

11.52% N 40,32 mm2 AREA

N = i0 FIELDS
X = 55403
50= 3.73

TRUE MEAN VALUE AT 95% CONFIDENCE
LEVEL BETWEEN g;g?g

-~

N = 10 FIELDS
X = 4.848!
SD = 23816

TRUE MEAN VALUE AT 95 % CONFIDENCE
LEVEL BETWEEN 6.827I
3.069

N =10 FIELDS
X = 5.4948
SO = 3.4629

TRUE MEAN VALUE AT 95 9% CONFIDENCE

¢ LEVEL BETWEEN 88,1028

2.0868



APPENDIX A - HP9810 Program for Measurement
of Structural Defects 1n Silicon
-(pages 40 thru 51)

Register Parameter
001 Area of features in field (pp)
002 Perimeter of features in field (pp)
003 Vertical projection of features in field (pp)
004 Horizontal projection of features in field (pp)
005 Count of features in field
006 Frame area (pp)
007 Calibration Factor {units/pp)
008 Frame area (units)
005 Magnification
01a Cumulative area (pp)
011 Cumulative perimeter (pp)
012 Cumulative vertical projection (pp)
013 Cumulative horizontal projection (pp)
014 Cumulative count
015 Cumulative No. of fields
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