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Introduction

This contract is a continuation of Contract No. DAHC S

15—72-C—0274 entitled “Damage Profiles In Silicon and their

Impact on Device Reliability”. Results of the previous

contract are published in Technical Reports numbered 1 - 7.

The Tables of Contents of these reports are given in the

preface.

Research to be performed under the present contract which

started october 15, 1976 is outlined in the Research Plan.

The work under the present contract is essentially a

continuation of the original work (silicon) and also an

S - application of this work to other materials (damage

gettering in GaAs).

The following Technical Report No. 2 concludes and

summarizes the investigation on the influence of oxygen in

annealed silicon (bulk and wafer form) on minority carrier

lifetime. It is self—contained and therefore published as a

separate technical report. The other work performed during

the time period April 1, 1977 to September 30, 1977 relates

to the influence of ion implantation in silicon on minority

carrier lifetime and to damage studies in GaAs after ISS.

This work is being reported separately in quarterly reports

and will be summarized in the forthcoming Technical Report

3.
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RESEARCH PROGRAM PLAN

1. Study point defects in silicon and GaAs crystals, their

generation and reactions during wafer processing and

their interactions with damage profiles introduced by:

a. Impact Sound Stressing S

b. Ion Implantation

c. Diffusion

2. Produce damage profiles in silicon wafers through ion

implantation techniques and study their influence on
,~~

minority carrier lifetime before and after annealing.

3. Determine the influence of studies listed under (1) and

(2) for Czochra3ski and Float Zone silicon crystals.

4. Study epitaxial. layer perfection of silicon deposited

on ion implanted silicon surfaces in the presence

and/or absence of Impact Sound Stressed wafer

backsides.

5. Study minority carrier lifetime in epitaxial layers

produced as listed under (4).

vi
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6. Use advanced modern analytical characterization

techniques for the studies listed under (1) to (5) such

as Transmission Electron Microscopy , Scanning Electron

Microscopy, X-ray Topography, Precision Lattice

Parameter Measurements and Lifetime Measurements.

7. Develop new characterization techniques as needed.

8. Correlate damage measurements with electrical

measurements whenever possible (relate damage profile

to junction quality).

p

p
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Highlights of the Report

Variations of minority carrier lifetime observed in silicon

wafers cut from bulk annealed crystals and observed in

wafers prepared from crystals not pre-annealed but annealed

as “standard” wafers are reported.

The investigations are done on silicon containing high
18 3 17 3(— 10 atoms/cm ) and low amounts (5 x 10 atoms/cm ) of

oxygen. The investigations include zero dislocations and

approximately ~~~ dislocations/cm2 wafers and cover the

temperature range from 9000C to 1250°C.

Bulk annealed crystals subsequently sliced into wafers show

lifetime degradation with annealing time. The lifetime

decrease is less severe in dislocated crystals with an

original lifetime of 10 psec as compared to dislocation—free

crystals with an original lifetime of 100 lisec . The

lifetime values in both types of crystals converge after 40

hours of annealing to approximately 1 itsec .

The lifetime degradation is correlated with the actual

defect state produced in the active device area through

annealing. Silicon oxide precipitates and punched out

V I I I
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dislocation loops are identified as electrically active

defects responsible for the observed lifetime degradation. S

I~vidence is presented that under actual semiconductor device

(diode) processing conditions silicon wafers cut from

crystals not pre—annealed may influence “leakage limited

yield of diodes” depending on the amount of oxygen present

in the silicon wafers.

Findings on the out-diffusion of oxygen in oxygen-rich 
S 

-

C— 1&8atoms/cm3) wafers , as a result of semiconductor device

processing, (reported previously by other workers in the

field) are confirmed.

Increase in device yield (diodes) and improved lifetime in

epitaxial films obtained with oxygen—rich silicon wafers as

substrates are correlated with the “intrinsic gettering”

action of oxygen—rich wafers.

It is shown that “external gettering” cannot improve

minority carrier lifetime in silicon wafers if during

processing “intrinsic gettering” is active. S

It is also shown that “external gettering” is very effective

P
in improving lifetime in silicon wafers not containing

“intrinsic gettering” sources.

ix
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In such wafers external gettering techniques such as Impact
Sound Stressing (ISS) improve the lifetime distributions to

values obtained in oxygen—rich wafers.

A total Transmission Electron Microscopy analysis of the

defect state in all wafers investigated has also been

performed and the results are correlated with the lifetime

properties measured.
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MINORITY CARRIER LIFETIME IN ANNEALED SILICON

CRYSTALS CONTAINING OXYGEN

by

K. H. Yang , II. F. Kappert and G. H. Schwuttke

1. INTRODUCTION

Today one of the most urgent research problems in silicon

relates to the control of minority carrier lifetime in heat

treated silicon. By now it is well established that

lifetime in silicon depends strongly on variations in the

structure of complex micro defects that form or dissolve

during high temperature processing of the silicon wafer.

Such micro defects are summarized under the term “swirl”

which relates to their swirl-like distribution observed in a

wafer. The density of defect clusters in a “swirl” is not

homogeneous and can vary substantiall y across a wafer

surface and also from wafer to wafer even if cut from the

same crystal. The defect density in a swirl is called high

if the cluster density is approximately io 6 to iø~cni
3. In

a low swirl concentration one counts approximately

clusters per cm3. Normally the swirl density is determined

‘a..

1
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by chemical etching which reveals each defect cluster as a 
S

tiny etch pit. Swirl distributions in silicon wafers are

readily seen in X—ray topographs because the crystal defects

in the swirl produce excess diffraction contrast.

Swirl formation is typical for dislocation—free crystals.

During crystal growth from the melt, the crystal region

adjacent to the melt will contain the vacancy equilibrium

concentration associated with the melting point of silicon

S (14200C). During cooling of the crystal the vacancy

concentration decreases and the crystal becomes

supersaturated with vacancies at room temperature. If the

crystal contains dislocations the vacancies precipitate

along the dislocations (jogs) and are thus annihilated . If

the crystal is dislocation—free no vacancy sinks are present

and the crystal becomes supersaturated with vacancies

resulting in the nucleation and growth of vacancy clusters.

This process becomes more complicated when impurities are

present in the crystal. Therefore, swirls in Float ~;one

crystals (pure) differ in their crystallographic structure

from swirls in Czochralski crystals which contain large

amounts of oxygen (carbon) and sometimes metallic

impurities. Swirls in Float Zone crystals consist of

interstitial dislocations loops and precipitates (1,2).

Such defects have been shown to cause excess leakage
I.

2

- S 
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currents in p—n junctions (3,4). In Czochralski crystals

swirls are readily observed after annealing at high

temperature in crystal sections where the oxygen

concentration was high before annealing. Therefore, swirl

defects in Czochralski crystals are commonly related to

oxygen precipitation phenomena (5-10). The dominant crystal

defects generated in the precipitation process are oxide

precipitates, punched out dislocation loops, extrinsic

stacking faults, and interstitial dislocation loops (6—9) .

Such bulk defects act as sources for micro—plasmas, are

recombination centers , and cause leakage current in p—n

junctions (11—13) .

Czochralski crystals are still the main silicon wafer source S

for the semiconductor industry (bi-polar and MOS devices).

Consequently, a large amount of research has been expended

in the study of swirl defects and their influence on device
S 

properties (14—18). Most interesting are the results of

Tan, et al.(19) which indicate that swirl defects can act as

intrinsic gettering sites in Czochralski crystals and thus

improve device yield.

These results (19) are supported by the work of Graff and

Pieper (20) which investigates the influence of swirls in

Float Zone and Czochralski crystals on minority carrier

3
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lifetime after annealing in the range of 200 to 800°C. They

observe variations in minority carrier lifetime after every

annealing cycle and relate these changes to variations in

the complex structure of micro defects making up the swirls.

They observe several maxima for the minority carrier

lifetime below 700°C annealing and another one around 800°c.
Higher annealing leads to continuous decline in minority

carrier lifetime. To explain these variations in lifetime

they point to the importance of defect reactions with oxygen

and other impurities which result in a “gettering” effect.

Gettering is activated at certain temperatures. This is

observed experimentally as an improvement in minority

carrier lifetime. Such a gettering cycle (3500C to 450°C;

formation of oxygen donor complexes) is followed by a cycle

where oxygen complexes are dissolved resulting in a decrease

of carrier lifetime. These measurements have been confirmed

in part by Helmreich and Sirti (21). They point out that

the high temperature maximum (800°C) reported in Ref. (20)

must be related to a pronounced formation of nucleation S

centers which starts at 8000C. Such centers are certainly

preferred locations for precipitation of impurities such as

copper.

Our investigations address variations of minority carrier

lifetime versus swirl formation in Czochralski silicon after

4

-5- -- 

-- 
-- - 5 - --- --- - .5-.--——- —.5----.-- 

— --- -.5--~~~~~~——~~~~~~~~



—.5--——- 
—.5 .5- .5--

~~~~~~

- 

~~~~~~~~ 
‘.5

4 .

annealing in the temperature range of approximately 900°C to S

12500C. This temperature range is most interesting for

semiconductor processing. In this context a number of S

experiments are performed. The experiments deal with the

measurement of minority carrier lifetime by IIOS C—t

measurements after various annealing cycles of substrates S S

containing low and high amounts of oxygen as well as zero

dislocations and 104/cm2 dislocations. The use of the MOS - S

c—t technique enables us to measure lifetime distribution

across a wafer surface before and after heat—treatment. The S

lifetime measurements are correlated with the actual defects

state in the crystal under the MOS capacitor. Thus an exact

correlation between defects and lifetime is obtained after S

every annealing temperature. In addition , the

crystallography of single defects is determined through high

resolution transmission electron microscopy .

2.0 EXPERIMENTAL

Silicon crystals used for this study are Czochralski grown

and doped with boron to a resistivity of about two ~7-cm .

Both (001> and < 111 > oriented crystals are investigated .

The <001> oriented crystals are dislocation—free , while the

<111 > crystals have a 104/cm2 dislocation density of

grown-in dislocations as determined by x—ray topography and

5
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preferential etching. Three slugs, each about 2 inches in

length, are cut from each crystal. The letters A , B, and C

indicate the position of the slug cut from somewhere near

the crystal seed (A), from the middle (B), and from the very

end of the crystal (C).

Lifetime measurements are made through the MOS C—t technique

described by Fahrner and Schneider (22). This technique

allows relatively fast large—scale measurements of

generation lifetime in the range 1 msec to 0.1 nsec. For

the measurements a metal oxide semiconductor (MOS) capacitor

is biased into strong inversion and subsequently switched

into deep depletion . An appropriate experimental setup

prints out or displays a typical MOS recovery time, which is

introduced into a computer fed by a theoretical

generation-lifetime model and the pertinent wafer data.

Thus minority carrier generation lifetime values of the

silicon under the MOS capacitor (depletion zone) are

obtained . The error limit of this technique , compared with

a Zerbst plot, is less than 20% for lifetime values t < 10

~isec. For T > 1 msec the error can increase to 100%.

Silicon wafers are processed to contain two groups of

circular MOS capacitors. Each group consists of 72

capacitors of different dot size. One group uses 1.5 mm

6 
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diameter dots, and the other 0.5 mm dots. For MOS

processing the wafers are first cleaned in a solution of S

NH
4-112

02, HCl—H20 , and HF. Subsequently, a 5000 ~ thick

oxide is grown at 1000°C using a dry—wet-dry oxidation

cycle. Aluminum metallurgy is used. After metallization ,

the wafers are annealed for 15 minutes at 4000C in forming

gas.

For device studies phosphorus diffused N+~p diodes are made

by first growing a 5000 ~ thick oxide at 1000
0C using a

dry-wet-dry oxidation cycle. After pattern etching , Pod 3
is deposited at 870°C and driven in at 10000C. The junction

depth of the diodes is 1.4 iLm . At least 148 diodes are

measured on each wafer.

The n-type epitaxial films are grown on 15 ohm-cm, (001),

p-type substrates by the hydrogen reduction of SiC14 at

1100°C. The films are 6 um thick. The dopant (arsenic)

concentration in the film ranges from 0.8 to 1.6 i0 16 As

atoms/cm3. After the epitaxial deposition a dry oxide, 1400

~ thick, is grown on the epitaxial film at 1100°C. The

minor ity carrier lifetime in the film is measured using

capacitors of 0.5 mm in diameter.

For the study of swirl formation, wafers and longitudinal

sections (parallel to the growth axis) are cut from each

7
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A ,B,C section of a crystal. The sections are annealed at

temperatures of 1000 , 10 50 , 1100 and 1150 0C in oxygen or

nitrogen ambient. The annealing time is 2, 4, 8 or 16

hours.

For the study of bulk defects, A , B, C slugs are first

heat-treated and subsequently cut into wafers. Longitudinal

sections are cut from the A , B, C slugs with the surface S

normals in <110> directions. Before processing , all wafers

are lapped , f i r s t  chemically and then

chemically-mechanically polished .

X—ray topographs used in the study are recorded with MoKa
1

radiation . Oxygen concentrations in silicon wafers are

calculated from the infrared absorption at 9 ii ( 2 3 ) .  In the

transmission electron microscopy (TEM) investigations

specimens are examined in a Hitachi microscope with 200 key

accelerating voltage and a ± 30° tilting stage, or in a

JEOLCO microscope with 100 keV accelerating voltage and a ±

60° tilting stage.

3.0 Swirl Defects and Minority Carrier Lifetime

3.1 Electrical Measurements in Substrates

Lifetime measurements made on annealed silicon samples

8
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17 3
(oxygen concentration — 10 x 10 atoms/cm for ( 0 0 1 ) ,  — 15

x io 17 for (111) crystals) are summarized in Fig. 1. The

swirl defects are induced by annealing the crystals at

1100°C for several different time periods. After annealing

the (0011 crystals are sliced into (001) and (110) sliceø.

The 1 111 1 crystals arc sliced into (111 ) waft-is. The

heat-treatment of crystal slugs allows one to avoid the

problems associated with out—diffusion of oxygen encountered

during the annealing of wafers .  Thus direc t measurements of

the influence of swirl defects on generation lifetime can be

made using the MOS technique . Figure 1 shows that before

annealing the lifetime is typically in the range of 100 psec

for the (001) wafers and the (110) slices. Due to formation

of swirl defects, the lifetime decreases to about 1 psec

after 40 hours of annealing in N2. Further annealing does

not seem to degrade the l i f e tim e  s i g n i f i c a n t l y .  For (111 )

wafers the lifetime before annealing is relatively low ,

about 7 psec , due to the presence of dislocations. The

dislocation density in these wafers  is about ‘— l O  ~ 1()~ j..~r

cm2 as determined by etch pit counts.  Thi ’ ii  t o t .  ime

decreases to 1.5 and 0.9 ~isec after 20 and ~10 hours  of

annealing in dry oxygen , respectively.

3.2 Formation of Swirl Defects in Subst :.itcs

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — .5-
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~
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TIME OF ANNEAL, HOURS

Fig. 1. The influence of annealinq on the lifetime of
silicon. Annealing temperature 1100°C
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3.2.1 Oxygen Concentration and Swirls

Infrared measurements indicate that the dissolved oxygen

concentration varies significantly with crystal position.

As shown in Table I, the concentration decreases

monotonically from section A through section B to section C.

7The concentration is about — 10-11 x 10 , — 8-9 x 10 and

— s x io 17 atoms/cm3 in section A , B, and C, respectively .

-~ After annealing, section A and B show a sharp decrease in

oxygen concentration while the concentra tion in Section C

remains nearly the same. The solubility of dissolved oxygen

in silicon is about 4 x 10
17 

atoms/cm2 at 1100°C. These

S measurements indicate that oxygen precipitation occurs only

in wafers having an initial oxygen concentration exceeding

-
~ the solubility limit at the annealing temperature.

The formation of swirl defects is therefore strongly

dependent on wafer position in the bulk crystal. After -
S

annealing, swirl defects are only observed in wafers cut

from section A and B , but not in those cut from ~3ection C S
even after 60 hours of annealing at 11000C.

X-ray topographs representing section A , B and C wafers are

given in Figs. 2(a),(b),(c), respectively. Quite often ,

swirl defects assume cloudy or spiral patterns in section A ,

and appear as concentric rings in section B.

11
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The swirl formation is also greatly affected by the

annealing temperature. For wafers of section A and B, swirl

formation , as determined by its detectability in x—ray

topographs, requires approximately eight hours of annealing

at 1000°C, four hours at 1050°C, two hours at 11000C or 90

m m .  at 1150°C in dry oxygen or nitrogen ambient.

From these observations, it follows that swirl defects are

only observed in wafers initially supersaturated with

oxygen , and that swirl formation is accompanied by a

reduction of dissolved oxygen. The process of swirl

formation accelerates as the degree of oxygen

supersaturation and the annealing temperature increases.

Longitudinal sections of silicon slugs are also investi—

gated . Before annealing striated contrast is faintly visi-

ble in x-ray topographs as shown in Fig. 3(a). This
S 

contrast indicates the existence of internal strain at the

position of the isotherm of the solid-melt interface after

crystal growth. Using the double-crystal method , Abe et al.

(24,25) showed that the internal strain arises from

localized distortion of the lattice parameter at the

solid—melt interface. The striated contrast has been

observed in crystals grown by various techniques (26).

After annealing , x—ray contrast is i~iuch more intense as S

14
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1400
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220 ~~~~~~~

-a

Fig. 3~ X-ray topograp hs showing (a) the strain centers at
solid-melt i n t e r f a c e  a Itcr cry stal growth (long itudinal
v i e w  (Oil) surface ) , (b) striated patterns as the shape
of solid-melt interface dcv~~1oped after 90 hours of
anneal ing at 1100’C in n i t r o g e n  (long i tud i nal v iew
(Oil) s u r f a c e ) (c) cros s-sect ional view of (b) , (001)
s u r f a c e .
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shown in Fig. 3(b) for the longitudinal view and in Fig.

3(c) for the cross—sectional view. A comparison of Figs.

3(a),(b) suggests that swirl formation arises from pre-

cipitation of supersaturated oxygen at strain centers exist-

ing after crystal growth. The swirl pattern in Fig. 3(c) is

the projection of the striated pattern shown in Fig. 3(b).

3.2.2 Analysis -of Swirl Defects in Dislocation—Free

Crystals

Chemical Etching and X-ray Topography

X-ray topography and preferential etching are used to obtain

an overview of the nature of swirl defects. A portion of

Fig. 3(b) is shown in Fig. 4(a) at highest magnification .

It reveals that there are two types of major defects present

in the annealed crystals. The first ones are defects

arranged in a striated pattern at a regular spacing of 100

to 500 lim. The other ones are stacking faults.

Using the (1T1 ) reflection , faults lying in (liT), (hi) and

(111) planes can be seen in Fig. 4(a). Faults in the (T1T)

plane are out of contrast for this reflection. Sirtl

etching of a similar area reveals that the defects in the

striated patterns consist of bands of etch pits with a band

spacing of 100 to 400 ~im , almost equal to the spacing

16
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estimated from the X-ray topographs. In addition, Sirti

etching reveals also those stacking faults lying in (liT)

and (Til) planes perpendicular to the (011) surface, but

fails to reveal these faults in (Til) and (111) planes

making an angle of 35.3° with the surface. Investigation of

etched (001) surfaces (cross—sectional view Figs. 4(b),(c))

shows essentially the same result. Stacking faults

intersecting the surface in <110> directions can also be

seen in Figs. 4(b),(c). The etch pits are shown at high

magnification in Figs. 4(d),(e) for (110) and (001)

surf aces, respectively. The nature of the swirl defects is

further investigated by transmission electron microscopy .

Transmission Electron Microscopy (TEM) of Precipitates

TEM investigation indicates that in the area of swirl

defects a high density of dislocation loops exists, punched

out by precipitates. The geometric shape of the

precipitates varies with the different projections in the

S 
Transmission Electron Microscopy. They are square, rhombic

and hexagonal on (001), (011) and (lii) projections ,

respectively. The (001) and (Oh ) projections are obtained

from the cross— sectional and the longitudinal view of a

<001> oriented crystal and are shown in Figs. 5 and 6(a).

This shape of the precipitates is confirmed by tilting the 
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specimen of Fig. 6(a) into different projections. The (010)

and (111) projections are shown in Figs. 6(b) and 6(c). The

geometric shape of the precipitates can be deduced fro;~ such

tilting experiments. It is found to be octahedral with the

precipitate-silicon interface on the {1h1 } planes of the 
S

silicon matrix. A schematic drawing of one precipitate is

shown in Fig. 7 and its different geometric shapes as they

appear in the different projections are presented in Figs.

8(a) through 8(d).

These geometric considerations confirm that the precipitates

in annealed bulk silicon as seen in the transmission

electron microscope are octahedral in shape with the silicon

(111) planes serving as precipitate—silicon interfaces. The

edges of the precipitates are defined by the directions of

intersections between the surface planes and the < 111 >

planes. They are in <110> directions in both the <001> and

<il l >  oriented samples, and in <112> directions in the <Oi l>

oriented samples. The shape of the precipitates suggests

that their formation arises from successive reactions of

oxygen with the (iii) silicon planes. Furthermore , it also

suggests that the precipitates are crystalline. However ,

electron diffraction patterns fail to reveal extra dots

resulting from the precipitates. Thin platelet precipitates

22
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( c )  (lii), and (d) (101) p r o l e c t  ion.
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having (001 1 habit plane as observed in the sub-surface of

annealed silicon wafers (7— 9) have not been found in the

present study .

The precipitates formed during a particular annealing cycle

are quite uniform in size. The size , d in Fig . 7 , increases

with annealing time as shown in Fig. 9. The growth of the

precipitates follows nearly a parabolic law. This implies

that the growth is diffusion-controlled rather ~.ha n

reaction—controlled . In a diffusion—controlled process, the

growth is determined by the diffusion of oxygen from

super—saturated areas to strain centers. Based on the

diffusion—controlled growth, the size of the precipitates is

calculated in the Appendix .

Transmission Electron Microscopy of Dislocation Loops

Dislocation loops punched out from the precipitates are

observed in nearly every case. These J oops lie in {110)

planes with the loop axis in one of six possible < 1 1 O~
directions. This is seen in the stereo-micrographs of Figs.

10(a) and (b) for (001) surface orientation and in Fig.

10(c) for the (011) surface orientation . The loops located

in the inclined {h 10 ) planes , labelled PE and PF in Fig.

10(a) and PD and PE of Fig. 10(c) are completely etched out.

25
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function of time of annealing
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The loops located on the (101) plane in Fig. 10(c) are also

etched out . The loops in the (0 11) plane of Fig . 10(c)  can

only be observed when a large tilting angle is used in the

microscope.

The Burgers vectors of the loops are determined by using the

standard contrast criteria of electron microscopy (27). TEN

micrographs were recorded for (220), (400) and (113)

reflections for (001) surface orientations, and (220), (400)

and (111) reflections for (011) surface orientation. The

Burgers vectors, b, of the loops are thus identified as 1/2

<11 0> normal to the loop plane. In the analysis of Burgers

vectors, it is found that for loops in inclined (110)

planes, residual contrast arises due to their inclination .

This is shown for the loops labelled PC and PD in Fig.

10(a). The residual contrast arises because g.(b x u)�O ,

where g is the operating reflection and u is the direction

of the dislocation line, i.e., one of the <112> directions.

For loops in a (110) plane perpendicular to the surface

plane, the residual contrast is practically non—existent as

shown for the loops labelled PA in Fig. 10(b) because g.(b x

u)=0.

The nature of the loops, interstitial or vacancy, is

determined from the imagc displacement observed in different

30
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Transmission Electron r1icroscopy micrographs recorded with

the same diffraction vector g but with the reversed

excitation error (S), or from micrographs recorded with

reversed g but with the same excitation error ( 2 7 ) .  The

sense of inclination of the loop plane is determined from

the stereo—micrographs of Fig. 11(a). For (001) surface

orientation , the loops labelled PC lie in the (011) plane

and those labelled PD lie in the (Oh ) plane.

With the diffraction vectors g~~[04OJ pointing to the right,

the size of the ioop image in the plane labelled PC

decreases while the one in plane PD increases upon changing

s from s > 0 to s < 0. This is shown in Figs. l1 (b),(c).

The size changes of the loop images reverse completely if g

is reversed. This follows from the micrographs shown in

Figs. 11(d) ,(e). From this analysis it is concluded that

the loops are interstitial in nature.

As can be seen in Figs. 10 and 11 , the sizes and shapes of

the loops are well defined by the projection of the

octahedral precipitates onto the (110) planes. The

generation of these prismatic loops has been analyzed in

great detail by Tan and Tice (7). They identified such

loops as shear loops on (111) planes. The prismatic loops

are generated by cross—slips of the generator loops. They

31
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also explained that the generation of a helix as shown in

Figs. 1O(b),(c) results from the pinning of one end of a

generator loop by a precipitate, thus leaving the other

section of the loop to continue the cross—slip movements.

Transmission Electron ?licroscopy of Stacking Faults 
S

As discussed before, annealing of the crystals also

generates stacking faults in the bulk. The nature of these

S faults is determined from the analysis of Figs. 12(a)-(d).

S 

- 
The sense of the inclination of these faul ts  is established

by knowing the top surface (T) and the bottom surface (B) of

the foil in the microscope. The contrast of the outer

fr inge at the bottom surfaces changes in the bright and dark

field images when taken with the same diffract ion vector g

while the fringe contrast at the top surface remains the

same. Note that the contrast is reversed for opposite g.

Using well established microscopy rules (28), the fault is

.5 identified as extrinsic in nature. Note, a precipitate at

.5 one end of the fault in Fig. 12. The interaction between

fault and precipitate usually causes the fault to deviate

from the normal growth, which is the circular shape.

3.2.3 Analysis of Swirl Defects in Dislocated Crystals

34
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Chemical Etching

As -in dislocation—free crystals, annealing of crystals

containing dislocations also causes significant reduction of

dissolved oxygen . The oxygen data before and after

annealing are summarized in Table I. A representative x—ray

topograph showing swirl formation after annealing is given

in Fig. 13(a). The corresponding etch figures obtained

after Sirti etching are shown in Fig. 13(b). The circle and

line defects are stacking faults which lie in all possible

{111} planes. It is interesting to note that a

significantly higher density of stacking faults is always

observed in dry—oxygen annealed crystals compared to

nitrogen annealed crystals. This observation is true for

both dislocation-free and dislocated crystals. The size of

the precipitates in dislocation—free crystals is nearly

independent of annealing ambierits, but is mainly controlled

by the annealing temperature and time.

The defects revealed by etching are characterized in detail

by transr.tission electron microscopy investigations in the

following .

Transmission Electron Microscopy of Precipitates

Precipitates obtained after dry oxidation for 20 hours are

36
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similar to those observed in dislocation—free crystals and

are shown in Figs. 14 and 15. At this stage the

precipitates are very small , — 0.25 to 0.3 jim in size, and

dislocation loops are still attached to them. Analysis of

the loop nature indicates that loop A in Fig. 14 lies in a

(111) plane and has a Burgers vector b=1/2 (101].

Therefore, this loop is a shear loop. This is in good

agreement with the results reported by Tan and Tice (7).

They reported that loops generation by precipitates is due

to a shear mechanism. As shown before, the shape of the

precipitates in (111) projections is hexagonal. This is

evident in Fig. 15.

This type of precipitate is found in very low densities in 
.5

dislocated crystals. In such crystals, another kind of

prec ipitate is dominant . The dominant precipitates align in

rod shape and are shown in Figs. 16 and 17. In Fig. 16 , a

helix is seen to wind around the precipitate rod and
S eventually a dislocation loop (A) is punched out . The loop

lying in the (110)  plane with b= 1/2 [110) is a prismatic

loop . The nature of the punched out loops is essentially

the same as found in dislocation—free crystals. Various

examples of rather complex forms, such as dislocation

hel ices, loops , entangles, and even stacking faults , are

given in Fig. 17. The fact that discrete precipitates align

38



—

2

r

C)

.0 ia
0 0 0.
(-‘ ‘—4 ~~

0 0

0 4)

Y 
______ 

0 c-~~ r~~
- ______________ k--. 00. r-j

___ —~~~~~

~ -‘

ET

J.

0 

(5

39

— ~~~~~~~~~~~ 
~~~~~~~~~~~~~ :IT I ==--~r~~~ . .- -~~-- .  _ —_-~





--- -5--— - ---.5~- - —- - - - S - - S - S .5S - --- S--- S - ----- -

S I - - 5 5~~~’ 
5 - -

S S~~~S S ~~~~

U

4) 0

O T  4-’Ic-SI
0.4) 0

C)
i—. C) NJ

(1~ 0’

4 ) 0

4—’ 0

S 

\ 

(1 I.-. — -,

CO
0 0

-‘- - .5-— CS-)
C-—

.0 -~~ CS) II

‘. 0

0-. LI) C

0.0

ic-si 0c-SI 1-’ -):) -

U

r
u ~-‘.5 

C C ’
5 5 5

(— LI) C
4-’ 5 — -- 4

.3 -~~ ~0C) 0~~

4 

1

-

,

• 
.,-
t~ 

~~~~~~

41

____ ____ - 

~~ 
— . .



r

.5 t’ -

-

.5 

- .
~: 

~ ~
0004 u~~ 0 4 )

C ~~ic-si

0 0 - —- ’
O 0

(I) 
~
.. C.)

LI) ‘C.) 0.0
0~~—4
0 COL~ 0--
0 0 -—

IE CO C -‘

~$Z

0---— ~~~Z
5~.;~

“.5
5 _ 

~~~ -n ‘—‘ C) C4 . 0 0.5 
J) 4 ) 0 ) - .

.0- LI) 0
0 .0  0 C)
c)~ 0--’~~0.—-

0 0

0 0 0 4 ) 0 ’ ---

IN 0 ..

C —~ C
E 0 L_ -C

- 5  5 — .5 ,-4 .5.—~

~~~~~~~ 

- 
0 4) 0 .— 0 ) ~~ C 0 C . -~E ‘ - .0 - -C o

N 0 — ~ 0 .0r

42

—



.5 -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

in rod shape suggests that precipitation occurs

predominantly along existing dislocation lines. In this

case, dislocation lines serve as strain centers and attract

the oxygen precipitant. This explains also that the

occurrence of precipitates similar to those observed in

dislocation-free crystals is much less in dislocated

crystals. Preferential precipitation of oxygen at

dislocations induced by sawing has been previously reported S

(29)

Transmission Electron Microscopy of Stacking Faults and

Dislocation Loops

As revealed by Sirtl etching, a high density of stacking

faults is generated in the crystals if annealed in a dry

oxygen ambient. The nature of these faults is determined

from the micrographs given in Fig. 18. Using the same rules

as discussed before, the faults, labelled Fl and F2, in Fig.

18 are extrinsic in nature. Another fatlt, at F3, is out of

contrast for this reflection .

Electron micrographs of circular faults  are given in Fig . 19

The faults, Fl , F2 and F3 , lie in ( 1 1 1 ) ,  (1T1 ) and (111)

planes, respectively. In Fig. 19(a) it can be seen that the

contrast of the partial dislocation bounding ~‘1 increases as

43
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the value of g. (b x u) increases. The contrast of the

partial dislocation has nearly disappeared in a direction 
.5

parallel to g and is most intense perpendicular to g. On S

tilting , the characteristic fr inges of a stacking fault can .5

be seen in Figs. 19(b) , ( c ) .  The fault  vector is identified

as b=1/3 <111> . For example: the fault vector of F2 is 1/3

[1T1J. This follows from the micrograph given in Fig. 19(c)

for which the fault is out of contrast (g=(TT3)).

Hexagonal dislocation loops are also frequently observed. S

These loops are several microns in size and lie in {111}

planes with b=1/2 <110> and are inclined to the loop plane.

.5 Their edges are in <110> directions. Electron micrographs

of a hexagonal loop taken with di f ferent reflections are

given in Fig . 20. The loop lies in a (111) plane with its

edges A , B and C in the [101] ,  [OT1 ] and ( ITO ] directions,

respectively. The contrast of the ioop is found to depend

strongly on the value of g.b and on the value g. (b x U). In

the micrograph recorded with g=[Oñ’J , edge B of the loop is

invisible (Fig. 20 (b ) ) because of both g.b=0 and b. (b x

u )=0 .  Edges A and C are visible because of g. (b x u)~~0.

This is further checked by recording a micrograph with

g [11TJ . In Fig. 2 0 ( c) ,  the residual contrast of edge B

arises due to g. (b x u)~’0.
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3.3 Electrical Measurements in Epitaxial Layers

The presence of large amounts of oxygen in substrates and

its influence on the generation lifetime of n—type epitaxial

layers deposited on such substrates was also investigated.

The experimental matrix used is outlined in Table II.

Accordingly, experiments in run 1 use substrates sliced from

section A and C. These wafers received no heat treatment

prior to epitaxial deposition. The oxygen concentration in 
-

S

17 3 17
these wafers is about 10 x 10 atoms/cm and 5 x 10

atoms/cm3. For the exp~~iments conducted in run 2, an

oxidation step (15’-dry, 135’—wet, 15’-dry] at 925
0
C]

preceeding the epitaxial growth is introduced. In run

numbers 3, 4 and 5 experiments a nitrogen anneal is

introduced after the oxidation. The N2 anneal is done at

different temperatures for different lengths of time. All

the oxides grown during the annealing cycles are removed

prior to epitaxial deposition. After deposition , MOS

capacitors using 1400 thick dry oxide, grown at 10000C,

are made on the n-type epitaxial layers and the minority

carrier lifetime is measured. In Fig. 21 the average

lifetime is plotted as a function of run number. The

average lifetime is obtained from at least four wafers out

of the same group. The lifetime variation between wafers in

the same group are found to vary by a factor of 5 while

48
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variations between the different groups are different by

orders of magnitude. Therefore, the statistical

significance of the data in Fig. 21 is assured. Figure 21

shows that the lifetime of epitaxial layers grown on section

TABLE II. Experimental matrix for the study of oxygen in S
substrates and its influence on the generation
lifetime of epitaxial layers

I SUBSTRATES 1
ISECTION A AND C I

I I 11 I I
FRUN NO. ii LA~JN NO~~J I RUN NO.31 ~~UN NO.41 IThJ N NO.51

I _ _ _  1 _ _ _

loxi DATION 
~ IOXI DATION’ I I_OXIDATION 1 loxi DATION9

I 
_ _ _  

I I
N2 ANNEAL N2 ANNEAL1 

~ 
N~ ANNEAL ]

I 180’ 1000°C Eioo ’ . iioo°c I 115HRS .h1500dI

_  EPI ~~ I

IMP~1

OX1DAT1ON: DRY (15’ ) — WET (135’) -
~~ DRY (15’) AT 925° £
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HEAT-TREATMENTS PRIOR TO EPITAXIAL DEPOSITION

RUN NO. 1: NO TREATMENT
RUN NO. 2: 15’ (DRY) — 135’ (WET) — 15’ (DRY)

OXIDATION AT 925° C
RUN NO. 3: STEP NO. 1 PLUS 180’ N2 ANNEAL AT 1000° C
RUN NO. 4: STEP NO. 1 PLUS 100’ N ANNEAL AT 1100° C
RUN NO. 5: STEP NO. 1 PLUS 15 HO~ RS N2 ANNEAL AT 1150° C

100 —

HIGH O X Y G E N ( o )
LOW OXYGEN ( x )

- ISS(fJi

1
1~~~~~~~~~~~~

RUN NUMB ER

.5 Fig. 21. The influence of various heat—treatr~efltS on
the lifetime of epitaxial layers
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independent of the ISS treatment. For section C wafers, -
S

however, significant improvement of lifetime is observed for

every single run.

The results of the investigation are summarized in Fig. 21.

The findings formulated in the following can provide

guidance for successful application of external gettering

techniques for Czochralski silicon wafers:

Swirl defects are effective internal gettering sites. If

they are present in nascent state in silicon wafers,

external gettering techniques cannot improve minority

carrier lifetime in silicon substrates at epitaxial layers.

The relatively low lifetime obtained in low oxygen

concentration wafers is due to the absence of internal

gettering sites. The lifetime of such wafers can be

improved significantly by means of external gettering

techniques such as ISS.

Figure 21 shows that the lifetime in C wafers has been

improved through ISS to values almost equal to the ones

obtained for section A wafers.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
.54
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3.4 Defect Studies in Epitaxial Layers

To assess the defect state in the epitaxial layer surface

the MOS capacitors are removed and the surface is Sirti

etched. After etching defects present in the surface are

optically visible. Thus, it is possible to count the

defects in areas previously occupied by MOS capacitors;

therefore, a direct correlation between defect density and

measured lifetime is possible.

Main defects in the epitaxial silicon are (a) grown-in

stacking faults, (b) oxidation-induced stacking faults, and

Cc) mounds. Examples of such defects are shown in the

photomicrographs of Figs. 24, 25 and 26, respectively.

After etching, the grown-in faults display the well-known

“square ” figure which results from the intersection of the

four faulted <111> planes with the (001) surface. Their

density in the epitaxial film is quite low (iO/cm 2). The

oxidation-induced stacking faults in the epitaxial films are

very similar to the faults observed in oxidized substrate

surfaces. They are also of the Frank type (extrinsic). The

mounds observed in the epitaxial films are partially

developed stacking faults. The reason for their small size

has not been investigated in the context of this work and is

presently not understood . However, it was noted that an 11?
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treatment of the epitaxial surface before oxidation caused S

the mounts to develop into standard oxidation type stacking

faults.

The defect density found in epitaxial silicon covers quite a

large range. This made it possible to obtain a fairly

accurate lifetime vs. defect correlation. The lifetime data S

are correlated with the defect density found under every

single MOS dot. The lifetime vs. defect dependency thus

obtained for the samples is given in Fig. 27. In making

this correlation it was observed that practically all MOS

dots, free of defects after Sirti etching , had a lifetime

between 10 to 100 usec. A rapid decrease in lifetime was

noted with the number of defects present under each MOS dot.

Another general finding is that oxidation-induced stacking

faults are more detrimental to lifetime than mounds. It was

also noted that backside ISS’ed wafers exhibited a

considerably lower defect density and a larger lifetime than

non-stressed wafers sliced from Section C.

Using the method of linear regression , a best fit of the

data summarized in Fig . 27 is obtained . The curves are

plotted in Fig. 27. Accordingly, one obtains the following

correlation between lifetime and defect density . For

oxidation-induced stacking faults:
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Fig . 27. Lifetime vs. defect dependency .
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—1.05
(1) t = A 1d5f

For oxidation—induced mounds:

(2) t = A d~~
’°4

2 m

t = generation lifetime in microseconds; A
1 and A2 constants

d5f = number/cm2 of oxidation-induced stacking faults, dm

numl er/cm2 of oxidation—induced mounds.

The correlation coefficient is -0.775 for oxidation stacking

faults and -0.707 for mounds.

3.5 Oxygen Influence on Diode Performance

To demonstrate the interplay between oxygen kinetics and

device yield we have chosen a simple diode diffused directly
+

into a wafer. Phosphorous-diffused N -p diodes are

investigated. Two groups of substrates containing different

oxygen concentrations are used. One group contains an

oxygen concentration in the range of 9 — ii x atoms per

cm 3, and the other one a concentration in the range of 4.7 —

5.3 x io 17 atoms per cm3
. Each group had four wafers with

S 148 diodes. The reverse I-V characteristics of the diodes
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were studied by probing the diffused diodes on the wafer.

The diodes were classified as either reasonably good or soft

using the following requirements for a hard diode:

a) Low current: the voltage at 20 ~ia reverse current must

be within 10% of the voltage at 200 via.

b) High current: the voltage at 200 ~ia must be within 10%

of true avalanche breakdown.

In this way the wafers were mapped and the number of hard

diodes was determined in percent of the total number of

diodes per wafer.

The results are shown in Table III. The sample numbers

refer to the position ~~ the wafer relative to the seed end.

Table III indicates that substrates of higher oxygen

concentration give significantly higher diode yields than

those of lower oxygen concentration. This is in good

agreement with our lifetime measurements reported previously

(31) and again illustrates the importance of understanding

the role of oxygen in silicon during device processing.

4~
,
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TABLE Ill. The Inulu.mce of Oxygen on the Yield of

diodes

Crystal Oxygen Conc. Sample Yield , Avg. Yield,
Section atom/c.c. No.

A 9 11 x 10~~ 23 97.3 90.6
26 93.5
149 93.2
67 78.2

C 14.7 — 5.3 x 1017 275 73.0 68.6
284 75.0
286 59.5
288 66.9

4.0 DISCUSSION

For a discussion of our experimental results it is important

to realize that there is a difference between annealing

silicon in bulk form or in wafer shape. In a bulk crystal

precipitation of oxygen occurs homogeneously throughout the

crystal volume. If the bulk crystal is shaped into wafers

after annealing each wafer will have a relative uniform

distribution of precipitates and dislocations throughout its

volume. Consequently, the wafer surface will contain

defects. Thus the active device area (depletion width of

tIOS device) contains precipitates which will degrade
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minority carrier lifetime as shown in Fig. 1.

This situation does not prevail during actual silicon device

manufacturing. Silicon bulk crystals are sliced into wafers

before any major high temperature annealing occurs. Note

that the 7000C annealing of silicon crystals, as practiced

in the industry to dissolve oxygen donors complexes (to

stabilize resistivity), actually corresponds to a lifetime

maximum (20).

Silicon waf er processing steps, such as diffusion and/or

epitaxy, can lower the oxygen content in the wafer surface

through out—diffusion of oxygen. This means that certain

processing steps lower the supersaturation of oxygen in the

silicon surface. As a result oxygen precipitation occurs

only in the center of the wafer leaving the wafer surface

(active device area) free of precipitates. Under such

conditions the sequential event: SiO,~ precipitates -->

generation of dislocation - -> gettering of impurities is

activated. It is not surprising to see that oxygen-rich

wafers can provide better device yield as shown in our

experiment for diodes and can also improve the lifetime in

epitaxial films if used for substrates. This intrinsic

gettering effect of oxygen has been used successfully to
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improve leakage limited yield during bi-polar device

processing (19) . The improvements reported by these workers

are in good agreement with our lifetime measurements.

5.0 SUMMARY

Variations of minority catrier lifetime observed in silicon

wafers cut from bulk annealed crystals and observed in

wafers prepared from crystals not pre-annealed but annealed

as “standard” wafers are reported.

The investigations are done on silicon containing high

c— io 18 atoms/cm3) and low amounts (— 5 x io 17 atoms/cm3) of

oxygen. The investigations include zero dislocations and

approximately 10’4 dislocations/cm
2 

wafers and cover the

temperature range from 900°C to 12500C.

Bulk annealed crystals subsequently slic’ed into wafers show

lifetime degradation with annealing time. The lifetime

decrease is less severe in dislocated crystals with an V

original lifetime of 10 ~isec as compared to dislocation—free

crystals with an original lifetime of 100 psec. The

lifetime values in both types of crystals converge after 40

hours of annealing to approximately 1 usec.
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The lifetime degradation is correlated with the actual

defect state produced in the active device area through

annealing. Silicon oxide precipitates and punched out

dislocation loops are identified as electrically active

defects responsible for the observed lifetime degradation.

H
Evidence is presented that under actual semiconductor device

(diode) processing conditions silicon wafers cut from

crystals not pre—annealed may influence “leakage limited

diode yield” depending on the amount of oxygen present in

the silicon wafers.

Findings on the out-diffusion of oxygen in oxygen-rich
18 3(— 10 atoms/cm ) wafers, as a result of semiconductor

V 

- device processing, (reported previously by other workers in

the field) are confirmed.

Increase in device yield (diodes) and improved lifetime in V

epitaxial films obtained with oxygen rich silicon wafers as

substrates are correlated with the “intrinsic gettering”

action of oxygen rich wafers.

It is shown that “external gettering” cannot improve
V 

minority carrier lifetime in silicon wafers if during

processing “intrinsic gettering” is active.
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I
It is also shown that “external gettering” is very effective

in improving lifetime in silicon wafers not containing

“intrinsic gettering” sources.

In such wafers external gettering techniques such as Impact

Sound Stressing (ISS) improve the lifetime distributions to

values obtained in oxygen-rich wafers.

A total Transmission Electron Microscopy analysis of the

defect state in all wafers investigated has also been

performed and the results are correlated with the lifetime

properties measured.

V.—
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APPENDIX

In dislocation-free crystals, the growth of the precipitates

follows almost a parabolic law. This would imply that the

growth process is diffusion—controlled. Based on reasonable

assumptions, the size of the precipitates can be estimated

from the following simplified model .

Consider that a dislocation—free crystal initially

supersaturated with oxygen of concentration C0 has

precipitation sites widely separated from each other .

Assume that the rate of precipitation is mainly

diffusion—controlled rather than reaction— controlled , and

V that the oxygen concentration at strain centers is at thc

solubility limit C~~. The diffusion—controlled precipitation

was extensively treated by 11am (33) . In initial growth , the

radius of a spherical precipitate (34) is

b = ( 2DV (C -Cr’ o~~~

where D is the diffusion coefficient of oxygen in silicon , V

V~ is the atomic volume of oxygen , and

t is the time of annealing

As discussed before , the precipitates in the present case is
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octahedral. Assume that the volume of octahedral

precipitates is equal to that of spherical precipitates.

The size of the octahedral ?recipitates is therefore

d ( 21.7 ) 1/3 b

= (8tr )~~
’3 [V (C —C )

P o s

This equation explains quantitatively the following

experimental results:

1) The precipitates grow by a parabolic law . For similar

oxygen supersaturations, the precipitate size is essentially

determined by the diffusion length (Dt) h i~
’2 . It is of

interest to compare the precipitate size for different V

annealing conditions. The size , d 1, is about 0.47 u r n  at

1050 0C after 60 hours annealing (square precipitates in Ref.

( 7 ) ) .  This is about the same size as the one obtained after

annealing 140 hours at 1100°c (d 2 0 .46 u r n , Fig . 9 ) .  The

diffusion coefficient of oxygen in silicon according to (32)

is 6.5 x 10— 11 at 1050°C and 10 x 10 
fl

cm2/sec at 11000C.

The ratio of
d 1 [b1t1

• d2 JD2t2

is approximately equal to one . This is in good agreement

with the experimental results. These findings support this

simplified diffusion-c~ntrol1ed model.

76L



— V V V — V - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_V~ V

r
2) The rate of precipitation is determined by the degree

of oxygen supersaturation and diffusivity. Oxygen

supersaturation decreases, but diffusivity increases with

increasing temperature. This explains why precipitation

occurs only in oxygen—supersaturated wafers (section A and B

wafers). This also explains that the rate of precipitation

increases from 10000C to 1150°c because the diffusion term

is dominant in this temperature range. At an annealing

temperature around 13000C and higher , swirl formation does

not occur due to negligible supersaturation .

3) As in previous studies (6—9), this investigation can

not reveal the constituents of the precipitates from

electron diffraction pattern. These precipitates are

generally assumed to be Si0
2 
based on the measured reduction

of oxygen concentration in the wafers after annealing. This

assumption can be tested by comparing the precipitate size

as given by the above equation. Taking V~ 
-

~

0 

—23 3 18 3
1 x 10 cm /atom, (C - C ) 0.5 x 10 atoms/cm and D

1 x 10~~~°cm2/sec at 1100 °C, the calculated values of

precipitate size are given in Fig. 9. The calculated

values are about half of the experimentally observed values.

This indicates tha t the precipitate size can be predicted

reasonably well by using the properties of oxygen , i.e.,

supersaturation and dif fusion coefficient .  We conclude that

á p  the precipitates are Si02.

t
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