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Errata

Page 11, paragraph &, lines 3 and 4 should resd:

lot. In addition, several slices from a control grcup were included to verify
the consistency of the processing from lot to lot.

Page 13, paragraph 1, line 7 should read:

topogrzph was actually a series of exposures with the photographic plate
placed as close as

Page 14, paragraph 1, line 4 should read:

defects were visible In x~-ray topograpns. This was a result of either the
small size

Page 18, paragraph 3, line 3 should vead:
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originated by prismatic punching. Certainly Figure S(c) is consistent with

e o

Paga 21, paragrapk 1, line 6 should rcad:

1 deposition and prior (o the bnron drivesthick oxide growth step; howevei, it

Page Lk, paragranh 2, line 2 shouid read:

reaction 1/2{101) = 1/6{211) + 1/6{112). The two partial dislocations are (
Pegu bk, paragraph 3, lines 11 and 12 should read: i

reported to occur when the dislocation is closa to the screw for 0° orienta-
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tlon).” The extrinsic stacking fault energy is deduced to be lower
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Page 101, paragraph 4, line 3 should read:

appropriate ln-confrast 220 reflection, and under conditions of axact Bragg
reflection (s =~ 0).
Page 119. poragraph 3, line 8 should read:
of the Shockley partials is an easy process. The dislocation responsible
o Page 153, Figure C-1, shouid have the following note:
ge
i *Indlcates points at which in-process topographs were taken (Section V).

Page 154, paragraph 9, line 5 should read:

if the carriers diffuse to the CCD wells.
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TECHNICAL REPORT SUMMARY

he purpose of the work waden-Sowtrast-Novlitfiii=f6.0-0000 has been to i
characterize eleotrically active defects in silicon using a CCD area imager as
. a test atruoture. CCD imagers have been fadricated on a variety of substrate 1
materials and opsrated to determine the loocation and density of dark ocurrent
producing defeots; the defects have been characterized by x-ray topography and

by conventional and scanning transmission electron microsoopy.

T [T I ) A T BTy 5 1

Four classes of defects with five specific origins have been found to be
dark current souroces:

(1) Dislccations from device stresses, from process stresses, and from
the unfaulting of stacking faults.

(2) Stacking faults nucleated from frontside damage.

(3) A defect located at the Si/Si0, interface.

(4) A defeot of atomic dimensions that causes banding in the dark
ocurrent pattern.

o

okl £ M

i T T MR PR ey

R RIS

-No evidence of precipitation was found on any dark ourrent producing defect.

The electriocal activity of dislocations is oconsistent with a model 1n which
undissociated perfect dislocations in the depletion region are dark current
sources, while dissociated dislocations (split into two Shockley partial
disloocations) are not electrically active. h

hae o tmmade ol

. Both backside mechanical damage by glass bead sandblasting Bmd-¥mpeaet——
Sound Stressing (ISS) have been found to be only slightly beneficial, at best,
reducing the number and intensity of dark current spikes, but not eliminating

' them. Bulk swirl precipitation of oxygen underneath CCD imagers has been

found to be capable of very effective gettering, with some imagers found to be
defect-free.
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The unfaulting of sciacking faults has been studied, and an impurity,
probably oxygen, has been found to be adsorbed onto stacking faults. Under
oertain circumstances, this impurity precipitates during the unfauiting
proosss, gettering ocopper. Subdbsurface nucleation of stacking faults has been
observed and determined to be nucleated by oxygen and copper. It appears that
this is the souroce of stacking faults in CCD imagers.

Orientation of the device channel stops in {100) direotions has been used
successfully to suppress device stress generated dislocations.

It 1s believed that the best material for CCD imagers is Czochralski-
grown silicon whioch produces bulk precipitation of oxygen. Backside gettering
may be used generally, but will not improve the performance if bulk
precipitation is present.

Additional research is necessary to specify the material parameters and
treatment which produce bulk precipitation. While a high oxygen content is
necessary, it has not been found to be sufficient. Other areas of recommended
investigation include the development of an incoming quality control screen
for low defect meterial, the determination of the effectiveness of other
backside gettering teohniqﬁos, and the development of low=defect processes
which minimize thermal oxidations.
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SECTION I

INTRODUCTION

The purpose of the work under Contract No. NOO173-76-C-0280 has been to
characterize electrically active defects in silicon using a charge coupled
device imager as a test structure. Since the CCD imager is essentially an
array of MOS capacitors, each approximately 645 pe? (1.0 mi12) in area, it
provides an excellent way to pinpoint crystalline defects whose electrical
activity produces leakage current in the depletion layer of an MOS device,
With the device that has been used in these studies, imagers on a 7.6 em (3
inch) slice constitute in excess of 3,000,000 MOS capacitors. The CCD

structure provides a simple means of reading these capacitors and presenting
the large quantity of information.

Three benefits accrue from using the small MOS capacitors or the CCD
imager rather than a larger MCS test structure:

(1) The precise location of an electrically active defect is determined.
This enables a search of a specific location by other means to determine the
cause of electrical activity.

(2) Information on the density of defects in a specific area 1is
obtained. This enables a éearch to be made of this area for defects present
in that density.

(3) The CCD imager sees a full processing cycle, as compared to a single
oxidation for moct MOS test capacitors. This means that the defects produced
will be typical ~” those that cause problems in real devices.

For structural characterization of the defects, diffraction methods are
well suited. X-ray topography is capable of resolution to ~ 1 im, but
generally is capable of imaging defects no smaller than 5 um. Where defects
are imaged, however, it is possihle to make one-~to-one correlations of defects
and electrical activity. Our axperience has shown that the two classes of
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defects that are imaged in devioces are dislocations longer than ~ 5 um and
stacking fault clusters. In addition, transmiasion x-ray topography is
capable of imaging defects throughout the bulk of the wafer and tlerefore is
useful in understanding the operation of "gettering" mechanisms.

Higher resolution requires the urse of transmission electron mioroscopy.

. Here the sample is thinned to ~ 1 um and observed in transmission. Using weak
-]

beam techniques, precipitate particles as small as 15 A have been inaged on
dislocations. The inherent disadvantage of transmission electron microscopy
is that only a portion of the depletion region can be examined, i.e., a 1 um
thickness of the 5 um deep depletion region.

For chruical characterizaticn, the x-ray analytical capabilities of a
scanning transmission electron microscope are ideal. Using this instrument,
it has been possible to detect copper in precipitate particles ~ 100 ;in
diametsr. It is estimated that these particles contain € 105 atoms Of copper.

A. Organization of Research and Report

The organization of this report largely follows the execution of the
research progran. To assist those unfamiliar with the defect nomenclature, a
brief summary is presented in Appendix A. At the beginning of the program,
material for devices was obtained and processing initiated. The operation of
the device chosen for this program and an outline of the front-end prooess are
contained in Appendixes B and C, respectively. While we were awaiting
processed devices, sliceas containing devices were made available for initial
evaluation. These preliminary observations are reported in Section II. Also
during this period, improved x-ray topography techniques and sample
preparati r. techniques for electron microscopy were considered. These are
reported in Apoendixes D and E. The bulk of the work characterizing defects
in imagers is rep.orted in Section III. This section containas results on a
variety of materials, both with and without backside mechanical damage.
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Simultansously with this saia thrust, two additional series of
experiments were conducted. The first of these consisted of a study of the
evolution of defects during processing. In this experiment, a group of slioces
was processed, with transmission x~-ray topographs taken of each :afer after

. eacﬁ-high.te-perature step. The results of these investigations ars reported
in Section IV. The second set of experiments was conducted to understand the ‘
evolution of stacking fauits during the course of processing. The results of X
these experiments, which provide a significantly isproved understanding of

E~ stacking faults, dislocations, and the effect of trace amounts of copper in 3;

silicon, are prasented in Section V. This information has proved vital in

- understanding the causes of defects in CCD imagers. :
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Section VI presents a discussion of all of the experimental results,
addressing three important questions: (1) What are the dark current producing
defects in CCD imagers? (2) Why are thesy electrically active? and (3) What

are their origins? 1In this section, models for electrical activity and i
scenarios for their evolution are presented.

-4

The final section of this report, VII, makes specific recommandations for

futurc work and for possible ways of producing CCD imagers and/or VLSI devices
with few or no dark current defects.

pitite e Mo
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B. Susmary of Significant Findings

(1) Four classes cof defects with five specific origins have been found
to be dark current sources: '

® Dislocations from device stress, from process stresses, and

from the unfaulting of stacking faults whose origin is sub-
surface bulk nucleation.

Stacking faults nucleated from frontside damage.
A defect located in the 81/8102 interface.

P

A defect of atomic dimensions that causes dark current banding.
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(2) No evidence of precipitation and no detectable impurities have been
found on any defects in CCD imagers.

(3) E£lectrical activity is attributed to the presence of undissociated
perfect dislocations and Frank partial dislocations in the depletion region of
the device. Dark current spikes are visibie when theis is sufficient length
of these defects in the depletion region.

(4) Only the interface defeoct is "gettered™” by backside mechaniocal
damage produced by glass bead sandblasting. The total dark current, however,
is significantly reduced.

(5) Impact Sound Stressing (ISS) has been found to be no more effective
than backside damage by glass bead sandblasting in eliminating dark current
spikes.

(6) 1Imagers located over regions of a slice containing bulk swirl
precipitation of oxygen contain significantly fewer dark current spikes than
devices over regions containing no bulk swirl precipitation. Frequently,
these devicez are defect-free.

(7) The atomistic defect causing dark current banding responds to
short-range gettering(< 50 um). '

(8) The unfaulting of stacking faults has been studied, and the
pertinent dislocation reactions have been deduced.

(9) Stacking faults in silicon have been found to contain a large
quantity of adsorbed impurity (> 10" atoms/om? of atacking Tault). It is
deduced that this is primarily oxygen. ,

(10) Evidence that copper is adsorbed to stacking faults has been found
in axperiments independent of imager processing.

(11) Evidence has been found that the subsurface nucleation of stacking
faults is caused by trace amounts of copper.
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SECTION II
N PRELIMINARY OBSERVATIONS

L A. Introduction

¢ "To determine the sffect of material variability on the dark ourrent
performance of CCD imagers, two series of experiments were undertaken. In the
firat series, standard starting materials of various types were used, devices
fabricated, and total dark currents compared. In the second set of
experiments, the effect of backside mechanical damage on total dark currents

;

e ik

was examined.
]
B. Results

Forty-five wafers were processed in the first lot, including 15 ]
Varian-pulled Czochralski wafers, 15 wafers fronm a atandard TI rf.heated
Czochralski puller, and 15 Wacker float-xone slices. Devices that
passed multiprobe tests were mounted on dual-in-line ceramic (CDIP) headers ;
and characterized for image quality and total dark current. Results of the
dark ocurrent measurements are shown in Table 1. Conversion of total dark ]
current to nA/c:n2 requires that figures in the table be multiplied by 1.85. |
Figure 1 shows placement of hars on & 7.62 cm (3 inch) wafor by device number.

Results of this experiment were surprisingly conclusive. Since all §
R wafera were subjected to each processing step together and were randomly mixed
in diffusion boats, differences among warers can be considered to be largely a
result cof starting material. Examining dark current levels for any given
, wafer number reveals a statistically sigrificant grouping. Ailthough the
3 number of dovioes teated is too small to be certain, it appears that a given
otarting wafer will tend to yieid davices with dark current levels of the same

order of magritude if process variabiss are held constent.
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Wafer #

RF~9

RF~-11
RF-11
RF-15
RF~15
RF~15

w-10
w-10
w=11
w=1)
W-ll:
W=12
w-13
w-13

V-3
V-3
V-3
v-4
V=i
V-4
v=13
v=13
v-13
v-1k
V=15
V=15
V=15
v-15
v-16
v-16
v-16

Device ﬁ

27
.9
26
14
20
33

Table )

Dark~Curr-gt Measurements - Lot #1

Material

RF-Heated Czochralski

RF-Heated Czochralski

Wacker float-zone

Wacker float-2zone

Varian Czochra!ski

/

Varian Czochralski

Total Dark Current ‘nAz
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Figure 1




A second result is also apparent from Table 1. The Wacker float-zone
material yields a significantly higher level of dark current than either of
the two types of Czoochralski material. Comparison c¢f the lowest dark current
devices from each of the three groups gives 4.3 nA for rf-heated, 34.7 fcr
Wacker float-zone, and 4.4 for Varian Czochralski. Corresponding average
values are 51.0 nA, 76,881 nA, and 126.2 nA, respectively. Elimination of the
worst Wacker wafer reduced that value to 90.24 nA, while the rf-pulled group ,
would become 5.1 and the Varian, 20.2 nA. :

Device dark current shows no clearly detectable trend with placement on :
the wafer, but the number of devices in this test is tco small to attach i
meaning to this observation. Since devices from each of the three material :
groups appear to be randomly placed on the wafers, there is no reason to
believe that placement affected the results seen in comparing the three
groups,

Comparison of the float-zone results with Czochralski Si suggests that
the reduced oxygen content achieved with float-zone techniques may not be the
most important variable for controlling dark current. A possible explanation
relates to the observation that the Wacker slices were heavily stress-relieved
on the back surfaces. The two types of Czochralski material retained
substantial backside damage from final grinding and therefore may have
exhibited backside damage gettering.
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A sscond experiment was conducted using three groups of silicon: (1)
Varian Czochralski wafers with sandbiasted back surfaces, (2) Shin-Etsu wafers
with standard stress-relieved back surfaces, and (3) Varian Czochralski wafers
with lightly stress-relieved back surfaces. Unfortunately, there were not
enough good devices from this test to draw absolute conclusions, but there are
some strong indications of material effects. Results are summarized in Table
2. The small number of Varian Czochralski wafers with sandblasted backsides
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Table 2
Dark Current Measurements -~ Lot #2

E Vafer # Device # Material Jotal Dark Currert (nA)
] e '
é V=6 9 Varian Czochralski - sandblasted 16
V=6 14 23
E V-6 34 Varian Czochralski = sandblasted i0
: SE-7 2 Shin-Etsu 172
: SE-7 b 3 '
: SE-7 6 32 ;
SE-7 15 363 B
1 SE-7 25 143
f SE-7 27 19 :

SE-7 32 , 20 ,
~ SE-7 38 22
F SE-7 39 Shin-Etsu 25 3
: V-10 28 Varian Czochralski - standard backside 232 ]
E V=37 22 ‘ 28 ]
’ V-37 30 3t :

V=37 33 Varian Czochralski - ~tandard backside "
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do appear to show lower dark curn@t leveln than the same Variar slioces
without the backside damage. The Shin-Etsu silicon does not show significant
improvement over atandard Varian C:zochralski 8i, but is not signifiocantly

‘worse, either. HNere again, the "near-polish" on the backside of the Shin-Etsu

vafers (stress-relief) 3ay be related to the devioce performance.
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SECTION III
DARK CURRENT DEFECTS IN CCD IMAGERS ON CONTROLLED MATERIAL

A. . imental

Silicon wafers of several types were used as starting material.
Czsochralski material was obtained from the Silicon Material division of Texas
Inatruments with specifications as listed in Tadbla 3. Wafers of each group
were taken from the same boule. To determine the poaition in the boule from
which the slice was taken, a diagonal notch was cut on the flat before the

boule was sliced. The poaition of the notch on the flat “hus delermined the
position of the alice in the boule.

In addition to the above material, float-zone material was obtained from
Wucker Chemtronic with the same specifications as Group 1. To minimize the
effects that variations in polishing might have on the density of dark ocurrent

spikes, the float-zohod slices were subjected to the same puliishing procedure
used for the Czochralski material.

Baockside damage was applied in two ways. On some slices half the
backside was masked off using black wax, and backside abrasion was appiied
using 100 um glass beads. Other wafers were submitted to NRL for appliocations
of Impact Sound Stressing (ISS)' by G. Sohwuttke at IBM.

Imagers wore then fabricated on the material using a standardized process
(see Appendixes A and B). Materials from several groups wers run in the same

lot. 1In addition, several slices from a control lot were ircluded to verify
the consistency of the procassing.

After processing, imagers that were functiosnal were imaged, and the dark
current mans of each imager were recorded. Those slices on which the yield
was highest were selected for characterization of defeots.

1
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: Table 3

3

Specifications for Subgroups of Wafers
t from Varian Czochralski Crystals

Group # Description

1 3 inch (7.62 cm) Varian Czochralski
Resistivity = 8 to 15 0 cm
Boron doped
Diameter = 2,985 to 3.010 inches (7.58 to 7.65 cm)
Orientation = 1-0-0 + 1°
Etch pit count < 500
Lifetine > 30 usec
: Flat orientationw=1-1-0 £ 2°
b ' Flat length = 0.9 to 1.1 inches (2.29 to 2.79 cm)
Notch in flat., Depth = 0.032 inch (0,081 cm)
Width = 0.115 to 0.135 inch
(0.292 to 0.343 cm)
_ Polished to 17 to 19 mils (0.43 to 0.48 mm)
3 Taper = 1.5 mils (0.038 mm)
L Bow = 2,0 mils (0.051 mm)

, T S Y AT

T T

3 2 Same as |, except backside abrasion added

i 3 ' Same as 1, except
A Flat orientation = 0-0-1 t 2°

; L Same as |, except
Orientation = 1=1=1 ¢ 1I°
Flat orientation = 1=1-0 ¢ 2°

5 Same as 1, except
Orientation = l-l-1 & }°
Flat orientation = 1=-1-2 £ 2°

6 Same as 1, except
Diameter = 1,985 to 2.010 inches (5.042 to 5 105 cm)
Orientation = 1-0-0 + 2°
Flat length = 0.5 to 0.6 inch (1.27 to 1.52 em)
Bow = 1.5 mils (0.038 mm)

12
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For characterisation, the overlying oxide aluminum and polysiliocon were
first removed by immersing the slices in an HF solution to which ascorbdic acid
had been added and through which nitrogen was bubbled. This was necessary to

o eliminate the strain interference from the superstructure that masks the
_ strain pattern of the defects. Reflection and transaission x-ray topographs
r; were then recorded from sach slice. To maximisze the resolution, each
; topograph was actually a series with the photographic plate placed as close as :
possible to the slice. At least one high resolution topograph was made of
each slioce using the elon-ascorbdic acid developer desoribed in Appendix D.

& et

The imagers were then thinned using the procedure of Appendix E for
examination in the transaission electron microscops. .Earlier work was
performed using a Siemens IA operating at 125 kV. Later work used a
JEOL-100CX operating at 100 kV ai.d equipped with a field emission gun, STEM
attachment, and Kevex x-ray detector.

oy 3

Lid

In addition to the controlled material, some additional devices were |
studied, and results are presented.

B. General Results

Some general results are discussed below, followed by the spooiﬂo
results for each material.

(1) It was observed that th: general distribution and density of dark
4 ourrent spikes were consistent on material from the same group, but proocessed
’ in different lots. This is indiocative of a well-controlled process.

(2) 8Slices processed on (111) material had a very poor charge transfer
efficiency. It was therefore impossible to successfully image these devices,
and this portion of the experiments was not successful.
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(3) In general, a one-to-one correlation between dark ocurrent spikes and
defects visible in x-ray topography was posaible only when the total number of
defects was small (< 10). As the defect density increased, very few of the

defects were visible in x-ray topographs. This was a result of the small size
or surface nature of the defect.

C. Results on Controlled Material

1. Csochralski - Group 6
‘ a. Image Performance
This material group was significant because very few dark
ourrent spikes were visible on the imager. However, toward the edge of the

slice, devices exhibited a banding in dark current. A dark current map
typical of this banding is shown in Figure 2.

b.  X-Ray Topography

Reflection x-ray topography showed the existence of bands of
defects. A reflection topograph illustrating this is shown in Figure 3. This
topograph 1s taken from the indicated portion of the imagers in Pigure 2.
Comparison of the dark current image and the topograph revealed a striking
oorrelation between bands having a high density of defects in the topographs
and bands of low dark current in the image, with a similar correlation between
a low density of defects and high dark current.

A section topograph of this device is shown in Figure 4. It
can be seen that the bands of defects in Figure 2 occur where a plane of
defects in the bulk intersects the surface. In unpublished previous work we
observed similar behavior in some material and concluded that the planes ofr

defects were a result of the heterogeneous precipitation of oxygen onto
defects grown irnto the crystal.
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Figure 2 Dark Current Map of Device in Figure 3, Reflection topograph
Figure 3 is taken at rectangle indicated by arrow.
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C. Transmission Electron Microscopy
Transmission electron microscopy of this devics revealed no
defects to a depth of ~ 5 um below the front surface of the device. This is

% significant, since 5 um is the maximum depth of the depletion region in the .
channels of this device.
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At about 5 um, dislocations and stacking faults were seen.
Typical examples of these are shown in Figure 5. The density of dislocation 1
: loops was ~ 100 per pixel (~o107 om 2), while the density cof stacking faults {
3 ; was ~ 1 per 30 pixels (~5 x 103 = 2) in an ~ 1 ym thick sample taken from
; the high defect density regions of the material. No diffraction patterns
] _ could be obtained from any of the observed precipitate particles. The size
’ and density of defects were found to bz the same in regions under both the
channels and the channel stops. The stacking faults, when imaged under
conditions such that the stacking fault fringe should be out of contrast tor a
4 perfect stacking faul%, revealed a residual fringe contrast (Figure 6). This
is indicative of an adsorbed impurity on the stacking fault (see Section V).

o L b B AT i
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d. Discussion
Dislocation loops in similar material have been reported by
i : Tice and ran2’3 and by Schwuttke.” They concluded that the dislocation loops

originated by prismatic punchng. Certainly Figure 5(c) is consistent with .
this assignuent.

The stacking fault in Pigure 5(z) is remarkable in that it has )
a precipitate particle at its center. Similar types of stacking faults have
recently been reported and discussed by Maher, et al.,5 and by Patel, et a1.6

It has also recently been 9eported7 that bulk swirl
precipitation siailar to that seen in this study can be initiated by a double.
heat treatment, with the first heat treatment greater than 820°C. To
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» understand the occurrence c¢f this precipitation in our devices, some
additional axperiments were performid. First, a series of slices was
processed, with two being pulled after each high temperature step.
Subsequently, all slices were studied using transmission x-ray topography. It
was found that the precipitation was not visible after boron channel stop
"daposition, but prior to the boron drive/thick oxide growth step; however, it
was visible in the topographs after the boron drive/thick oxide growth.
f ‘ Additional experiments were performed at 1000°C. By study of transmission 1
x-ray topographs, it was observed that the precipitation was visible after a
E ono-hour/withduugl/two—bour cycle, but not when the materia® was left in the
] furnace the sntire three hours. It is not clear exactly what is happening
during the ocoldown, but it seems reasonable to assume that prismatiz punching
ooccurs, followed by accelerated precipitation on the disloocations during the !'f
! subsequent heat treatment. This would explain the precipitates on 3
dislooations in Figure 5(a).

e

The fact that the size and density of defects are 1ndopendoht "
of whether or not the defects are under the channel/channel stop indiocates
that the diffusion constant of the species that transports excess
interstitials from the oxide silioon interface is either very long (to affect
all defects) or very short (to affect none). Specifically, the diffusion
length must be either less than 5 um or oonsiderably greater than 20 ua during
' the proocess cycle (nine hours at 1000°C).

v s enen 1 B e on L et

It is interesting to note that if we assume that the
defect-free region immediately below ths surface is estadblished during the
initial oxidation, then the diffusion length of the out-diffusing species is
close to that of oxygen, as reported by Yue, et al.8

The ohserved dark currzat banding is evidently of atoaio
! dimensions or is a surface defect, since no defects have been observed with
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the electron microscope to correlate with this banding. The observed
anti-correlation between high dark current levels and subsurface defecots is
indicative, however, of a short-range (< 50 um) gettering mechanism.

2. Czochralski - Control Group

These slices were taken from a group of control material to
determine the consistency of the processing.

a. Imager Performance

A typical dark current pattern observed in devices made on this
material is shown in Figure 7. The random distribution of dark current spikes

illustrated in this figure is typical of all imagers that were operated on the
slice.

b.  X-Ray Topography

‘ Very few defects were imaged in both reflection and
vwansmission x-ray topography. Consequently, there is no correlation between
the predominant dark current producing defect and defects visible in x-ray

topography. However, transmission topography showed that the bulk of the
slice contained a uniform "swirl" precipitate (Figure 8).

C. Transmission Electron Microscopy

Samples for transmission electron microscopy were taken from
regions of imagers that showed the highest density of defects. Typical
defects seen in this material are i1llustrated in Figure 9. Stacking faults
[Figures 9(a) and 9(b)] were seen only in the channel stops. Approximately
90% of these stacking faults were found to be located underneath the
polysilicon gate (Figure 10). The length of the stacking faults varied from
approximately 0.5 um to 10 um. Most were under 1l um in length. No
precipitates were observed on any of these faults. Dislocation loops were
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Figure 8 (220) ~“ransmission Topograph of Wafer from Czochralski - Control Group.
Note v 1k swirl precipitation region covering most of the slice,
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Stop ~

Channel _ - ,

A
»t

Polysilicon Aluminum v

Figure 10 Distribution of Defects in Czochralski - Control Group. Stacking
faults in channel stops, and dislocation loops in channels, both
predominantly under the polysilizon electrode.
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found in both the channels and channel stops. These loops were invariadly
i . oriented in a (110) direotion. In the channels they were found to be oriented
l only in a direction perpendicular to the channels and channel stops. All the
E dislocations in the channels were found at the edge of the polysilicon gate
_ o (rimiro 10). In the channel stops they were oriented either in this same
direction or in a direction perpendiocular to the channels and channel stops.
Contrast experiments in the electron mioroscope showed that all these .
dislocationa were pure edge dislocations [i.e., the Burgers vector was 1
perpendicular to the dislocation line, and in the (001) plane of the surface a
of the slice]. PFurthermore, these experiments showed the disloocation :
surrounds an interstitial plane of atoms inaerted froa the oxide/siliocon |
interface. The donuty of the dislocations in the channels was found to de
approximately the same as the density of dark current spikes in the imager.
The density of stacking faults in the channel stops was considerably larger.

(To date, we have observed six dislocations in the channels, and approximately
30 stacking faults and dislocations in the channel stops.)

e aaca

a1 P I T YT

e T T AT W T

, Weak beam experiments were conducted on some of the dislooa-
tions in the TEM. Typiocal results are shown in Pigure 1ll1.
found in the channel stops.

These defects were ’5
The ends of the dislooations were frequently

i found to be dissociated on a (111) plane containing both the Burgers vector
and disloocation line.

The traces of these planes on the surface of the sample
J ' are perpendicular to the projection of the dislocation line.

A weak beam micrograph of a typical dislocation in the channel
is shown in Pigure 12.

v be dissociated.

Only the end of the dislocation was generally found to

No precipitates were observed in any asamples. l-ray analysis
in the STEM mode showed no detectable impurities on any of the defects.
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dissociated.

Figure 12 weak Micrograph of Edge Dislocation in Channel.
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d. Discussion
This discussion will be confined to the origin of the stacking
faults and dislocstions. Although it certainly appears that the small
dislocations are the source of dark current spikes in these devices,
discussion of the reason this is so will be postponed until Section VI.

Dislocations such as those seen in Pigure 9 oannot originate by
a simple glide mechanism; that is, they cannot originate at some point in the
crystal and move by slip to their present position because the plane
containing both the dislocation line and the Bu-gers vector of the diaiocation
is a (100) plane and not a slip plane, which must be of the type (111). There
are three mechanisms oy wiaich these pure edge dislocations may form: (1)
through the unfaulting of a stacking fault, {2) through the formation of the
dislocation at the surface and the subsequent climb of the dislocation by the
emission or absorption of silicon interstitials or vacancies, and (3) tarcugr
a dislocation reaction such as $(10I) ~ §{110) + $(011). Of these mechanisms,
the first seems the most probable. In Section V, where the unfauliing of
stacking faults is studied, it is concluded that immediately after the
unfaulting process, if the Shockley partial is nucleated at the surface
intersection of the Frank partial, the defect that should be observed is a
dislocation in a predominantly (110) direction with Burgers vector } (0I0)
surrounding an interstitial plane of atoms. Both of these criteria are met by
all of the dislocation loops we have studied. We conclude that the defects

seen in this material originate from the same source, namely, the growth of a
stacking fault.

. The origin of the stacking fault is less clear. Certainly, the
almost circular stacking fault with no precipitate in the center shown in
Pigure 9(b) is indicative of a subsurface bulk origin (see Section V). That
most of the defects are of comparable size further supports that they are also
nucleated from a subsurface dulk mechanisa. The small size, however, suggests
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that they are nucleated late in the process, i.e., after thick oxide growth,
Section V presents data that suggest these subsurface stacking faults are
nucleated by trace amounts of copper.

As depicted in Figure 10 the distribution of defects, which is
device dependent, could arise from a device-dependent nucleation mechanism, or
a random nucleztion mechanism, and a device~dependent annihilation mechanism.
With the data at hand, it is impossible to distinguish which of these two
mechanisms is at work, and plausible arguments for either may be made. If
copper is, in fact, the nucleating agent of the stacking faults, then it is
possible that the. distribution of copper near the surface is device-dependent.
Section V presents evidence that the source of copper for one mode of
precipitation is the surface, If the amount of copper at the surface were a
function of the thickness of the oxide and the presence of the overlying
polysilicon, then the distribution of defects could be explained. An
additional role pléyed by the edyes of the polysilicon would be to
stress-assist the unfaulting of the stacking fault, eliminating all stacking
faults in this region.

Alternatively, the stacking faults could nucleate and grow in
all portions of the device, but the processing of the device could favor the
removal of the stacking faults in some portions of the .vice by either a
shrinkage or an unfaulting mechanism, with subsequent climb of the resulting
perfect dislocation out of the crystal. The role of the thick oxids,
particularly when it is overlain by polysilicon, would thus be to inhibit the
unfaulting of the stacking faults. In the channel where the oxide is always
relatively thin, the unfaulting would evidentiy occur with comparative ease,
and the resulting perfect dislocations would be able to climb out of the
silioon.9 The driving force for the climb process would be the image force
induced by the surface. At the edges of the polysiliocon, the strain field
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from the polysilicon is evidently sufficient to inhibit the climb of the
dislocations, and it 1s here that we see the dark current producing defecc.

That the resulting perfect dislocations in the channels are not

dissociated is in agreement with theory. The only energeticalily favored

dissociation of a perfect dislocation is into two Shockley partials: 1/2(110)
- 1/6(211) + 1/6{(121). For this reaction to occur, the dislocation line and
the Burgers vector of the dislocation must lie on a slip plane. This is the
case only for the ends of some of the dislocations, as has been discussed.

3. Float-Zoned Material

a. Imager Ferformance

Dark current patterns from imagers on float-zoned material fell
into two distinct categories. Devices in the central region of one slice and
about the periphery of all slices showed dense patches of dark current lines

running in (110) directions on the slice [Figure 13{a)]. Devices outside of

these regions showed a moderately low density of randomly distributed isolated
dark current spikes [Figure 13(b)].

b. X-Ray Topography

The wafer containing the center patch of dark current was
selected for study by x-ray topography and transmission electron microscopy.
Transmission topographs of this wafer showed that the center patch of dark
ocurrent was caused by dislocations introduced from the backside of the wafer
(Pigure 14). Comparison of this topograph with others taken on other slices
processed in the same batch showed that the origin of the backside damage was
in the process, evidently during a photoresist spinning operation. 1In
contrast to the float-zoned slice, the dislocations induced in the Czochralaki
slices were confined to the backside and did not propagate to the front

surface. It should be noted that the process used har been optimized for
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Figure 13 Dark Current Patterns - Float-Zonhed Group |
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Figure 14

(220) Transmission Topograph of Float-Zoned Wafer Showing Damage
Near Center. Vertical bars result from action of automatic Bragg
angle control,
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] Czochralski wafers. Enlargements made from the transaission topographs show

: the propagation of the dislocations from the backside to the frontside (Pigure
15).

The damage introduced in the backside was sufficiently great
t that the warpage of the slice precluded making a reflection topograph of the
entire frontaide of the slice. In regions where the backside damage was '
1 severs, a large density of dislocations was found in the reflection topographs |
: (Pigure 16). 1In the imager array it was found that these regions correlated .
well with the regions of dense dark current. There was not a one-to-one
correlation betﬁeeu dislocations seen in the topographs and dark ocurrent |

spikes outside this region, however. That is, many dislocations did not act
as dark ocurrent sources. In regions outside the dislocation patches, no
\. : defects were imaged on either transmission or reflection topographs that

correlated with the random, moderately low density of dark current spikes :
Eﬁ . reported above.

c. Transmission Electron Microscopy

5 In samples taken from devices near the center of the slice,
long lengths of dislocation line, very close to the surface, were found to be
oriented either parallel or perpendicular to the channels and channel stops.
Contrast experiments show that all these dislocations are of the 60 type,
i.e., their Burgers vectors are in (110) directions that do not lie in the
plane of the surface (Pigure 17).

Ocoasiomlly, we find that a dislocation reaction has ocourred.
Pigure 18 illustrates an example where two dislocations having the same
Burgers vector, but lying on two different (111) planes (the traces of which
are perpendicular in this figure), intersect.
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Polysilicon Aluminum
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Channel

B L o S

Channel Stop

5 um

Figure 17 Transmission Electron Micrograph of 60° Dislocations Near Front
Surface of Float-Zoned Wafer *

ZoE

38

[ U R et e

PR ST Y IO




e s T

RFE P O] e TS e Taef BTN T T T S T

| i
2
i
| i
| ]
£ ]
. _ | |
- 190 nm 1
!
Figure 18 Dark Field Transmission Electron Miciociapt ot Float-Zoned Wafer
} ¢ Showing Dislocation Reaction. Twoe peioend calai 007 dislocations
. moving on two ditferent slip plancs, bt .o th the same Burgers
vectors, have reacted to form nearlv 1igtt-oile configuration,
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Thres of these disloocations have been examined using the weak
beam method. All thess dislocations were found to be extensively dissociated;
a typioal example is shown in Figure 19. The separation at A in this image is
65 ; Since the partial dislocations lie on an inclined (111) plane, their
true separation is approximately 100 I:. At B in this same figure the
dialocations also appear to be dissociated by approximately 50 ; At C there
is a oonstriction where the dislocation is not dissoociated.

In addition to the dislocations, a small number of small
stacking faults was observed in the channel stop (Figure 20). All the
stacking faults were of the same length.

Samples were also taken from devices exhibiting the moderate
density of low level dark current defects. A typical example of the defects
found in these regions is illustrated in Figure 21. Here we see a dislocation
in the channel and a stacking fault in a neighboring channel atop. Contrast
experiments showed that all dislocations were of pure edge character. The
density of disloocations in the channels correlated well with the denaity of
dark current spikes in the portion of the imager from which the sample wvas
taken.

STEM x-ray analysis of both dislocations and stacking faults
showed no detectable impurity.

d. Discussion
The long length of dislocation line in the depletion region of
the imager clesarly originates by a glide process, with the dislocation
originating on the back surface. The fact that the dislocation does not exit
through the surface, but remains at a shallow depth, is evidently a result of
the existence of the thermal oxide. The energy of the system would be lowered
if these dislocations moved out through the front surface. For a clean
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Figure 19 Weak Beam (400) Micrograph of Partially Dissociated Dislocation. i
Separation in image at A is 6.5 nm, 3.5 nm at B, and no dissociation }
at C. i
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Figure 20 Transmission Electron Micrograph of Stacking Fault in Channel Stop
of Float-Zoned Wcfer
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Figure 21 Stacking Fault in Channel Stop and Dislocation

G

43

N Sesen e s e P P ‘ : : ; e
h..., -.n & % Rir- 1. ] - et B e

ot st kit

in Channe)

bk A ab e

e

a

gl
i
i
H
i
i
i
!
!




bARERL L) ) bl il )

surface, image forces would also tend to pull the dislocation out of the
siliocon crystal. There must therefore be an inhibiting force caused by the
presence of the thermal oxide.

P The dissociation in Figure 19 proceeds according to the
] reaction. 1/2(101) - 1/6(211) + 1/6{112). The two partial dislocations are
separated by a stacking fault on the (111) plane. The Burgers vectors and
dislocation lire orientation of both the perfect and partial dislocations are
also found in this same plane. A similar situation exists for any dislocation
that is in a configuration to move by a glide process.

e AR T e R e 2

e

The equilibrium spacing of the partial dislocations in "pure"
silicon, and with no applied stresseso has been measured. For the 60° L
dislocation it is between 50 and 60 A.10°11 por this configuration the |
stacking fault is found to be intrinsic (i.e., the stacking sequence across
the fault corresponds to the sequence that would occur if a plzane of atoms
were removed). At B in Figure 19 this is seen to be the case. The separation
at A is anomalously high. There are three possible explanations for this: 3
(1) The stacking fault is extrinsic in this region (i.e., the stacking '
sequence across the fault corresponds to that if an atomic plane were
inserted). Partial dislocations separated by extrinsic faults have been

3 T g e R S e = e

L

ke ko il

reported to occur when the dislocation is close to the screw (or 0 ! 1
orientation.” The extrinsic stacking fault energy is deduced to be lower N i
than the intrinsic stacking fault energy and, hence, the separation of the i

Lo
k ; partials is graater. (2) Oxygen could be adsorbed onto the stacking fsult in :
this region, causing the stacking fault energy to be lowered. (3) A force !

from the surface of the device could be acting on the dislocation, causing one :
of the partials to be moved closer to the surface. We are unable at this time
to distinguish which mechanism is at work.
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The origin of the stacking faults and edge dislocations is
evidently the same as that discussed for the Czochralski control group. The

major difference appears to be the occcurrence of the edge dislocations st the

- edge of, and parallel to, the channel. This would suggest that the stress
field of the thick oxide also favors the unfaulting of the stacking fault in
the chamnel.
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4. Cszochralski - Group I
a. Imager Performance

Dark current defect patterms in imagers on this material fell
into two classifiocations. MNear the periphery of the wafer there was a high

density of defects in a discernible pattern [Figure 22(a)]. Devices in the ‘
osnter of the wafer showed a very low density of dark current defecta. These 3
frequently extended over more than one pixel [Figure 22(db)]. These slioces had
backside mechaniocal damage dy sandblasting with glass deads over half the
slice. There was a slight reduction in the defect density for imagers over
: the backside damaged portion of the slice.
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b. X-Ray To a
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There was no corrvlation betwsen the reflection topographs &nd

the high density of dark current defects found near the periphery of the
1 . wafer.

e ki e

Near the end of the wafer, however, there was a nearly one-to-ons

correlation between dark current spikes and disloocation cluster defects
observed in reflection topographs.

SRS S

Two typiocal examples of these are shown in
’ Pigure 23. In Pigure 23(a) it will be seen that most of the dislocations are

, electrically inactive. Only the dislocation indicated by the arrows is a

1 source of dark current. Similarly, the dislocations ¢manxting from the round
defeot in Figure 23(b) were not dark currsnt sources. Ths round defeot was a

very intenss source of dark current and led to dlooming down the channel and
into several adjeocent channels.
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Figure 70 Darl Cucrent Pattuerns - Czochralski Group 1. Defect at arrow in
() 1s shown in topograpih, Figure 23(a).
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Transmission topographs also showed that there was a region of
bulk "swirl®™ precipitation near the center of the wafer. Devices lying over
this swirl precipitation were those in which the density of defects was
lowest.

5. Czochralski - Group 2

a. Inager Performance
The dark current spike behavior of this material was similar to

that of Czochralski - Group 1. Imagers at the periphery of the slice had a
moderately high density of weak dark current spikes, many of which inre in a
discernible pattern (Figure 24), while those near the center of the slice had
a relatively low density of dark current spikes. Backside mechaniocal damage
by glass bead sandblasting had no discernible effect on the dark current
spikes.

b. X-Ray Topography
Only a few defects were imaged in reflection topography. These

defects correlated with the more intense dark ourrent spikes near the center
of the slioce. A typical example is showm in Figure 25, which correlates with
the indicated dark ocurrent defect in devioe 3 of Pigure 24. PFrom the pattern
of dark current defects of this type that were visills in the imagers and ths
topographs, it appears that their origin is frontside damage caused by
handling of the slice before processing. (The backside damage was applied
after the oompletion of the frontside polish.) No defects were imaged in
reflec-ion topography that correlated with the moderate number of dark ocurrent
Jefects visible in some of the imagers.

Transaission x-ray topographs showed that there was a region of
bulk "owirl® precipitation in this material. There was a general, but not
specific, oorrelation betwean ths occurrencd of this precipitation and isagers
with low dark current defeot density. Figure 26 is an enlargement of a
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Figure 24 Dark Current Patterns of Three Adjacent Devices, Czochralski Group 3

2, Defect at arrow in device 3 is shown in topograph, Figure 25, ]
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Figure 25 224 Reflection Topograph of Dark Current Defects in Czochralski
Group Z. Defect is merked in Figure 24, device 3.
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Figure 26 (220) Transmission Topocraph of Two Devices Whose Dark Current
is Shown in Figure 24. Bulk swirl precipitation region

1 Signature i
1 is the darkening most noticeable in device 1. Arrow in device 2

indicates 'ine above which there are numerous dark current defects.

Black spots and lines on topcgraph are defects on the backside of
the devices,

51

e i ¢ o < i g "
3 A e s
s el o e - . Y
T PIRITRRVTUARIprapRsTDIT RIS BER S AR e

PO menm

PP PR

v e Wi s e

L_...u._‘_‘_wm_‘ P ST VS SR




R e

B A U Aot T e o coer s 4 s amre + 1o

transmission topograph of devioes 1 and 2 of Figure 24. It will be notioed
that the edge of the band of dark current defects visible in device 2
parallels the swirl band visible in the topograph. The band of dark ocurrent
defecta is offset from the edge of the swirl by approximately 1 mm, however.

Q. Transaission Electron Microscopy

A sample for transaission slectron microscopy was taken from the
high defect region of device 2, Figure 2i, in the upper right-hand oorner of
this device. No defeots were observed in this sample, indicating that the
dark current defects were produced by the interface defect more thoroughly
investigated for Group 3 saterial.

d. Discussion

It is important to establish the exact relationship between the durk
current spikes and the bulk "swirl®™ precipitates in this wafer. Two
possibilities exist: . (1) that the svirl precipitate serves as a “gestter® for
these defects, or (2) that the growth conditions in the boule favor defect
formation outside the region of the swirl, while slightly diffarent growth
conditions lead to a supprassion of defect nuclel in the region of the swirl.
If the former were the case in this wafer, then compariaon of the transmission
topograph and device 2 of Figure 24 shows that the "gettering" range of the
swirl is of the order of 1 mm. Now in device 1 of this same figure there are
also ssveral dafects with the same dark current characteristics. Reference to
the transmission topograph, Figure 26, shows that these defects lie over a
region of swirl precipitate that is somewict less intense than ths most
intenss regions, but still considerably more intense than the swirl
precipitation within 1 mm of the band of defects in device 2. 1In addition,
these dofects lie within 1 mm of the most intense swirl regions. If these
defects in device 1 are in fact the same as the defects in devioe 2, as seems
wost probabie, and if a gettering mechanism ware at work, then the defeci: in
device 1 should be absent. The distribution of the dark current defests in
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! this slioce thus appears to be a result of varying growth conditions in the
- boule when the crystal is grown.

6. Csoohralski - Group 3
This group had a (100) flat.
a. Imager Performance
1 Imagers on this material behaved similarly to imagers on Groups
; 1l and 2 i{n that those at the periphery of the wafer had a high density of dark
current defects, while those niar the center had a mush lower defect density.
There were several signifiocant differences, howeve». The density of defects
in some imagers was extremely high: of the order of 10% of the pixels had
dark ourrent spikes. In addition, the density of defects near the center of
the slice was higher than for devioces from the ocenter of Groups 1 and 2. In
some cases, there was a definite "swirl" pattern to the dark ocurrent spikes
(Pigure 27). Backside mechanioal damage by glass bead sandblaating appeared
E effective in removing a large number of dark current spikes. For exampie,
- while the worst-case imagers on the undamaged side of the slice had

approximately 108 of their pixels with a dark current spiie, on the damage
side the worst oase was 1§%.
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No defeots were imaged in reflection topography on this

material. Transmission topographs showed that this material also contained a
central region of bdulk “swirl™ prscipitate.

) ' o. fTransmission Electron Microscopy

! Samples for transaission electron microscopy were taken from
! the oentral high defect regions of the imagers illustrated in Figure 27. No
defects were imaged. These same samples were successivsly etched-back from
the front aurfaoe in 2 um increments and again examined in the electron
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microscope. This procedure showed there were no defects in the ocuter Sum of
the devioes.

Samples taken from high defect regions of other devioes had the
dislocation clusters and stacking faults shown in Pigure 28. Contrast
experiments in the electron microscope showed that the long disloocation line
in these clusters, which was oriented in a (110) direction, was of pure edge
type. All these dislocation clusters were located in the channel stop.

An additional type of defect was sesn in the channels (Figure
29). These defects were located underneath the aluminum electrode and

primarily near the edge of a neighboring polysilioon eleotrode.

d. Disocussion

The fact that the defects that ocause dark current apikes were
not imaged in the electron microscope sugests that they reside at the
oxide/silicon interface. To our knowledge, only one such defect has been
reported to date: a dislocation that results from the uafaulting of a
stacking fault and that climbs out of the silicon to the interfsce.'? It
would be expected in our samples that if such were the case, some faulted or
unfaulted stacking faults would be left behind. In faot, we see no defects in
this high dark ourrent apike region, either in the channels or in the channel

stops. Sinoe this defect does respond to baokside gettering, it would appear
that a most likely candidate for it would be an interfacial impurity.

The dislocation clusters that appear (Pigure 28) are evidently
alightly more oomplex versions of the same unfaulted stacking fault we have

seen in other slioces. The other defects (Figure 29) are apparently etch
artifacts. Ve have been unabdble to correlate them with eslectrical aotivity.
They are generally visidle only in relatively thin regions of the sample, and
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only when the sample is tilted close to the Bragg angle for the reflection
under study.

D. Results of Defect Studies in Other Devioces
1. Dislocations

A series of dislocations was found in one device. Two of the
dislocations were dark surrent sources (the only dark current sourcses), while
the remainder were not. Reflection topographs of the two dark curreant souroces
are showm in Figures 30 and 31, while two typical non-dark-ocurrent sources are
iilustrated in Pigures 32 and 33. It will be sesn that the dislocations that
are dark current sources lie in the channel stop (Pigure 31), while the
dislocations that are not dark current sources lie in the channels. The
ocontrast behavior of all dislooations in reflection topography shows thes to
be 60° dislocations. Transaission topography shows that all of the defects
have besn nucleated by surface sources. They are found only in the array

region, and hence are associated with the stress field of ths device
superstructure.

P Y S et

5 sy 2

It is somcvhat surprising that a dislocation loocsted in a channel
stop can act as a dark current source. That this dislocation is shallow can
be deduced from Figure 34. Bere it will be seen that part of the disloocsation
undernsath a polysilicon layer has evidently been pulled out of the snrface.
Additional evidence for this interpretation is shown in Pigure 35, where a
largs amount of segmentation can be seen, resulting from ths strain fieid of
the overlying polysiliocon.

The fact that a shallow dislooation in the channel stop gives rise
to a derik ocurrent spike is indioative of a shallow depletion mgion under the
channel stop oxide. If a defect capable of producing dark ourrent is locatad
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Figure 33 Electrically Inactive Dislocation in CCD Imager
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Figure 34 Enlargement of Figure 30(a). Scratch (arrow) is on regions of a
channel that were overlaid with polysilicon. Part of the disloca~

tion has been pulled out of the channel stop by the overlying
polysilicon,
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in thils region, then it will produce dark ocurrent, with the current leaking
over into the adjacent channel well.

The dislocations in Figures 32 and 33 are clearly in the depletion
region of the device. Therafore, they must be electrically inactive. The
origin of these dislocations is examined further ir Section IV of this
report.

An sdditional type of dislocation oapadble of producing dark ocurrent
is shown in Figure 36. In this topograph only the tips of the dislocations
are imaged, with the bulk of the loop penetrating to some depth (> 20 um) into
the siliocon. Similar loops were found outside the array region of the device,
in an area wvhere the thick rfield oxide waa grown. Their origin is obdviously
the thick oxide growth, but the formation mechanisa is not clear. Contrast
experiments showed they have a Burgers vector that is not in the plane of the
surface, and their origin iz probably through a slip process. The stress field

of the thick oxide edge, however, is evidently not important in their
formation.

Additional types of dislocations soen in sowe imagers, none of which
have been observed to act as dark current sources, ars shown in Figures 37 and
38. 1In Pigure 37 the stess field of the pulysilioon evidently assisted the
nucleation and propagation of this dislocation, while in Figure 38,
dislocation locps created during the swirl precipitation of oxygen served as

the nucleation agents of these dislocations. Propagation is by the stress
field of the thick oxide.

2. Stacking Faults
Figure 39 is a reflection topograph of a portion of a device on
which a soratch was placed before processing. The sources of dark current are
indicated by the arrows in this figure. It will bde seen that the dark
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Solid arrows indicate electrically active loops, open

arrow indicates a loop that is not a dark current source.

Figure 36 422 Reflection Topograph of Dislocatiorn Loop in Channel Stops of
an Imager.
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Figure 37 422 Reflection Topograph of Dislocation Segment Perpendicular to
Channels and Chann®) Stops. The dislocation extends from one
channel stop acrnss a channel to the adjacent stop and is under-
neath the polysilicon electrode. It is not a dark current source.
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Figure 38 U422 Reflection Topograph Showing Channel Stop Dislocations Nucleated

from Subsurface Swirl Dislocation Loops
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ourrent originates where the scratches cross the channels (the channels appear
dark in this figure). Since the defecta produced by a scratoh during
oxidation are stacking faults and dislocations if unfaulting occurs, this
figure clearly shows that stacking faults on the channel stop are not dark
current sources, while stacking faults on the channel are dark current
souroes.

E. Effect of Backside Damage on Defects in CCD Imagers
This subseotion presents results of the experiments conducted by placing

backside mechanical damage on half of a slice using sandblasting by 100 uam
glass beads. The demarcation line between the damaged and undamaged halves of
the slice was averaged so that there would be a line of CCD imagers down the
slice which had part of their backsides damaged and part undamaged. The
effioncy of the damage, therefore, was studied on the same slice and, as well,
on the samo imager.

The characterization consists of measuring the dark current for a 32 'ns
integration time and counting or estimating the number of dark current spikes
per imager froa the video display of the dark current. Devices are sorted
into the arbitrary bins 0-20, 21-40, 41-100, 101-800, and > 800, according to
the number of defects. The absolute numbers of devices in each bin are then
converted to percentages to facilitate comparison between materials and
between devices with and without backside damage.

L Results
Devices from Group 2 had a high number of dark current spikes,
relatively unaffected by the backside damage. However, some lowering of the
total dark current as a result of backside damage was noted. The dark ocurrent
readout of a device from this material category is shown in Figure 40. The
upper third of the device has backside damage, the lower two-thirds none.
Clearly, the density of dark current spikes is not altered dramatically by the
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Figure 4o Dark Current Display of a CCD imager with 32 ms Integration Time. ,
Backsid <andblast damage is on the upper third of the device. :
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backside damege, although their intemsity may bde. Devioces froa several slioces
from Group 2 wire characterized. As shown in Tadle ¥, no meaningful dark
current spike reduction was observed with backside deamage. Some lowering of
the background current, howuver, is indioated.

3lices from Group 1 were examined in the same way. The suamary of
device performance of several slioces of this material, as given in Table ¥,
shows that a aignificant fraction of devices with backside demage have less
than 100 dark current spikes; while all devices without backside damage have
at least 100 defects per device. As before, some lowering of the beckground
current is observed.

The imagers fabricated on Group 3 material have more than 100 dark
currert spikes per device. The same msterial with backside damage ylelds
imagers with fewer dark current spikes. Most of the improves ient is in
bringing the defect count from the > 800 column to the 100 to 800 colunmn.
Exasples of imagers on this material are given in Figure ¥1. Dark current
photos erc shown for two adjacent devices and for two different integration
times (the time between CCD readouts). Only the bottom two-thirds of the
lower device has backside damage. In addition, a significant decrease in the
dark current cccurs with the backsice damage (Table ).

While these results indicate that backside damage has a slightly
beneficial effect, one control wafer in the lot showed degrzdation as a result
of backside damage. Thia is 3llustrated in Figure 42. Here the dark current
banding visible in devices without backside damage is replaced by dark current
spikes on devices with backside damage. X-ray transmission topography,
however, showed that this wafer received backside damage during processing
similar to that which the float-zone slice received. As a result, dislocations
were generated. The combination of the glass bead backside damage and process
damage was sufficiently severe to cause dislocations to propagate to the front
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surfaoce vhere both were present. Thus, the dark current spikes are caused by
dislocations. The mottled appeareance of the dark ourrent banding in the two
ocsnter imagers of Figure A2 suggests that dislocstions getter the dark ocurrest
banding at close renge. This is in agreeaent with previous obesrvations.

F. QResults of ISS Backside Demags Tests
Ten slices of material from Czochralski - Group 1 were treated with

Impact Sound Stressing (138)‘ and returned to us for processing and
evaluation. Five of these slices were matched with five untreated slices taken

from neighboring positions in the boule and sent through the standard imager
prooess.

X-ray transmission topographs were taken of the 'inished slices (Figure
43). This superposition of devioce geometry with the damage pattern reveals
that there are six devices at the slice oenter where the damage pattern is
uniform across the whole device, At first sight, it would seem that one way
to judge the effectiveness of ISS would be to compare the quality of these
six devices with that of devices on the same slice that come from the outer,
undamaged part. Such a comparison is invalid, however, because the slices
that were not ISS-treated do not display a uniform density of dark current
spikes. Rather, the efficacy of ISS must be judged by a comparison of the
center six devices on ISS-treated material with those on untreated material.

Typical results for the untreated control slices are shown in Figure Ui.
Here, two adjacent devices from two slices illustrate the range of dark
current spikes found on the center six devices. Typical devices from the
ISS-treated slices are shown in Figure 45. From these results, we conclude
that the ISS treatment does not lead to significant improvement in the density
of dark current spikes on this material.
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Figure 45 Dark Current Readout of T

ypical Devices from Slices Treated with the
ISS Backside Damage
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It should be noted, however, that the prooassing of these slioces included
gottering steps as a standard feature. 4 second set of five slioces with the

gettering steps eliminated encountered processuing problems, and no devioes
were operational. It does not seem likely, however, that these steps would
counteract the effectivensas of the ISS treatment. In addition, ISS-treated
slioes of material from Csochralski - Group 3 (where the effect of glass bead
backside domage showed positive results) and from the float-zoned group are

being prooccssed without these process gettering steps, but have not been
ocompleied at this writing.
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SECTION IV
IN-PROCESS X-RAY TOPOGRAPHY

A. Introduction

To detormine at vhat point in the process defects originate, in-process
x-ray topographic studies were made. A series of slices was selected froe
sach of the groupe of materials and committed to proocessing. I-ray topographs
were taken after sach high temperature processing step. Because of the
oxtreme sensitivity of reflection topographs to the stresses produced by the
devioe overstructure, it was decided to use tranasmission x-ray topography as
the chief investigative tool. Here, we would mske use of one of the chief
advantages of x-ray topography: its nondestructive nature. Unfortunately,
because of the small sise of most defects, an outlined in Section III.B, the
only defects that wers imaged were dislooations and bulk swirl precipitation.
Furthe sore, beomuse of prooessing problems, probably caused by the extensive
handling and addif:iocnal cleanups the slioes received, very few of the imagers
were operational. Nevertheless, the results of the in-process studies clearly
show the origin aad development of the chamnel and ochamnel atop dislocations.

B. Results

Figure 46 is a series of topographs of a regiou of an imager taken after
various high temperature processing steps. In Pigure 46(a) no channel/channel
stop dislocations are apparent after the channel atop (boron) deposition.
After bdoron drive/tiilck oxide growth, there are channel/channel stop
dislocations [Figure 46(b)]. Furthermore, during phosphorus deposition and
drive, in which the array portion of the device sees only an anneal, two of
the disloocations grow [arrows, Figure 46(e)].

Figure 47 is a high resolution transmission topograph of a portion of

this same array taken under different diffraction conditions after thick oxide
growth/beron drive. This topograph shows that the dislocations are nucleated
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Figure 46 Transmission Topographs of CCD Array After Various Processing
Steps. (a) After boron deposition, (b) after boron drive/thick
oxide growth, {c) after phosphorus deposition/drive. Arrows in
Figure 46(c) indicate dislocations that have grown.
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Figure 47 Transmission Topograph of Array Showing Nucleation of Channel/Channel
Stop Dislocations From Scratch., After boron drive/thick oxide growth.
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from a soratch. Furthermore, the scratch is imaged as a pair of lines outside
the array in a region that has been subjected to thick oxide growth. 1In the
array the scratch appears as a serrated image beocause defects develop on the
soratch only during oxidation oycles, which for the array are primarily on the
channel stops during thiok oxide growth.

The thick oxide produces a s‘ress in the silicon which is a maximuwm at
the thick oxids edge, i.e., at the channel stop/channel interface. The streas
ariass from the differences in the coefficients of thersal expansion of the
oxide and silicon. It is at this high streas region that dislocations are
gonerated, as may be seen in Figure 48, if a nucleation site of sufficient
intensity is provided. In Figure 48, soratches that have been subjected to
thiock oxide growth are present where dislocations are generated.

We are thus led to following scenario for the formation of channel
stop/channel dislocations. A nucleation site must be present near the channel
stop/channel interface. This nucleation site may be a dislocation, a scrateh
of sufficient intensity which has been subjected to thick oxide growth, or
aome as-yet unidentified defect in the starting material. After thick oxide
growth, and probably during cooling of the wafer, the dislocations are formed
due to stress concentration ormed at the edge of the thick oxide. This
streas is insufficient to generate a dislocation in the perfect silicon, but
is sufficient to generate a dislocation if a proper nucleating site is
present. The dislocations are then propagated by the stress field of the
thick oxide edge. Whether they fall on channels or channel stops will depend
on the Burgers vector of the dislocation generated, and hence its interaction
with the thick oxide stress field. During subsequent heat treatments, the
diclocations may propagate further, but we find no evidence for the generation
of new dislocations from existing or newly activated nucleation sites.
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i Figure 48 Transmission Topograph of Device Edge Showing
F Nuc'=2ation of Dislocations at Scribe Line
Edge
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The aurface of one of the slices was intentionally scratched in a
spiral pattern with silicon carbide grit to foilow the evolution of stacking
faults during processing. A transmission x-ray topograph of this wafer before
the beginning of processing is shown in Figure 49. Immediately after the
initigl oxidation, the intensity of the contrast from the scratch is
significantly reduced (Figure 50). This contrast results from the removal of
the strain centers left by the scratching medium, and the complete conversion
of the scratch to stacking fault.s.‘g’“

Subsequent processing shows that the soratch contiruesz to undergo
changes. Figure 51 is a series of topographs of the same region of a test bar
after certain processing cteps. After boron depesition, but bafore borecn
drive/thick 5>xide ([Pigure Si{a)], the iutensity of the scretch damage is
significantly reduced in regions that have bean opened for boron deposition.
After thick oxide growth [Figure S1(F}] the contrast from scratches in this
area reappears, uhile the contrast in regions that have been raskad nff from
oxidation subsides. At this point, dislocations at the adge of the thick
oxlide region also appear. Finally, after phesphorus diffusion and drive
[Pigure 51(c)], the soratches reappear in the regions tha® had nct undergone
thiok oxidation. Additional dislocations are produced at cxide boundaries
that are opened prior to phosphorus daposition,

As expected, defects produced from scratches were found to be dark
current sources.'® Figure 52(a) is a dark current map of an operational
device on this slice. Figure 52(b) is a transmission topograph at the
completion of prosressing of this same device. There is an exact correlation
betwmen the scratches and the dark current in this devirce.

4 sample for transmission electron microsnopy was taken from the lower
left-hand corner of the device. It was found that the defects present in this
region gonsisted of stacking faults and dislocations from unfaulted stacking
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Figure 50 Transmission Topograph of Intentionally Scratched Slice After
Initial Oxidation
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Transmission Topographs of Test Bar After Various Process Steps.
(a) After boron deposition, (b) after boron drive/thick oxide
growth, (c) after phosphorus deposition/drive.
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Figure 52

(a) (b)

Dark Current Produced by Intentional Preprocess Scratch,
currant map, (b) transmission x-ray topograph.
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faults. Typical stacking faults are shown in Figures 53 and 54. Stacking
faults in the channel were of two types: those near the center were
consistently 1 to 1.3um long, while those near the edge of the channel were
somewhat longer and deeper, up to 7.5 um in length. Most of the stacking
faults in the channel were underneath polysilicon. Stacking faults that
crossed the boundary were intermediate in length. Dislocations from unfaulted

stacking faults were seen only in regions where high density of stacking
faults was present.

An interesting feature of the stacking faults that crossed the. boundary
is that many of them show signs of shrinkage (Figure 55). In Figure 55, the
curvature of the bounding Frank partial is different from that which we have
seen on any other stacking fault, in that it is curved into the stacking fault
near the surface rather than away from the stacking fault. Such a curvature
could occur if the stacking fault were shrinking by a bulk diffusion

mechanism. Here, the stacking fault dissolves by the emission of silicon

interstitials from the Frank partial into the bulk. This causes the Frank

partial to climb toward the surface. These interstitials diffuse away through
the bulk. The curvature at the surface would occur because the surface is
incapable of s£inking interstitials and thersfore acts as a mirrcr to the
interstitials, reflecting them back into the solid. Under this latter
sitvation, the solid angle into which the shallow Frank partial could emit
interstitials is half the solid angle into which the Frank partial lying
deeper in the bulk could emit interstitials: hence, the deeper-lyiag Frank
partial will climb at twice the rate of the shallower Frank partial. The
operation of the climb-annihilation mechanism helps explain the shallow
dislocations resulting from the unfaulting reaction found in other devices.

The observations reported here clearly show that during an oxidation
process, stacking faults grow, while during a nonoxidizing high temperature
process, the stacking faults shrink. Evidently, the shrinkage process may
occur by two mechanisms. (1) In the presence of a thermal oxide, the stacking
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Figure 53 Stacking Faults in Imager Nucleated from Intentioral Scratch, (@) In ‘
channel stop, (b) in channel at edge of channel stop.
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Figure 54 Stacking Faults in Center of Channel Nucleated from Intentional
Scratch
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Note reverse curvature of Frank partial

0.5 um

Figure 55 Shrinking Stacking Fault.
at arrow,
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faults shrink by the bulk diffusion of silicon interstitials awvay from the
Frank partial, with the oxide interface reflecting the interstitials back into
the bulk. Some recent aeasureaents on the shrinkage of stacking faults
underneath a thermal oxide show an activation energy similar to that of the
self-diffusion coefficient of a:l].l.oou.16 In the abaence of a thermal oxide,
Sanders and Dobaon showed that stacking faults shrink at a much greater rate
under nonoxidizing heat treatment, and with a much lower activation oner;y.9
Evidently, in the absence of a thermal oxide, the siliocn surface can act as a

sink for interstitials, and shrinkage then progreases by pipa diffusion of
interatitiala along the Frank partial to the surface.

It is interesting to note that Hashimoto, et a1.16 recently reported
that stacking faults shrark with an activation energy similar to that observed
by Sanders and Dobson? when boron and arsenic were driven underneath a
chemically deposited oxide. They interpreted this as a "gettering® by the
impurity. 1In line with our previous argument, it seeas much more likely that
a deposited oxide allows the surface to act as a sink for interstitials, and
hence allows pipe diffusion. In this respect, a chemiocally deposited oxide
may be inherently different from a thermal oxide. This suggests ways to

minimize the occurrence of defects, as we shall propose in the last section of
this report. '

In the light of the forogoing discussion, we may understand the changes
in the topographic contrast observed in Figure 51. During boron deposition,
whioh is a nonoxidizing high temperature operation, stacking faults underneath
the oxide shrink, but at a very low rate. Where the oxide has been removed
and a free silicon surface cxists, the stacking faults shrink, but at a very
much more rapid rate. This is not a consequence of the presence of the boron
impurity, but results becauss the thermal oxide has bean removed in this
region, and the surface ocan then act as a sink for interstitials. Evidantly,
this short heat treatment is not sufficient to tctally eliuinate the stacking
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faults, for in the aubsequent oxidation, the stacking faults grow. However,
during this oxidation, stacking faults lying under the oxide/nitride shrink by
the bulk diffusion mechanism, since no oxidation is taking place in these
regiona. Again, the stacking faults are not totally eliminated, but grow
during a sudsequent oxidation step, this time also produuing dislocations at
oxide windows due to unfaulting.
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SECTION V
UNFAULTING OF STACKING FAULTS IN SILICON

A. Introduction

It is well established that extrinmsic stacking faults are produced from
surface scratches when a silicon wafer is oxidized.13'1“ After proiongad
oxidation, or after multiple oxidation cycles, dislocations in a predominantly
pure edge configuration also are seen.’“ It has been conecluded that these
dislocations arise from the unfaulting of stacking faults.!” In this section
we report on observations of the unfaulting reaction in process. '

B. Experimentai

Wafers of (00l) p-type Czochralski-grown silicon, 8 to 15 Q~cm, were
surface abraded using 6 um diamond paste, or by using a wet aotton swab dipped
in 300 grit SiC powder. After thorough cleaning, the wafers were subjected to
a variety of steam oxidations ranging from single oxidations of four hours at
900°C to four hours at 1100°C, and multiple oridation cycles at 1050°C. 1In
many cases, the wafers were essentially air-quenched by a rapid pull from the
oxidation furnace in two seconds or less. The surface oxide was then removed,
and specimens were thinned for observation in the transmission electron
microscope. Most of the observaticns were performed on a Siemens IA
microscope operating at 125 kV. Weak-beam observations and x-ray analyses
were macde on a JEOL--1000X wicroscope equipped with a field emission gun and
STEM attachment and operating at 100 kV.

C. Results

In all samples examined, the predomin~rt defects were found to be
stacking faults bounded by Frank partial dislec ions and dislocations with
Burgers vectors in the plane of the surface (00l) of the wafer and in a
predominantly edge orientation. The size of the stacking faults ranged from
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less than 1 um to > 10 um, with intersecting arrays of stacking faults
frequently found.

.‘I;n sanples that had been subjected to a rapid pull, a small fraction (<
1%) of the stacking faults were found to be in the process of unfaulting. An
example of a nearly completely annihilated stacking fault is shown in Figure
56. The assignment in Pigure 56(c) is made on the following basis: There are
three possible reactions by which & perfect disiocation will produce two
partial dislocations separated by a stacking fault:
(1) 1/2¢110) - 1/6(112) + 1/3(111); stacking fault on (111) (1)
(2) 1/72Q10) - 1/6(211) + i/6(121); stacking fault on (1I1) (2)
(3) 1/2C110) - 1/6(211) + 1/6(121); stacking fault on (1II)  (3)
Imaged in the TEM under two-beam conditions with ® = 220, the partial
dislocations in reacotion (1) would be visible along with the stacking fault;
for reactions (2) and (3), the partial dislocations would be visible, but the
stacking fault would be out of contrast. When 'g' = 220, the Shockley partial
and stacking fault of reaction (1) would be invisible, while the Frank partial
would show weak contrast where it did not lie in a (110) direction. The
partial dislocations of .reactions (2) and (3) would be out of contrast for
this reflection, but the stacking fault would be in contrast. Clearly,
reaction (1) ia the only case consistent with Figures 56(a) and 56(b).

Examination of Figure 56 shows that the perfect dislocation created by
the unfaulting reaction has moved off the (111) plane on which it was created
(we shall show below that the stacking fault is, in fact, being annihilated
rather than created), illustrating that some time has elapsed since the

unfaulting has occurred. Note also that the Shockley partial is curved into
the stacking fault.

Figure 57 i:)ustrates a freshly unfaulted stacking fault. In this figure
a perfect dislocation /nut of contrast) has dissociated on the stacking fault
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Figure 56 Partially Annihilated Stacking Fault. (a) Out of contrast.
(b) In contrast. (c) Dislocation assignments according to
Thompson notation. ;
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plane into two Shockley partials [also out of contrast; see Figure 57(b)].
The coufigurztion of these partials is such that the intrinsic fault between

them annihilates the extrinsic oxidation stacking fault. Again note that the
Shookley partials are curved into the stacking fault.

4 most remarkable reature of this figure is the residuval fringe visible
where the tault has been annihilated. We see this residual fringe only when
the stacking fault is annihilated by Shockley partials nucleated from a
dislocation whose Burgers vector lies in the stacking fault plane. This
contrast is indicative o the presence of an impurity adsorbdbed énto the
stacking fault and left behind after the stacking fault has been annihilated.
That this is the correct interpretation may be seen in Figure 58, where a
partially annihilated stacking fault is imaged with 'é = {131). Under these
conditions for a perfect stacking fault, g.F = 1, and the stacking fault is
out of contrast. It will be seen that a weak fringe is still present on the
staoli’ing fsult, and it is ccntinuous across the freshly annihilated region.
It should also be noted that the presence of the impurity plane clearly shows
that the reaction is unfaulting the stacking fault.

The sense of the displacement across the plane c¢f impurity atoms may be
readily determined by comparing the sense of the black-white fringes with
respect to the fringes on the stacking fault. Figures 57 and 58 show that the
fringe in the unfaulted region is & weak continuation of the stacking fault

fringe. Since the stacking fault is interstitial, the displacement causing
the residual friage is dilatational.

An estimate of the magnitude of the displacement was obtained by imaging
several partially annihilated stacking faults formed at 950°C with the
appropriate in-contrast 220 reflection, and vnder conditions of s = 0.
Cauiparing the amplitude of the residual fringe with the amplitude of the
stacking faclt fringe, and using the calculations of Humphreys, et al.,‘a it
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Figure 58 Weak Fringe on Unfaulted Region. (a Stacking fault in contrast,
(b) stacking fault out of contrast (g - R = 1). Note continuous

weak fringe in (b) (above arrows) extending across both faulted and
unfaulted regions,

102

Lt L




WA R TN IR YIRS RITER, DR AT T

was possible to estimate that '5 - R was from 0.03 to 0.10. No appreciable
o difference was detected in the magnitude of 'g' - R of the residual contrast of

partialiy annihilated stacking faults formed in the range of 900°C to 1100°C.
, Uaing the x-ray and STEM attachments of the JEOL-100CX microscope, we have
: been unable to detect any impurity on the stacking faults.
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; ) Attempts were made to destroy the impurity plane by heat treatment and
subsequent TEM observation. Even after four hours at 700°C, no detectable
: change was observed in the intensity of the residual fringe (Figure 59).

While Figure 57 shows the nucleatiorn of the annihilating Shockley
partials from a dislocation whose Burgers vector lies on the plane of the g
stacking fault, Figure 60 shows the nucleation of a Shockley partial from a
dislocation whose Burgers vector is not coplanar with the stacking fault. ]
Figure 56 is evidently an example of the annihilation of an isolated stacking 1
fault where the Shockley partial was nucleated within the stacking fault and
not by an intersecting dislocation. Previous work has shown the existence of
edge dislocations with the shape and size of stacking faults found nearby.m

In some cases we hav}e found entire arrays of stacking faults in the
process of unfaulting. An example of this is shown in Figure 61. PFrom the
four micrographs in this figure, the dislocation assignments of Figure 62 may
r ' be made. An interesting feature of these figures is a Shockley partial,
M indicated by the arrow in Figure 62, which is not curved into the stacking

fault. This is the only case we have observed where the Shockiey partial was
not so curved.

Weak beam studies have been made on some of the unfaulting dislocation
reactions (Figure 63). These confirm that the reaction does proceed as
written in reaction (1), i.e., a Shockley partial and a Prank partial ocombine
directly to form an undissociated perfect dislocation. It i1s expected that

103

j
1
k
[
4
4
[ ]
L-‘;..muu_&_.ﬂm..uL.f'.mg_..nrr EE S PR

NS VPSS-S S e eh £ s ot i T R e e Do



—— g T T Y T T

gy e sy g e w

*sa|o134ed J41p adejuns 40
: Jdueseaddesip Yyl ueyl J3ylo IBuRYD 3|GeIDIIIP OU S} JIIYl °|eIuuR JNOY-INOj :
w uocon._ou:?v..3::@;:9_...580..8“9_883.umm._u:ouom:t..__a:v_moxmmu._:m_.._
W

M wrd G°Q




erprr

g A g T T

T g

Figure 60

~

v S o e o N
Lo i

1 um

Electron Micrograph Showing Shockley Partial_(Arrow) Nucleated from
the Reaction 1/2 {110) + 1/3 {111) -~ 1/6 {112),
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Figure 61 Micrographs of Partially Annihilated Stacking Fault Array. Note
residual fringe contrast, most visible in (a) and (b).
!
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Figure 63

50 nm

Weak Beam Micrograph of Unfaulting Reaction. The Shockley partial
bounds the stacking fault on the left, the Frank partial on the
right, The resultant perfect dislocation is undissociated except
at arrows. Note the dissociated edge dislocation in upper left of
the micrograph.
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the perfect dislocation resulting from unfaulting will not be dissociated into
two Shockley partials, since the jerfeot dislocation is, in general, not on a
slip plane. However, portions of these dislocations and, in partiocular, the
portions that intersect the orystal surface, are frequently found to be
dissociated onto a (111) plane whose trace on the orystal surface is
perpendicular to the original stacking fault (Figurs 64). Through weak beanm
studies on many such dislocations, it can be stated that if a portion of one
of these perfeot dislocations is located on a slip plane, it will almost
invariably be diasociated.

An interesting feature of these dislocations is that they are glissile
and can be made to move in the electron beam. Figure 65 is a pair of weak
beam micrographs showing the motion of a dissociated edge dislocation caused
by focusaing the clectron beam to a spot ~ 100 nm. Direct observation
confirmed that the dislocation remained dissociated during movement.

Qoocasionally, precipitation on dislocations was observed. An example of
this is shown on the out-of-contrast dislocation in Figure 57. Only a very
small number of dislocations showed evidence of precipitation (considerably
less than 1%). Invariably, these were pure edge dislocations, and most were
either obviously the result of recent unfaulting by virtue of the unfaulting
reaction in process, or could be deduced to be recently unfaulted by virtue of

their being the nucleus for unfaulting of other stacking faults (see Section
v.D).

X-ray analysis of the precipitates in the STEM mode showed they contained
ocopper (Figure 66). Weak beam studies revealed that the precipitates are
apparently formed during the unfaulting of the stacking fault (Figure 67).
Here, a series of very small precipitate particles can be seen on the perfect,
undissociated dislocat}on formed by the unfaulting. It will also be noted
that a very small (~ 10 A) precipitate is being formed at the node where the

109

Lo il 1 il

2t e At D Al ?




- i

B it alaa it B S TR

ST R TR T

g Figure 64 wWeak Beam Micrograph of Edge Dislocation. The end intersecting
the surface is dissociated on an inclined (111) plane. Fringe
contrast in lower left hand corner is from a stacking fault.
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50 nm
Figure 65 Weak Beam Micrographs Showing Motion of Dissociated Dislocation
Under Beam Heating. (2) Before heating, (b) after heating. Direct

observation showed the motion occurred while the dislocation was
dissociated.
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Figure 66 X-Ray Spectra. (a) From precipitate particle, (b) from region next
to particle. Both spectra are the difference between the measured

spectra and a spectra taken nearby. Copper is detectable only in
(a).
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Shockley and Frank partials meet to form the perfect dislocation. Evicently,
the Shockley partial moves in a series of Junps, and at each stop, the
nucleation of a precipitate particle occurs at the dislocation node. Note
that no precipitation occurs on either the Shockley or Frank partials. On
larger precipitate particles, a fringe was frequently seen (Figure 67(e)].
Thia frirge spacing was found to be 45 A. No diffraction patterns were
observed from the precipitates.

On only a few occasinns we have also seen precipitation on stacking
faults (Figure 68). This has always been near the junction of the Frank
partial and the oxide/silicon interface. Copper has previcusly been reported
to precipitate in this fashion.19 Precipitation in this manner is
sufficiently rare (we estimate less than 1 in 10,000 stacking faults has
precipitates) that we have been unable to verify the presence of copper by
x-ray analysis. In contrast to Ravi and Varker's report,‘n we see no increase
in the extent of precipitation after reoxidation, whether or not the first
oxide is stripped.

In some regions of the samples, we find areas in which recent bulk
nucleation of atack;ﬁg faults has occurred (Figure 69). Ooccasionally, we also
see peanut-shaped stacking faults such as in Figure 70. These stacking fanlts
must be formed by the nearly simultaneous nucleation of two stacking faults on
the =ame plane and grow together to form the observed shape. The simplest
mechanism by which this simultaneous nucleation can occur is that the
unfaulting of a previous-generation stacking fault leaves behind nuclei on
which next-generation stacking faults can occur.

In contrast to stacking faults nucleated deep in the bulk, which
invariably have a precipitate particle at the center of the fault,5'6 the
stacking faults we see here do not. Weak beam studies of these defects
(Pigure 71) with the stacking fault fringe ~ 50 ; in periodiocity confirm the
abaence of particles > 30 ;, since these would lead to a visible disruption of
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Figure 68 Stacking Fault with Precipitate Colony at Edge ;
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Figur~ 71 Weak Beam Micrograph of Stacking Fault. Note continuity of fringe
across fault,
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fringe due to the change in the effective extinotion distance of the electron
beam in the precipitate partiocle. ‘

D. Discussion

In all the unfaulting reactions we have observed, the Shockley partial
has been curved into the stacking fault, indicating that the reaction isa
proceeding toward the unfaulting of the stacking fault. The unfaulting
reaction proceeds to completion even in the presence of a copper precipitate
particle, i.e., the dislocation observed near the precipitates is a perfect,
undissociated dislocation rather than a pair of Shockley-Frank partiala. This
shows that the strain field of a copper precipitate partial is insufficient to
prevent the formation of the perfect dislocation from the combination of the
Shockley and Frank partials, and to cause the redissociation of the perfect
dislocation, once formed, into the Shockley and Frank partials. It would
therefore appear unlikely that if a perfect dislocation loop were formed in
silicon, a faulting reaction could convert the loop into a stacking fault,
even in the presence of a precipitate particle. Consequently, we would expeot
that a stacking fault would be nucleated directly as a stacking fauit, and not
through the faulting reaction of a perfect dislocation, as has been
proposed. 36 |

The unfaulting Shockley partial dislocation may be nucleated by another
dislocation, or directly on the stacking fault. A residual plane of impurity
atoms on the unfaulted region is observed only when the annihilating partials
are nucleated by a dislocation whose Burgers vector is in the plane of the
stacking fault. This indicates that this unfaulting occurs late in the
ocooling of the wafer, since the impuriiy plane does not have a chance to
diffuse away. It is also consistent with the expectation that the nucleation
of the Shookley partials is an athermal process. The disloocation responsible
for this nucleation is a result of a previous unfaulting proocess, with the
resulting dislocation lying on the (111) plane of the stacking fault. This
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dislocation immediately dissociates into the two Shockley partials in an
intrinsic configuration, annihilating the extrinsic stacking fault. ’'lote that
the Burgers vectors of the perfect dislocations that are formed on completion
‘ - of the unfaulting do not lie in the plane of the wafer surface for this
process. ‘

T T

. ' That a residual impurity plane is not observed when the Burgers vector of
b the resulting perfect dislocation lies in the plane . the wafer surface
indicates that this unfaulting process occurs only at higher temperatures
where the impurity atoms do have time to diffuse away. This would be the casa
if the nucleation of the annihilating partial were to be a thermal mechanisa.
Figure 60 shows that when this partial is nucleated from a dislocation, a
# climb mechanism involving both the perfect dislocation and the Frank partial
] is required before a sufficient length of Shockley partial is generated to
L propagate and annihilate the stacking fault. Similarly, the nucleation of the
stacking fault dire'ctly on the stacking fault plane is expected to be a
thermally activated mechanism.

oy
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The observation of precipitation on some of the dislocations and the
detection of copper in the precipitates provide much information on the effect
of czopper in small amounts., It will be appreciated that since these
precipitates were confined to only a few dislocations, most of which could be
directly determined to be the result of recently unfaulted stacking faults, ‘
the level of copper in the material is extremely small. Since no additional
precipitation was noted after the T00°C anneal, it would appear that an upper

limit of 5 x 1015 atm/om3 can be placed on the copper concentration. (Note, i
however, that further precipitation may be kinetically limited at this E
temperature.) It appears that the contamination was introduced in the furnace 5
in which the oxidations were carried out. §
H
i
!
]
1
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The mechanisa for precipitation was observed. The precipitates wera
found to be nucleated at the node between the three dislocations during the
unfaulting process. The obvious souroce of impurities for the precipitation
process is the stacking fault. Then, as the unfaulting progresses, the
impurities are swept up by a pipe diffusion mechanism on the Shockley partial
to the precipitate site. We do not see precipitation on most defeots of this
same type, however. (Compare, for example, Figures 63 and 67.) If the
dofects with no precipitates were formed at higher temperatures than those
with precipitates, then there are three possible explanations for the lack of
preocipitates:

(1) There are negligible iapurities on the stacking fault at the

higher temperatures.

(2) The unfaulting reaction at higher temperatures is sufficiently fast

to diafavor nucleation, and hence the impurities diffuse awvay.

(2) The precipitates form due to the local supersaturation, but have

suffioclent time to redissolve. :

There is Jdirect evidence to aupport the second mechanism. In Pigure 67
the spacing between precipitates decreases from left to right. Since the
Shockley partial is also moving in this same direction, the tempersture of the
sample must have been higher when the precipitates at the left were formed
than whon those on the right were formed. The observed spacing is then
consiatent with a decreasing velocity of the Shookley partial with decreasing
temperature, but with a less slowly dscreasing nucleation rate.

~ Assuming the impurities in the precipitate particles are derived solely
from the stacking fault, it is possible, from Figure 67, to estimate the
cozcentration on the stacking fault. Since the images of the particles do not
shift when the E vector i3 reversed in sign, while the position of the
dislooation image does, the images of the particles oan be determined to arise
from the excitation of a diffracted beam from within the particles. The image
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size is then the true partiocle size. Assuming an atomic volume of 12 ;3, and
assuming all the atoms in a particle come from the stacking fault, then it 1is
estimated that the concentration of impurities on the stacking fault must have
been of the order of 1.7 x 10'% 2,

It shouid bte noted that the mode of precipitation we observed must be the

" sasiest mode, since no precipitation is observed on either the Shookley

partial or the Frank partial.

We next consider the question of what impurity causes the residual fringe
contrast and hence. is found on the stacking fault. A lower estimate for its
concentration may be made by assuming that its volumetric expansion is equal
to the volume occupied by 1 atom of silicon, i.e., 2 x 10°23, Since
displacement is observed only in a direction normal to the (111) plane on
which the impurities are located, it is most probable that the impurity 1is
loocated on the bonds normal to this plane. Using the values of g€ - K in the
last seotion, it is then possible to estimate that the concentration is from 2
x 101” to 4 x 1013 on"e, whioch is equivalent to a concentration uf from 6 x
1020 to 1.2 x 102" atoms/om3 on the single stacking fault plane. Clearly,
this is a large concentration, and the only impurities that could be available
in such concentration are oxygen and copper. The above concentration eatimate
is probably considerably smaller than the concentration that is present, due
to a conservative value for the volumetric expansion. Oxygen, for example,
has a reported value of 4.5 x 10°2%,20 ysing this value, the concentratiom oa
the staoking fault would be of the order of 9 x 1073 to 1.8 x 10" om™2. a
corresponding volumetric expansion coefficient is not available for copper.
This latter value is surprisingly close to that estimated for the
concentration required to give rise to the precipitates.

We are now in a position to propose a consistent model that explains the
disposition of the impurities as unfaulting occurs at various temperatures.



At the highest temperatures, the reaction prooeeds so faast that the nucleating
process does not have time to take place. The residual impuritiss diffuse
awvay, and no precipitation occurs. At intermediate temperatures the veloocity
of the partial is slow enough to allow nucleation at the dislocation reaction
node. Diffuaion of the impurities to the precipitate then occurs via pipe
diffusion (or possibly across the stacking fault plane). The reason the
precipitates are formed on the edge dislocation (or rather, as ocareful
examination of PFigure 57 shows, ahead of the dislocation) is that this
dislooation can accommodate the interstitials produced by ciilmb. As the
temperature is reduced further, either the diffusion rate of the nwﬂuu or
the climd rate of the dislocations is sufficiently small that the motion of
the Shookley p.rt;ial proceeds, leaving behind the impurity plane, and again,
no precipitation ocaurs. This low temperture stage is never observed when the
Shockley partial is nuclisated by a thermally activated process -- the
unfaulting is complete (or nearly complete)} by the onset of this stage. The
small segments of unfaulted stacking fault that we observe in this ocase
avidently result from a pinning of the Shockley partial before the last
temperature stage is reached. All of this occurs at T > 700°C.

The observed stability of the residual impurity plane at 700°C seems
inconsistent with the impurity being only copper, however. It would appear
that four hours at this temperature, during which the diffusion length of
oopper is 1 om, would be sufficient to cause the complete dissolution of the
plane, or at least the formation of precipitate platelets. Consequently, we
believe that the impurity plane is mainly oxygen. This would also mean that
the precipitate particles also contain oxygen. The observed Moire fringe
oontrast seen on the larger particles lends support to this aupposition. An
identiocal fringe contrast has been seen by Bialas and Hesse?' for precipitates
of 8102 on dislooations“in silicon. It is indicative of an interplanar
spacing of 1.92 £ 0.08 A in the precipitats partiole, in agreement with the
spacing of 1.85 R found in several phases of 8i0,. Under these circumstances,
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the occurrence of copper in the precipitate may be incidental to the formation
of the precipitate. The copper is "gettered" into or onto the precipitate
partiole.

Attempts were made to determine the stacking fault energy of the "dirty"
stacking fault by measuring the radius of curvature of the §hook1ey partial
dislocation. The values were found to range from ~300A to 1 um for the
radius of curvature. The largest values were found for Shockley partials that
left behind an impurity plane. These dislocations were obviously arrested in
motion by the cooldown of the sample and therefore are not in equilibrium. The
smallest value was found on defects that can reasonably be expected to be in
equilibrium, for example, the partial dislocations in Figures 60 and 67. The
calculation of the stacking fault energy from this radius of curvature leads
to a value greater than that reported for the extrinsic stacking fault,‘o
however. This is an indication that there is an additional stress acting on
these dislocations. A stress caused by the lesser thermal expansion
coefficient of the surface silicon oxide with respect to that of the silicon
would lead to a stress of the proper sign to cause increased bowing of these
partial dislocations. It is therefore impossible to measure the stacking
fault snergy in our aamplés. It should be emphasized, however, that the
energy of the stacking fault with an adsorbed impurity must be less than that
of a clean fault. In fact, some recently reported anomalies on the
dissociation of sorew dislocations in silicon show that the extrinsic stacking
fault energy in silicon can be lowered, probably by the adsorption of
impurities onto the stacking fault. !

It should be noted that residual crntrast has been previously reported on
stacking faults when @ * R = 1 For a perfect stacking fault,”»22 jndicating
that the extrinsic stacking fault resulting from oxidation or precipitation is
dirty.
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We are now in a position to understand the nucleation of new stacking

i faults that is observed. ¥hen a previous stacking fault is annihilated at

high temperature, it leaves behind the adscrbed impurities, initially on one

‘ ; plane. Evidently, vhe oxygen and copper left behind can nucleate the new

stacking fault in the presence of excess interstitials produced by the

oxidation at the surface. The role of oxygen in this nucleation process is

fairly clear; it suppresses the stackiig fault energy of the resulting defect,

naking tre collapse of the interstitials iuto a stacking fault feasible. The

y role of copper is less clear. Perhaps it serves as the "glue" to hold
; everything together until the stacking fault is formed.
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SECTION VI
DISCUSSION

This section contains a review of the electrically active defects that
have been obsarved and a discussion of their probable origins. A model for
electrical activity from dislocations is proposed that is consistent with our
observations. Finally, we present a discussion of gettering mechanisms based
on our observations of the effects of gettering in devices, as well as on the
results of Section V.

A. Origins of Electrically Active Defects in CCD Imagers
1. Dislocation from Unfaulted Subsurface Bulk Stacking Fault
This is the most prevalent type of dark current producing defect,
and evidence for it was found in almost all the material investigated. The

occurrence of these defects appears well correlated to both faulted and
unfaulted stacking faults in the channel stops. From five to ten times as
many defects were found in the channel stops as in the channel. In the
imager, these defects gave rise to a lccally random distribution of dark
current spikes, most of very low level, with some having moderate level. The
defect size ranged from 0.1 um to ~ 10 um. Most were 1 um or less in length.

We have found that the length of stacking faults nucleated at the
beginning of the process is 9 um in the channel stop, ~ 1.3 um in the center
of the channel, and up to 7.5 um at the edge of the channel. The variability
in length that was observed in devices not intentionally damaged clearly
indicates they are nucleated throughout the process. Thus, this defect
appears to be the same as that previously reported to be the most pervasive in
cop hucrs.z?' 24 It should be noted that our investigations, which have been
a more thorough characterization than the etching studies that have been used,
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reveal that the defect in the channel is sn unfaulted stacking fault ,.at least
in our device.

)
lx
3
1
1

‘ The fact that the smaller defectt are morc numerous, particularly
under the channel stop oxide, suggests that the largest numbder of _heae
defects are nucleated late in the processing cycle. In particular, it would
appear that most of them are nucleated hefore or during the growth of the
i oxide underneath the polysilicon gate.

Even though they are nucleated in the bulk, these stackink faults
are clearly dit'fe_rent from bulk stacking faults found deep in the slice and
those associated with bulk swirl precipitation in that no central precipitate :
ie found on the stacking fal.llt.s’ﬁ Furthermore, all of them are nucleated 3
close to the oxide/silicon interface. In this respect they are identical to
L the freshly nucleated stacking faults discussed in Section V.

i

:

{ A plausible scenario for the development of these defects requires
: _

[—j the hypothesis of the nucleation mechanism. Two mechanisms seem reasonable:
]

i

(1) That qoppér acts as a nucleation agent for stacking faults.
[ Thin posaibility was discussed in Section V. The observed size distribution
! would then follow from an increased copper concentration during proocessing
and/or the failure of intrinsic and backside gettering mechan.sms in the
process., In either event, the increase in the amount of copper available
would result in an increased nucleation rate later in the process.

(2) That carbon acts as a nucleation agent for stacking faults.
There is some indirect evidence implicating carbon as a source of defects such
as stacking faults.25'26 The observed size distribution would then result
from the diffusion of carbon to the surface during processing, and the
subsequent increased conoentration available for nucleation.
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In either event, it should be recognized that the nucleation must
require several impurity atoms; otherwise, there would be many more stacking
faults than are actually observed. The requirsment for aeveral ztoms would
lead to a nucleation rate proportional to some power of the concentration of
impurities and, hence, would be strongly reduced with decreasing
concentration. In addition, it seems likely that a supersaturation of oxygen
and/or a supersataration of silicon self-interstitials are also required for
the nucleation to take place.

It should also be noted that a 700°C annexl is effec'tive in
nucleating stacking faults in Czochralski silieon.27 All commorcial
Czochralski silicon (including that used in this study) receives an anneal in
this temperature region to stabilize the resistivity while the orystal 1is
still a boule. Since the nuclei, once formed, are stable at high tempe.aturvs,
it appears likely that some of the large stacking faulits are a result of this
stabilization bake,

2. Proocess-Induced Dislocations

The types of process-induced dislocations include the familiar
thermal stress dislocations, which are generated by thermal gradients during
alice oooldownza; and dislocations generated at the center of the bhackside
during processing, which are propagated to the frontside. Cur results
indicated that both float-zoned and backside-damaged Czoohralski slices are
Bore susosptible to the formation of these defects than are conventional
Czochralski wafars.

Recently, Hu29 has shown that dislocations are able to move under
lower stresses in oxygen-free silicon than in aiiicon with oxygen. This would
explain the behavior of the float-zoned material. Lacking oxygen, for a given
stress source, the dislooations can p-npagate further to a region wherc the
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stress is lower than they can for an identical stress source in Czochralski
silicon. '

The behavior of backside-damaged silicon would suggest that the
stressas introduced by thermal streases or backside process damage are udded
tno the stressea introduced by the backside damage process. Whils neither of
these alone is sulficient to cause a problem, together they result in numerous
dislooations at the frontside of the device.

3. Device Straas Dislocations

These dislocations are shallow dislocations found ia the channels
and charmel stops. In Section IV it was shown that thesa dislocations are
forasd during the thick oxide growth step, probably during cooldown. They are
glide dislocations and move under the stress of the thick oxide, which exists
due to the difforerces in the thermal expansion coefficients of silicon and
silicon dioxide. The overlying polysilicon zlso exerts a stress field that
has baen found sufficient to remove shallow-lying channel/channel stop
dislocations from the silicon, and in some instances to generute short
seguonts of dislooation perpendicular to the channels and channel stops.

Two nucleation mechanisms have been observed for these dislocations:

(1) From a preexisting dislocation. These dislocations may be
thermal stress dislocations or dislocations formed subsui'face during the bulk
swirl precipitation of oxygen.

(2) Pfrom a soratch. Since a scratch is usualiy couverted into a
sorien of stacking faults during the initial oxidation, the source of the
dislooation is probably an unfaulted stacking fault.

Since these are glide disloocations, their movement is confined to
(1i1) planes. Consequently, they may be effectively controlled by placing the
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channels and channel stops (and the polysiicon electrodes) in (100)
directions. In this manner, (111) planes are no longer parallel to the streas
field of the thick oxide or polysilicon, and dislocation propagation is not

favored. In fact, we have never seen this type of defect in samples with a
(100) flat.

4§, Atomistic Defect
This defect produces regions of higher dark current that have been
characterized as dark current banding. Most interesting 1s the fact that the
appearance of dark current banding has invariably been associated with the

nearly oomplete absence of dark current spikes. It has been found to be
getterable at short range (< 50 um).

5. Surface Dafect

This defect was deduced to be located at the silicon - oxide
interface, since no defect that was observed in the electron microscope
correlated with the dark current defect in the imager. This defect is
getterable by backside mechanical damage. It has been found at the periphery
of bulk swirl preoipitation_, and only when dark current banding is not present.

6. Stacking Faults
Stacking faults in the channels have been observed in this work only
when the stacking fault was nucleated from a scratch. Stacking faults
nucleated by another mechanisa (or mechanisms) have always been found to have

unfaulted in the channel. Stacking faults in the channel, however, have been
found to be a scurce of dark current.

B. Electrical Activity of Dislocations

A marked difference in the electrical notivity of dislocations has been
noted in this study. In particular, we find that very few dislocations that
originate by a glide mechanism are dark current sources, while our data
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suggest that almost all dislocations resulting from the unfaulting of a
stacking fault are da~k current sources. While we do not have a definite
count, our observations on the electrical activity of glide dislocations is in

agreement with published accounts that only 5§ of these dislocations are
electrically active,23,30

In the first place, it is clear that a dislocation must be in the
depletion region of a device if it is tc be a dark current source, since

dislocations located just outside the depletion region, created by bulk swirl

precipitation, are not dark current sources. The depletion region extends to

a shallow region under the channel stop, and an electrically active

dislocation has been found here. The surprising feature is that dislocation

from unfaulted stacking faults, which are seldom more than 1 .m in length, are

dark ourrent sources, while glide dislocations that have at least 5 ;m in the
depletion region are not dark current sources.

It should be pointed out that no precipitates have been found on any
defect in devices in this work. The behavior of copper precipitates in weak
beam experiments on defects in nondevice samples enables us to conclusively
state that in devices, no copper precipitates larger than 5 ; diameter are

present. Thus, it appears that precipitation can be ruled out as the cause of
observed electrical activity.

A possiblie explanation for this behavior results from the weak beam
experiments conducted in the electron microscope on these dislocations. 1In
particular, we find that most glide disloocations are dissociated into two
Shockley partial dislocations, while all dislocations resulting from the
unfaulting of a stacking fault are undissociated. Thus, a simple explanation

is that undissociated dislocations are dark current sources, while dissociated
dislocations are not.
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Hirth and Lothe3' show that two types of dislooations are possible in
silicon. They name these the "shuffle"™ and "glide" sets of dislocations.
Examination of ball and stick models of these dislocations (Figure 72) shows
that the dangling bonds formed on the glide set of dislocations may be healed
by the formation of five and seven rings (rather than the normal six rings
round. in the perfect crystal), while the dangling bonds on the shuffle set may
be Jjoined only by the formation of three rings. The formation of three rings
would appear energetically unravorable‘ because of the large strain associated
with their formation. Thus, if the dissociated d;alocationa we observe belong
to the glide set, their core structure could have no dangling bonds, thus
acoounting for their electrical inactivity. If the undissociated dislocations
belonged to the shuffle set, then the dangling bcnds, or the adsorption of
impurities to the dangling bonds, could account for their electrical activity.
Conversion of the electrically inactive glide dislocation to an electrically
active dislocation could then occur either through constriction of the two
partials into sn ndissociated dislocation, or possidbly, as has been recently
discussed, thriugn the conversion of one of the partials from the glide set to

one of the shuffle set, by the application of suitably high stresses at low
tnlpeuturea.32

Based on the observed dark current and the length of dislocation, we
estimate that the undissociated dislocation resulting from the unfaulting of a

stacking fault re=ults - ' leakage of 1 to 5 nA/om of dislocation line in the
depletion rez:.cn.

C. Effect of Gettering on Dark Current Defects

We have observed get ing by two different mechanisms: by backside
mechanical damage, and ., intrinsic gettering by the bulk swirl precipitation
of oxygen. Their effectivensss on various defects ia summarized in Table 5.
Clearly, backside mechanical damage has been dissappointing as a gettering
mechanism. Bulk swirl precipitation, on the other hand, appears much more
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Figure 72 Models of 60° Dislocations. (a) Glide set, (b) shuffle set. The
dangling bonds in (a) may be healed pairwise (heavy line) by the

formation of five and seven rings.
by the formation of three rings.
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In (b) they may be healed only
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effective as s gettering mechanism. 1In fact, the best imagers in the present
study, with by far the fewest dark current defects, have been found over
regions where the bulk swirl precipitation of oxygen has occurred. The
converse is not true, however. We have seen imagers over bulk swirl
precipitation that had a moderate number of dark current defects.

Certainly our work shows that backside mechanical damage does no harm,
provided the process takes into account the greater susceptibility of this
material to the generation of proceas-induced dislocations.

It is interesting that backside mechanical damage has not been affective.
It should be noted that most reports of the effectiveness of backside damage
follow it only through a single oxj.dlt:j.ou.1 »33 In theae cases, it is found
that backside damage strongly reduces the ocourrence of stacking faults. It
should be noted that we see very few large stacking faults in the devices.
Most are very small, indicating nucleation late in the process. Thus,

backside gettering may be initially effective, but loses its effectiveness as
processing ocontinues.

The damage introduced on the frontside and reported in Section V can be
viewed as a gettering mechanisa; as such, it provides us with an explanation
of the failure of backside damage. In particular, we find that copper does
not precipitate on dislocations. We find copper in (or on) precipitates of
oxygen on dislocations. These precipitates are formed in a very narrow
temperature range on cooling the wafer. From these results, we can develop a
scenario for the gettering of copper in ailicon.

(1) Copper is at best adsorbed to dislocations in silicon. PFroam the

previcus section on the electrical activity of dislocations it would appear
that copper ocan be adsorbed only on undissociated dislocations. It should te
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emphasized that the generally observed electrical inactivity of slip
dislocations is inoocmpatible with these dislocations gettering copper.

(2) The preferred gettering site for copper is an oxygen precipitate.
In Section V it was seen that these precipitates were formed in conjunetion
with the urfaulting of a stacking fault during cooldown, and from the local
supersaturation produced by the oxygen adsorbed on the stacking fault.

(3) The main role of dislooations in backside gettering is to provide
sites on whioh oxygen precipitation takes place. In order for this
precipitation to occur, however, there must be a supersaturation of oxygen.
This condition is met during the initial oxidation of silicon, but as the
oxidation progresses, the supersaturation of oxygen decreases due to
out-diffusion of oxygen to the backside. Thus, after the first oxidation, the
precipitation of oxygen ceases, since there is no more oxygen to precipitate.
Thus, the gettering action ceasss to be effective.

(4) The ability of dislocations to adsorbd copper will also undergo a
reduction with time as the array tends toward the lowest energy fora of
dissoniated dislooations.

(5) 1In contrast to the backside mechanism, the bulk precipitatio~ - °
oxygen has two advantages: it involves all the oxygen in the slice, and hence
is capable of gettering more copper; and it is continuous throughout the
proosss, since the oxygen deep in the bulk cannot out-diffuse as can that near
the backaide.
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SECTION VII
RECOMMENDATIONS

Prom the foregoing data and discussion, it should be clear that the
starting material and the fundamental process are inextricably connected.
Deficiencies in the material that are presumably insufficient to cause dark
ourrent spikes by themselves develop into dark current producing defects
during processing. In addition, since stacking faults may be nucleated by
trace amounts of copper, and since trace amounts may be added to the material
during processing, the material may also be required to make up for inherent

deficiencies in processing by providing electrically inactive regions to place
this copper.

The prevention of defects in the completed device may then logically
proceed by the specification of material able to cope with an existing
process, or by a radical change in the processing, ei.her by modifications to

an exiating process, or by the development of a new process that is inherently
defect-free.

A. Reoommendations for the Selection of CCD Material

(1) Material that produces bulk swirl precipitation of oxygen is the
best material for the fabrication of defect-free CCD imagers. In this atudy,
the best imayers have been produced on this material.

(2) Backside gettering has a slightly beneficial role. In this study
backside gettering either has led to a reduction in the number of dark current
spikes, or has had no effect. Degradation has been noted only when problems
were encountered in pirocessing as discussed in Section I1II.C.3.
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(3) The orientation of a device on the wafer such that channels and
channel stops are parallel to (100) directions suppresses the formation of
disloocations caused by device stresses.

B. Pecommendations for Material Resssarch

(1) Determine the requirements of material to producc bulk swirl
precipitation of oxygen. Clearly, one requirement is that the wafer contain a
large amount of oxygen. However, our experience has shown that this is not a
sufficient requirement; wafers with large amounts of oxygen do not always
produce bulk swirl precipitation when subjected to the process,
that the precipitation we observe is heterogeneously nucleated.

It appears

(2) Determine the effect of eliminating the stabilization bake currently
used to stabilize the resistivity of silicon boules. There are indications

that this procedure can lead to the nucleation of stacking faults in the
device region.

(3) Determine the role of carbon in nucleating defect:. There are
indications that carbon may be associated with the nucleation of defects such

as stacking faults in the device. If so, a low carbon specification would be
in order.

(%) Determine specifications and a quality control screen for low-defect
material. A quality control screen would consist of a sequence of
oxidation/anneals to produce defects that correlate with those developed in
the prooess. Because many of the defects aru nucleated late in the process,
it is unlikely that a single oxidation or anneal will be capable of developing
sufficient evidence on material quality.
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(5) Determine the most effective backside gettering technique. In this
work vwe have explored only backside mechanical damage as a gettering
technique. Our results indicate that it ioses its effectiveness ezrly in the
process. It is not clear whether this is the case for all backside gettering
techniques. If intrinsic gettering by the precipitation of oxygen can be made
to work, however, the case for backside gettering could be reduced.

C. Recommendation for Modifications to Existing Process

A two-step gettering procedure prior to the growth of the channel gate
oxides may alleviate the problem of stacking fesults (both faulted and
unfaulted) in the channel region.

(1) An anneal under a neutral or reducing ambient with all channel oxide
removed. This should annihilate existing stacking faults and dislocations
from unfaulted stacking faults by allowing them to climb to the surface. The
climb proceeds most rapidly in the absence of a thermal oxide.

(2) The application of an additional backside gettering process aftor
the anneal. The purpose of this gettering would be to provide a renewed

backside gettering to prevent the subsequent growth of stacking faults during
the formation of the gate oxide.

D. Recommendations for a Future Defect-Free Process

Our results clearly show that the degrading defects are formed during
thermal oxidation steps. Furthermore, the thermal oxide, when present, acts
as a mirror to silicon self-interstitials during subsequent nonoxidizing
anneals. This prevents their being annihilated at the surface. As discussed
in Section 1V, there are indications that chemically deposited oxide does not
possess this peculiar property of a thermal oxide.
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It would therefore deem logical to minimisze the use of thermal oxidation
steps to reduce the formution of defexts. It is suggested that chemically
deposited oxides be investigated for use as diffusion or implantation masks.
The use of high pressure thersal oxidstion at lower temperatures may serve to

! reduce the growth of defects when the electrical properties of a thermal oxide
: are required.

It would appear that the optimum situation would be to have both material
that is ocapable of producing imagers with low dark current defect density and
a provess that minimizes the probabili%y of producing these defects. J
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APPENDIX A
CRYSTALLOGRAPHIC DEFECTS IN SILICON

A brief summary of the crystallographic defects that are discussed in the
body of the text (dislocations and stacking fsults) is given in this appendix
to allow the reader who is unfamiliar with the terminology used in the body of
this report to follow the discussion. Key terminolasgy 1s therefore

underlined. Por more detailed discussion, tha reader is referred to the books
by Hirth and Lothe,3¥ and by Nabarro.3>

A. Dislooation

The formation of a dislocation in a solid is illustrated in Pigure A-l.
Beginning with & s0lid continuum block (a), a cut is made partially through
the block along a plane (b). Then the portion of the block above the cut is
shifted to the left gnd the portion below to the right (e¢). The two portions
of the block above and below the cut are then rejoined to give rise to the
dislocation in the continuum, which is located where the cut plane stopped
(d). The shift of the portion of the block above the cut with respact to the
portion of the bdlock below the cut is called the Burgers vector of the
dislocation and is labeled b in Figure A-1(d). In this figure the shift has
becn made perpendicular to the line of the dislocation (which runs
perpendicular to the plane of the figure), and the resulting dislocation 1s
ocalled an edge dislocation. Note that the Burgers vector say sake any angle to
the dislocation line simply by shifting the top portion of the block in an
appropiriate dirsotion with respect to the bottom baefore the cut plane 1

rejoined. 1In partioular, if the Burgurs vector is parallel to the dislocation
line, it is called a screw dislocaticn.

The aituation in a orystal is schematically illustrated in Figurea
A-1(e) and A-1(f). Because of the periodicity of the c¢rystsl lattice, when
the top and bottom halves of the crystal are rejoined, continuity of the
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atomias bonds can be achieved only for a few apecific values of the Burgers
vactor.

Thers are two wvays in which a dislcoation may move in a orystal. If the
plane of the cut is an allowed slip plane [in siliocon, the allowed s ip planes
are (111) planes ], then under the application of a shesr stress as indiocated
by the arrows at the top and bottom of Figure A-1(d) the dislocation will move
to the left. This process is called slip or glide, and the dislooation is
onlled zlissile. Mote that the alip plans is the plane containirg both the
dislocation line and the Burgers vector. The dislocation may also move
perpendicular to the slip plane by adsorbing or enitting atoms from its oore,
where the extra half plane of atoms ends [Figure A-1(f)]. This proocess is
knovm s climb. Disloocatisne for which the dislooation iine and Burgers

veotor do not fall on ar allowable slip plane can wmove only by climdb and are
oalled sessile.

Two geveral classes ol dislocations may bs found in a faoce centered ocubic
ocrystal such as silioon: perfeoct or partial. A perfect dislocation is one in
which the orystal surrounding the dislocation is perfect, i.e., retains the
oubic symeetry, exocpt for distortions cresated by the discontinuity at the
disloostion core. A partial dislocation 1s one in waich the cubic symmetry is
destroyed by the presence of a stacking rault (see belocw) on oine side. In
silicon the Burgars vectors of psrfect disiccaticas are of the type a/2(110),
where a is the lattios parwmeter.

e. 8 Yauly.

In a face oentared cubioc material, (111) planes of atoms are stacked ln a
three-laysr segquence such as illustrated in Pigure A-2(a). The distacoce
between naighboring plines such ss A and B is a/3(111). Any of the planes A,
B, aund C ocan be transformed to eny other plane A, B, ¢cr C by a single
translation, i.e¢., they are isocaorphlo. Thus, iAf an & rlane is translated
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through a distance of a/3(111) to the position of ¢ B plane, it would still
remain an A plane; but if it were translated by an additional amount,
/6 112), it would be converted to a B ,.lane. Similarly, a B plane can be
oonverted to a C plane by an extra tianslation of 8/6(121) and a C plane to an
A plane by an extra translation of a/6(311).

If the normal stacking sequence ABCABC . . . is altered to, for example,
ABAB . . . (the stacking sequence for hexagonal symmetry), the resulting
defect is called a stacking fault. For example, suppose an sxtra B plane were
inserted between an A and a C plane ([Pigure A-2(b)]. 1In this figure the
stacking fault is on the right side of the crystal. MNote the hexag.::!
sequences BAB and BCB. Where the atacking fault ends in the corystal there is
a partial dislocation. In Figures A-2(b) and (¢), these are called Frank
partial dislocations and have Burgers vectors of a/3(111). With an extra
added plane, the stacking fault is called an extrinsic stacking fault. If,
howsver, a plane of atoms were removed, such as an A plane in Figure A-2(c),
an intrinsic stacking fault would be created [ again on the right side of
Pigure A-2(c)]. Again, note the hexagonal stacking sequence BCB in this
figure.

Because a (ill) plane of one type oan be converted to a (111) plane of
another type by a translation of a/6{(112), an additional type of partial
dislocation is possible. This may be accomplished by cutting in a orystszl on
a (111) plane between an A and a B plane, for example, and translating the
bottom of the crystal by a/6{211) before rejoining the crystal across the out.
The result is a Shockley partial dislocation, whioch has a Burgers vector of
a/6 @11) (Pigure A-3). 1In this figure note the stacking sequence
BCB, indicating that the resulting stacking fault is intrinsic in nature
([compare with Figure A-2(c)].
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E : Since a partial dislocation is attached to a stacking fault, as the
E : - partial dislocation moves, it must oreate or destroy stacking faults. Thus, a
} partial dislocation can move only on the plane of a stacking fault to which it
L 1s attached. A Frenk partisl oan therefore move only by olimb and a Shookley
E ’ partial omly by glide.
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APPENDIX B
CCD _IMAGER OPERATION

It is appropriate to review the operation of the CCD to clarify the
meaning of the data reported in this work. The basic unit of the CCD imager
is the MOS capucitor. Imagine a pair of these arranged so that the conducting
gate electrodes (¢,,4,) overlap, as in Figure B-1(a) The p-type substrate is
doped with n-type pockets at the edge of each electrode, with the last element
a contacted n+ layer. The output gate 0G serves to isolate the n and u+
regions. The gates ®&» ¢2, 0G, and the contact to n' are electrically
insulated from each other.

When none of the electrodes are connected to external voltages, the
electrons are in thermal equilibrium throughout the substrate. In normal
operation, the substrate is connected to ground; ¢4, ¢,, and 0G are connected
to independently controlled power supplies; and the n"' contact is held at a
high positive voltage. Next, the output gate is pulsed positively, lowering
the energy of any electrons in the substrate near the oxide interface. By a
proper choice of the pulse height, the electrons in the n-pocket under ¢2 are
"connected" to the n+ doping region, where they see lower energy states and
thus flow to the n+ where they are collected and swept out by the n+ power
supply. When the pulse under the output gate is removed, the n-pocket under
®2 is depleted. A 1local charge from the ions remains, and thermal
equilibrium is destroyed. Now ¢2 is pulsed, lowering the electron energy
under all of ¢,. This allows the electrons in the n-pocket under ¢, to see the
lower (electrostatic) energy levels under ¢, and, as a result, transfer to the
n-pocket under ¢,. A second pulse on the OG transfers these electrons to the
n+ region and out through the power supply. In practice, it takes several
clocking cycles to reach a steady state condition for the time averaged
current through the nf supply. Once this condition is reached, the electron
energy for zero volts on ¢, ¢>2, and OG is as shown in Figure B-1(b). Also
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shown are the regions contrclled by each of the four power supplies. Note
that the fraction of the region under @¢» ¢ which is not n-doped serves as a
barrier to isclate the n-pookets.

In the steady state, the current through the nt supply 18 oalled the
"dark current” since it is measured in the dark where only thersal carrier
geoneration oan ocour.

If the ¢y, ¢, structures are repeated to the left in Figure B-1(a), a
serial register is generated. 1In this case, the first pulsing of the ®2
gates, which are bussed together, will merge the charge under the ¢, gates
with that already present under ¢,. This merged charge is the unit propagated
to the n+ contact. The minimua spatial resolution element therefore
oorresponds to the combined area of ¢, and 3, and is called a "pixel,."® for
picture ¢lemant.

Each electron pulse is fed to a video monitor where the intensity of the
display is arranged to be proportional to the number of electrons in the
pixel. In the ideal case there would be no contrast on this diaplay because
the thermal generation rate would be the same in each pixel. If, however, an
electrically active defect occurred in one pixel, then the resulting white
spct on the video display (dark current spike) will reveal both its ooourrence
and location on the device. In practice, the sensitivity to defects is
enhanced by allowing the device to integrate charge (¢,, ¢, at do) for a amall
time (we use 30 ms) between video readouts. The integration time must bde
short oompared to the time neocessary for the majority of pixels to return to
thersal equilibrium, but long enough to reveal the electrically active defects
with good video ocntrast.

When the genoration rate in a given pixel is exoceptiomally high, every
video pulse will be high in intensity, corresponding to a fully loaded

150

con e 4




e T

e

n-pocket, because every pixel read into the n' region necessarily goss through
the defective Lrea. The video display for this ocase oconsists of a white line.
Certain proosssing errors, however, also osuse white lines. In any event, we
have chosen to ignore these white lines in the discussion of this work because
their presence does not represent, in principle at least, a new type of
phencaencn to be investigated.

The imager used in this work is partiocularly well suited to the study of
electrically active defecta because the retio of pixel area to total device
ares is high, 0.78. On a thres-inch slice, soms area near the edge is lost to
partial, monoperating devices. Even so, 518 of the total slice area has
acoessible pixels whose size [25.4 um x 25.8 um (1 mil x 1 mil) ], makes it
easy to looate defective areas for subsesuent structural analysis.
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APPENDIX ¢
CCD IMAGER FABRICATION

The CCD imagers used to image the dark current patterns and point defects
investigated under this contract are two-phase, n-channel, buried channel
imagers with 82 K resolution elements in a 0.55 om? active imaging area. Each

element's area is 671 unz (~ 1 nilz). The structure is a

serisl-parallel-serial, full-frame {formet with polysilicon and aluminum
electrodes. The imager stores the matrix of charge packets in the imaging
area and transfers the packets, one line at a time, into the output serial
register, where each slement is sensed at a 6.44 MHz sample rate.

The imagers are fabricated on 7.6 om (3 inch) diameter p-type (100) 8 to
12 O-om silicon slices.

The basic process flow, showm in Figure C-1, is summarized below:

(1) After an initial cleanup of the slices, an initial oxide is grown.
A CYD nitride etch and diffusion mask is deposited on the initial oxide.

(2) The moat region is patterned, using optical photolithographic
techniqQues, and the nitride is etched. Using the nitride as an etch mask, the
initial oxide is etched. A subsequent doron diffusion dopes the p regions of
the devioe.

(3) A long oxidation cycle grows a thick field oxide in the moat and
channel stop regions of the imager.

(N) Regions to receive nt doping, such as source/drain regions, are then

opened by nitride and oxide removal. A phosphorus diffusion forams the nt

regions.
(5) At this point, the initial thin oxide is stripped back to the

silicon, and an oxidation is performed to achieve a clean, high integrity,
gte oxide.
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(6) The buried vhannel doping is then implanted through the gate oxide,
and a seocond oxidation is parformed to grow the gate to its final thickness.

(7) CYD polysilicon deposition and patterning and dopant implants to
form the barriers and wells are performed to acoomplish a self-aligned phase
electrode with the harriers and walls. The barriers and wells provide th»
directionelity required for a 2¢ device.

(8) A thermal oxidation of the polysilicon forms the iaterlevel
ingulation required to isclate the phase-one (polysilioon) electroGe from the
phape-two {alumimm) elecotrode to be patterned.

(9) After the cxido has boen removed from the contact regions, aluminum
is deposited on tis slive. Ths aluminum electrode and lead pattern is masked
add etohed.

(10) The alwainua-to-silicon contacts are sintered to reduce the contact
resistaswe. The devioces have then completed fedriocation.

during the fahrication cycls, the highest temperature encountarsd is
1100°C. All high temperature operations are perforsed with a slow push and
slow pull to prevent thermml shock in Che slices.

Figure C-2 shows a crosa-soctione’ view of the phase electrodas and the
implants that foe the wells.

Thick fleld channel stops with excess p-type doping separate the CCD
osannels. Thase stops are foreed during step (3) above.

The device is doped 30 that the depletion region frum the buriel chemnel
oxtends ~5 @ into the Si from the gate oxide - silicon interface. All
rlectrioally active defects that reside 1n this depletion region will gemerste
dark current signal. Defects ocutside the depletion region can contribute only
afler the carriers diffuse to the CCD wells.

Devioe testing is described in Agpendix B of this report.
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APFENDIX D
X-RAY TOPOGEAPHY

The arrangement for transmission x-ray topography ie illustrated in
Figure D-1. In this figure we are looking down on the apparatus. The =liits
closest to the x-ray source limit the horizontal divergence of the x-ray beam
a0 that only the Ka1 oomponent is diffracted by the sample. The sacond set of
alits prevents the main beam from falling on the film, allowing aonly the
diffracted beam to expose the fiim. Since the first set of slits defines u
line of x~-rays normal to the figure, the film and sample are scanned through
this bsam to form an image on the film of the diffracted x-ray intensity froa
the entire aliple. feflection topography is similar, except thet the
diffracted beam emerges from ithe same side of the sample as the incident dega.

S8ince the main beam now passes through the sample, tlie second set of slits is
not needed and is usually omitted.

Conditions that lead to the maximum detectability of defects by x-ray

topography were considered in some detail in the first technical report36 and

will not bte repeated here. It was shown that the practical resolution and

sensitivity of a topograph were x-ray photon noise liwited. Therefore, to see

a dalect whose area on the topograph is A and whose diffracted intensity is Al
above the background intensity I, an exposure £ i3 needed such that

%I-{E All - exp(- uot)l}*

is greater than some nuamber (theoretically 2 for the 958 confidence limit).

The te.@ in aquare brackets i3 the fraction of x~ray radiation adsorbed by the

topographic filsm. The limitation imposed by conventional photographic

processes is that the plates will withstand exposures of the order of 10
photons/ ;-2 before developing to a totally black plate. Since the plutcs sre
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capable of recording exposures to the order of 1000 photons/umz, we have
explored the use of an alternate developer to reveal the latent image.

The use of a fine-grain developer in conjunction with long exposure times
was found to significantly reduce the graininess of the developed image, which
is due to the statistical fluctuation of the intensity of x-rays, and give
significantly higher resolution topographs. The developer used waa37

Q.45 g Elon developing agent
3 g8 Ascorbic acid
5 g Borex
l g Potassium bromide
Water to make 1 liter.

The devsloper is unstable and is therefore mixed two hours prior to use
and discardsd after developaent is complete. The exposure-density
characteristios of this developer at room temperature on 25 um Ilford L-4
nuclesr plates exposed to Cukc, radiation is shown in Figure D-2. In making
long-exposure topographs, the developmont time is adjusted to give good plate
denaity {average ~ 2) for the exposure given vo the plate.

To understand the position of defects in the imager, it is necessary to
undsratand the contrast from the device itasslf.

Figure D-3(a) is a 322 reflection topograph of an imager that contains a
surface scratch applied after device fabrication. The same scratch is viaible
in an optiosl aicrograph of the imager in Pigure D-3(b). The channels in the
optical micrograph ocsn be reedily identified since they contain additional
surface relief arising from the oxidation of the polysilioon. This relief is

not found on the channel stops. The scratch, therefore, is seen to lie
entirely on the higher channels.
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; Figures D-3(a) and D-3(b) show that for the 422 reflection, the channels
y appear dark in the topograph, while the channel stops appear light. This type
of contrast arises from the surface relisf of the imager. This may be
3 qualitatively understood by reference to Figure D-4. The channel stop 1is
' rccessed as a rogult of the thick oxide growth over the channel stop. The
protruding chennels therefore intersect a proportiorately larger amount of the
x-ray beam than do the channel stops, and, subsequently, cast a shadow on the
channel stops. Thus, the channels receive a higher incident x-ray intensity
than the channel stops, and have, therelfore, a higher difiractsd intensity for
this reflection. The exuct diffraction process is somewhat more complicated
and requires uonsiderations of energy flow from the dynamical theory to be
v fully explained. We find, for example, that the diffracted intensity from
= this reflcotion is higher than that of the 422 reflection [Figure D-3(c)], for
which the surface relief of the channels and channel stops plays no part. This
3 shows that there is an additional enhancement in overall ditfracted intensity
that is not accounted for in the simple argument given akove.
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TLe same scratch, ismaged in a 422 reflsction, is ahown in Figure D-3(o). {

The faint black bands running from left to right arise from the same type of }
contrast mechanisa as the bands in Figure D-3(a), but the surface relief is
substantially less. The horizontal dark band correspondo to the silicon under
the polysiliocon gate, while the light band is under the aluminum gate. This ;
‘ surface relief results froa the process step where the polysilicon is
S oxidized, causing additiormal oxidation of the siliocon substrate that ias not
f t ocovered by the polysiliocon. The channels and channel stops, which are very
o faint, may be seen by viewing the image at a glancing angle from the bottom of
the page. By oorrelating Pigures D-3(b) and D-3(c), it will be ssen that the %
channels appear light, while the channel stops are darker. This contrast *

arises from the strain field of the doping in the channel stop.
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Figure D=4 Experimental Arrangement for L22 Topograph |l lustrating Surface
Relief Contrast Mechanism
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Figure D-5 1is a topograph of such a defeot which was found in a
nonoperational portion of a devios on float-soned material. Defects ladeled
"1* are dislocations emergent from the bulk of the material, as confirmed by
transaission topography. Defeot "2" is a dislocation that has grown off an
smergent dislocation from the bulk, labeled *3.*

A reflection topograph of this same region undar a different diffrection
oondition is showmm in Pigure D-5(b). Seversl important points are illustrated
in these topographs. PFirst, close examination of Pigures D-5(a) and D-5(b)
shows all defect images are split. This double contrast arises froa the
strain field of a aingle dislocation with an edgo component. According to the
kinematioal theory of image formation38:39 lattioe planes that are tilted more
than ~ 2 times the angle over which the perfe2t orystal diffracts will
diffrect kinematioally, giving an added intensity. PFor a dislooation with an
edge component, there are two such regions, one on either side of the core
(Pigure D-6), and henos the bimodal contrest pattern. Such a splitting has
previously been observed in transmisasion topugraphs, where the diffrection
conditions used caussd the aplitting to be ~ 5 times that in our topographs.3d
The observed total image size is in the range of vhat is theoretiocally

expected for a single dislooation. According to Lang and Polurou.“ the
imege width of a disloocation is given by

U-C%{s .

where C is a constant somewhat greater than unity, and gg is the «xtinction
distanoe of the x-rays for the reflection under consideration. The extinction

distance depends on the angles that the incident and diffrected x-ray beams

sake with the surfece. In our oase, the incident radiation can enter the

ocrystal at either a» glancing angle on the channel and channel stop top
surfaces, or nearly perpendicular to the crystal at the edge separating the

channel and channel stop; henze, we have a situation more complex than that
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Figure D-5 Topograph of Dislocations in Device on Float-Joned Material '
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Figure D-5
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Figura D<6 Origin of 8imodal Contrast from an Edge Dislocation
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, derived for the simple theory. 1If we assume, however, that the x-ray field in
A , the crystal ariszes enticely from the glancing incidence radiation, then gg is
2 calculated to be 8.3 um, meaning the width is givan by

. ' W=1.,32C9 " bum .

Now if E . b =3 [which is the case for B = 3(101)], and if C » 2, then the
caloulated and observed image size would agree. The effact of the radiation

’ ircident on the channel/channel stop edge should be to increase the extinetion
distance, allowing for a smaller vaiue of C for agreement.

g Compar-'ison of Figures D-5(a) and D-5(b) also shows that the image of the

e e

channels and channel stops is shifted from the image of the defects in these

towographs., A study of several pairs of topographs indicates thai this shift :
is approximately 5 um between the two topographs for the (224) type of 5
reflections. This means that in each of the two topographs, which are
symmetrically relaced by a 180° rotation of the device, the image of the

channels and channel stops is shifted 2.5 um toward the incident x-ray beam
{in the directicv. of the -é vector), and hence the correct location of the
defect 1is in a pusition 2.5 um in the dirention of the 'g' vector.
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The transsission electron microscopes used ir thase investigations were a
Siemens IA operating at 125 kV and a JEOL100CX operating at 100 kV. The ‘4

Lo ok il FabS e T o ‘

APPENDIX E
TRANSMISSION ELECTRON MICROSCOPY

latter instrument is equipped with a field emissior gun, a STEM attachament,
and energy disperaive x-ray analyzer. The techniques used to reach the
conclusions presenzed are standard and are well treated in the books by
Loretto and Suallnan,'“ and by Hirsch, et al.“z The weak beam technique is
dealt with in papers of Ray and Cockagne.!3.#¥

The sample pbeparation technique is summarized below.

(1)
(2)
(3)

(4)

The specimen was ground to a thickness of ~ 100 um.

The specimen was chemically thinned to a thickness ~ 25 um.

A stainless steel ring, 3 nm diameter, was then attached over the
desired specimen area using a mixture of photoresist and carbon
paint. Paraffin wes placed in the center of the ring, and :.ae
specimen disk etched out.

After removal of the paraffin, the sample was mounted on paraffin,
and the sample thinned to the desired thickness of ~ 1 um.

The etchant used was that originally reported by Lawr'ence,us with the HF
concentration adjusted to give the desired etch rate.

With this procedure, it was found possible to consistently obtain areas

sufficiently thin for electron transmission of 250 um x 250 um in the desired )

area of a device.
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