Lehigh University
Lehigh Preserve

Theses and Dissertations

1973
Analysis of oxygen precipitation in silicon by
infrared absorption

Charles W. Pearce
Lehigh University

Follow this and additional works at: https://preservelehigh.edu/etd

b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Pearce, Charles W, "Analysis of oxygen precipitation in silicon by infrared absorption” (1973). Theses and Dissertations. 4189.
https://preservelehigh.edu/etd /4189

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F4189&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F4189&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F4189&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=preserve.lehigh.edu%2Fetd%2F4189&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/4189?utm_source=preserve.lehigh.edu%2Fetd%2F4189&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

Analysis of Oxygen Precipitation in Silicon
by Infrared Absorption
by
Char les W. Pearce
A Thesis
) Presented to theGradUéIe:Committee
o Aéf Lehigh University

in Candidacy for the Degree of

Master of Science

in
Electrical Engineerfng o

Lehigh University

1973

(11-30-73)

..........




This thesis is accepted and approved in partial ful-
filirent of the recquirements for the degree of

Master ©f Science

--“-----.--_----.---

-----—*-------*_——-——

Chairman of Department

[§
i .
!
[
4 S
o
11X - -
i




Acknowledgements

The author wishes to acknowledoe the advice of his

thesis advisor Or. VW.E. Dahlke. He also wishes to

thank Mr. W.R. McCormack of Western Electric who al-

lowed the author time and support necessary to ac-—

complish this investigation.




Table of Contents

Approval Sheet

Acknowledgements

Table of Contents

Abstract

Introduction

Physical Background of Heat Treating
Background of Lnff§f6d Méasﬁremehtz
Experimental |

Results and Discussion

Conclusions

References

Appendix A vASTM_nygenaAﬂain$s in Silicon

Appendix B ASTM Crystal Perfection Analysis

Vitau

Page

14

< U w

R

21
23




Abstract

Infrared absorption measurments have been used to
study the precipitation rate of oxygen in silicon
and the conversion of interstitial oxygen to silicon
dioxide. For this purpose slugs of silicon were
heated up to 200 hours at 1050 € and 1250 C respec-
tively. The oxycen precipitation rate at 1050 C was
found to beiaiffusion limited and at 1250 C féaction
limited. At both temperatures the interstitial oxy-
gen approached ecuilibriun values. The larger value
occuring at“t%e.hjgher temperature. This result is
C@nsistent with the observation that silicon dioxide
is disselved in silicon and oxygen returned to in-
terstitisl lattice sites at temperatures approaching
ﬁhe melting point of silicon. Theprecipitatﬁana_
rate was found to be independent of the silicon dis-
location 'dehsity‘ ahéaOf 'EZEE};aI frem different
crystal growers The conversion rate of Interstitial
oxygen intcisl]iConldioxide varies widely WIth.oxy—'

gen éoncentration.ahd.temperature, this ekpleins fhe-';
well khown depehdence of,”]eakage..currents in ph

'junctions'oh;details.of iheir'proC¢SSIng; The.uSe“

of infrered,meaSUrements will also have app]fcatiqh}i




in evaluating the effectiveness of heat’treatments
on silicon crystals. By using infrared measurements
to determine the amount of oxyaen remaining in in-
terstiticl lattice sites after heat{gé the megni tude

of donor effects can bé-calcul ated.

N




+lntroduction

bxyéen in.SIlfcon is a doDént Un?hfenifonéily én-

tering nmelt grown (Czochralski) Crystals during -
the molten Silicon from jts QUartz crucibpje and [n-
COrporated into the growing crystaj. Typical levels
of oxygen €ncountered in.Czochra]skf grOWn~SITchn
Crystals Fance from 10 to SOv‘ppm. atomic, These

leveIS"usua]]y €Xceed the'chncentration~of fntenaz

tions] dopants, vhile Crystals Prepared by the

floating Z0ne technijque generaTTy'contain less than

Iippm atonic of oXycen. Oxygen Fnsfhterstitfal lat-
tice sites s noted for donor formatEOn(l,Z); TheSe
donors cazn obscure the resistivity of the materja]
due to ?ntentionai d0pants; To élfminate.these OXy-

Qen donors, the.cryStals:arefﬁeat treated’ahd OXygen

Converted to si]aconvdioxide before the resistivity

is €valusted. Apove approximateiyfTCOO C the inter-

stitial OXygen begins to _precipitatef“as siiicoh'
 dioxide that has. been associated with undesirable

~~~~~~

Ieakage-currents in pn‘JUththS.BataVIn(ié)hasf

,shown_that silicon_dioxigeprecipitates reduce_ th¢

breakdown ~Voltace of g . . TR as o o 8




507,

Thus a study of factors affecting the precipitation
of oxygen is required in evaluating heat treiﬁmeﬁts
of silicon crystals., Such information is also useful
for determining cxygen precipitation caused by .é
Spetjfic device processing sequence that will affect
pn junction leakage currents. The purpose of ‘this
Investigation is t@ establish the use of infrared
absorption measurements as a tool for observing the
‘precipitation of oxygen. Additionally the ﬁrecipita—
tion rate was EXEminéd as a function of temperature,

dislocation density, and

crystal grower.
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Phys ical Backaround of Heat Treatihg

In the.heét treating of silicon as discussed by

. ‘g\‘l.\ 0

Bék;; (1f) and other wvorkers a low témﬁeratbre range
. is commonly accepted from 400 C to 7¢0 C. Heating
the silicon in the range from L4LOO C to 500 C
produces donors due to the formation of sflfcpn”
tetraoxide complexes. Heating the material in the
500 C to 700 Cﬁrangg destroys ‘the donor complexes
and returns the?»oxygen: to interstitial lattice -
sites. But the effect of thesheatﬁtreatment in the
500 C to 700 € range 1is not permanent , since
,\\gjf | réheating the sf]iconbétWeen QOOAC and.SQOa C will
- again produce donors, The amount of oXygén con-
vertable to silicon tetraoXide.by heatfng‘GEpends-QnT
interst?tial_ oxygen content, temperéturé,* and
heating time . For example, silicon with 45 ppm _lh-
terstitfal oxygen content‘heat-féf 10 minutes ét 450
C will convert 0.1 % of the ioxygen““(ll), _while- a
--similfér"sample;.wfth-BO ppm;QXygeh.:heated fofiiOO'-'ﬂ
bhours at 4SOﬁC“converted,lhf 'Cf' the oxygen “into
v_siTicontétraindé.* The'heat treatméntTﬁthesod-c 

. . ; = TP Crenwe 4
t 01., &g ,rG‘Q'f‘Qs&,* :

<.

ange is.especially useful for. determining

~the resistivity of a sample due to intentioh&l];¥fi‘;7 ;  '
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dopants as arsenic or boron; however, this treat-

L

ment is reversible.

Above 1000 C the equilbrium phase for oxygen in
silicon is silicon dioxide; however, at témperatures
approcaching the melting point of silicon (1416 C)
silicon dioxide is dissolved and oxygen returned to
interstitial lattice sites. Silicon dioxide will
not behave as a donor, and is a]Sc‘StabIebetwegn
400 C and 700 C. Thus, a silicon sample ‘having ail

its oxygen precipitated does not show any donor ef-

fects after_heéting between 400 C to 500 C .

During crystal growth most of the oxygen is incor-

porated into interstitial lattice sites (11). Some
of the oxygen is present as silicahftgtraoxide. But

&s menticned before a heat treatment Ganfmodify the

nitial status of the oxygen.
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Background of Infrared Measurement

-TInfrared analysis of interstitial oxygen in silicon
wvas first reported by Kaiser and Keck (1), but many
years passed before a qyantative relation between
absOrptTQh coefficient and interstitial oxycen con-
tent was developed. This relation is described 1ih
ASTM dccument F-121  (6), -thcﬁ also prQVTdés~
QUidelfneﬁer the'measQrement.A brief outline of
this document i$ contalned ?M,AQPEhdiX e Ar oxygen
interstitial line at Tfaé"anenumbers_is very strong’
and easily observed at room-tempéfétﬁre for contén-
'trations~ofk2~to:63 ppm, the latter figure cor-
~responding to the 'solid solubility of oxygen in-
silicon (7). Other interstitial oxygen lines(1)
are observable in the 20 to Bézmicron region of the
gpectrum at low temparatures (20 K)ﬁw1h9§ the 1106
vavenumbers ‘line- observabTe at ro&m tempefatureis
'most~easily-usg¢ in routine measurements of lerge
number§  ofsil{con.sambles. Shown in figure 2 is a
spectrum of a typiCal»SIUQ Qsed in_this study prior
to aﬁy héat tréatments.. |




Experimental
A Pérkin Elméf:QSi infrared gratihg-spéétroﬁéter was
used for the analysis. It has a built in chart

recorder so that a permanent copy of the spectrum is

recorded with "each measurement. Tts resolution of

2.0 wavenumbers at 1000 wavenumbers is adequate to
observe the 110¢€ vavenumbers oxygen-liﬂé%haViﬁg a
line width of 32 wavenumbers. A scan speed of 200

vavenumbers per minute was used . An ordinate ex-

pansion of 2.5 was employed to easily observe small

changes co¢f the spectrum during heat treztments. The
scan speed of 200 wavenumbers per minute allowed

recording of the .spectrum accurately. A faster

speed shifted the position of the line and its Ffull

depth was  not developed. To.  determine the.

repeatability of the measurement a silicen slug was

measured periodically throughout the course of the
-study.. The oxgen éontent wasz,nominally.36ppm and
its repeatability -over 'a =tHree; monthperidd.wa§
within T4y three.sfgma limits. At é IOQer' concené'

‘tration of 2 ppm the repeétabi1ity_was withIn. _t]p%;

three sigma limits .-

" The slugs vere heat treated in a Thermco Brute




resistance heated furnance having a 15 inch hot .

zone. Its temperatureeéontrdl is typ|ca]ly*2 C  over
two months, Temperatures were measured with a
platinum-rhodium thermocouple using a Loric ther-
mocouple therhometer that is eccurate;tcawithih t5
C. The temperatures 105G C and 1250 C were chosen
because they represent typical processing tempera-

tures.,

After removal from the furnace the slugs typically
had an oxide of 5000 to $000 angstroms in thickness.
It was measured utilizing Tnfréredv'nnterference
frlnges (8). The oxi de indicated the presence of ox-
ygen and/or water veapor in the nitrocen ambient
during the heat treatnment cycle, Figure'l~isa,
éketch of the furnace‘system. The entry’points for
oXygen and water vapor are shown. A moisture mohitor
in the nitrogen purge:']ineA normal]y indicates a
water content of 1 ppm. The effect ofthis-con—
tamination was evaluated in iheff¢11owihg“fashion.-A~

float zone'slua whith showed no ﬁéaSureab]e eXYQen

was heated for 50 hours at 1250 C in pure oxycen;hu

- The SO"d SO‘Ub‘]'tY Of OXYQEH at 1250 C is approx~w ,tWN'

'o‘matelv 20 ppm ana the dlfoSlon lenqth at thlS tzme"“ T
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of the slugs used In thﬂs»stuéy;A

~and temperature_fsl7 mi Is. This considerable amOUﬁt

—

of oxygen diffused’intoza'150 mil slug at 1250 c

had only a small effect on the spectrum, Cor-

responding to an equiVa}enL_of only 1 ppm oxygen in

the float =zone slug after the oxygen treatment.

Thus, the.¢oﬁtamfhatioh~®f1the*ﬂitrcgen ambient with

oxygen and/or water vapor did not affe¢t.tﬁe spectra

——

RN P

Silicon material for the experiment was dathered

from the seed end of as grown incots. The slugs were

‘cut. to a nominal thickness of 150 mils. This thick-

ness proddﬁeS:ah abSQrptTonj]fne that covers 805 to
20% transmission on the spéctrophctometer chart.
After cufting, the slugs were ground to produée a
sample with paréllel sides. Two kinds of slug polish
wvere 'evéluated. The first was a polish that used a
Syton lappfng compound'to;produae a 'SpeculaT  sur-
face.‘ This. polish conforms.toth¢ réquIremen§s Qf :

the ASTM document (Appendix A). ~Thé second vas 'a

chemical - polish commonly known as 533 COhSJSting Qf  “;J

5 parts nitric acid, 3 parts hydrofluric acid_and;B-f

parts.iaqetic__aCid. Both"polish(ng procedures'were' ‘

- found to be of equal ua]itY'WTth‘respect'té the in-

A

. | ZPI N ST JSY WO SRRSO Th fan vn Ve a e sm T d .
Towe 0




'hﬂv ‘.V"!/l;ljl‘.

frared measurement, Once the chemical polish was

cualified.it was used on the majority of samples.

Silicon for the experiment was obtained from two
differént crysta] gﬁoyérs. Tﬁigfééfvéifoo pur poses:
materia1'ngWHLOhV&FTOUSfmééhiﬁeSprOVTded S wider
range cf oxygen levels for stUdy, andwgecond]y any
influences on the precipitation rate due to machine
type could be examined. Also material dislocation
density was investigated. Two dislocation densities
vere -considered. = The first, known as standard
materia], had a dislocation density between 2000 to
5000 etch pits per square centimeter, the second
kind, réferfed.toas digfoéatiqn free, had &n etch

pft—count of less than 1500 etch pits/centimetér

squared. These etch pit densities were evaluated

using the ASTM procedure outlined in Appendix B.

Tﬁgﬁélugs were heat treated and measured every 25
hours up to 50 or 100 hours. After that'théitime {n—;

terval between measurements was Iincreased to. 50. or

100. hours &s the changes of the spectra became.

smaller. The total time span was limtied to 200" - = -

‘hours becausé an initial study showed no significant -
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changes of the spectra between 200 and 4C0 hours.

The slugs were rapidly inserted and withdrawn from

the furnace at the various temperatures. A quartz
< er&dé]é;'SUppOrtéd thé“'éiugszdurihg the heat treat-
ments. After removal from the furnace the slugs wvere
gllowved to cool to room temperature while remairing
on the paddle. The cooling process required approx- | ]
imately 30 mninutes. Prior to the infrared measure-
menﬁ, the slugs were dipped in Hydrofluric' ecid to
remove the oxide. |

se— e L

Then the samples were~. méaéured on ithe spec— ;
trOphotometer -and-- the interstitial oxygen content ‘
determined according to the ASTM procedure (Appendik
A). For purposes of this study the‘brecipitétion
rate‘haé beéndefined as the tfme rate of'theinter?

stitia] oxygen content .as evidenced by:fhe infrargd

measurements.




- Results and;DISCUSSiOn

-Ffédfe 2 is é ébectrum of a typical slug prior to
any heat treatment. This spectrum is to be compered
vith the spectra obtained after heating at 1050 C°
and 1250 C, e&s detaFTed“Tﬁfigures’é ahd 4, Figure 3
is the Spectrum.Qf é,typicﬁl slug after s 200 hour
heating at ,]OSO C. Nétable ffrstafs the broadening
of the line at 1106 anEhUﬁbers simi]iar:té that of
silicon dioxide glass (Figure 5), and second -the ap-
pearance of another silicon dioxide baﬁdA.et 1228
wavenumbers. This baﬁd is not present in silicon
diox?de glass (films), but was assbciated 'wffh
.si]icqn dioxide precipitates In si]icon . by

-

Smakula(12), who heated;matériaT ét“iGOO C. A Spec-

trum from his work is presented in figure 6.

The spectrum of a typical &lug after 200 hours

heating st 1250 C fs preSénted in f7gure L, It shows

only'one_Iine at 1106 wavéﬁumbérs'similar td'that'ofx "

the starting spectrum (Figure 2). The line width
broadened ffom-theoriginélValpe-of §Z Vavenumbers'
| to'SO»wavenumbers dqfihgl tﬁex €5urSéTCf .the-ﬁeat
treatmént. 'By'Comparison,-the ]i”e'width;bfoadeﬁed

to 80.wavenumbers‘from.32.anenumbers-.with-fheating'
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at 1050 C. The 1228 wavenumbers banhd is mnssunc I n

. the Spectrum of the sample heated'at 1250 C

The results of the infrared measurements versus time
for the two temperatures are shown in figures 7 and

8. At 1050 C the precipitation of oxycen in the

high concentration samples rapidly approachec an

equilibrium value. Lower concentrat?on slugs at-
tained equi ¥brium more slowly. This indicates a dif-
fusion limited condition at ethis temperature. The
Drecipitaffoh at 1250 C pT0ceeded more sjowly as is

seen In comparing figures 7 and &.

Interpretation ¢f the spectra is as follows, The

spectrum obtainec after heating at 1050 C is a ‘com-

.. bination of the line at 1106 wavenunbers plus a

spectrum due to si!ico:‘dfox:de; whose band is cen-
T e

tered at 1080 wavenumbers. Also present in the

spectra at 1228 wavenumbers T; the band due to

si]icon‘preCiptates. Spectra obtalned after heatlng

a 1250 C shovs no pronounced effects due to .SI]ncon

dioxide. Two reasons for this 'dpfference'cangber,

imagined. Farst the 1250 C SpeCtrum. contalns lessc

'DFEClpltctlon .aS.gnoted by. the hlcher eQUIllbrlumfF

o




value of intrtstitial oxygen in figure 8. Thus,

with less silicon dioxide belng preSeﬁt less absorp-
tion due to silicon dioxide can be expected.
Secondly above 1180 C in quartz silicon monoxide s

a stable form; thus some of the interstitial oxygen

is converted to si licon monoxide rather than to_ -

silicon dioxide.

LU

Another interesfingzaSQect Of‘théyheat-treatmehts
vere the eduflibrium values of Pnterstitfal oxygen
“obtained at each temperature. The value at ICSO.C is
abdu;.TZ;S ppm compared with 22.0 ppm at 1250 C. The
higher value at 125C C agrees with the fact that at
this temperatufe si]iCOﬁ diQx1de is -disso]ved’,?n.
silicon ~and oxycen returned to interstitial lattice
sites. The existence of interstitiaT oxycen at botB
. temperatures indicates that the oxygen precipitation
is hot comp]eted"due to.cémpeteing reactions to
~dissolve thé-'silicon dioxide. At 1050 C eXFsted a
diffusion ]imitéd cohdition--wfth' theA-reéCtién~ to;
fOfm Si]icon.dioxide domihating,’whereas"ét'IZSOCa
. - reaction limited condition was present due to the

~reaction to dissolve silicon dioxide dominating.

- Thus at 1250 C with the reactfontodissolVe~sichdn ;ﬁ




dioxide predominating ) it is harder to obtain

equilibrium.

Che set of slugs was processed atGISSOwC that con=

tained both standard dislocation density and dis-

locationﬁfree “material. AfterAaheat treatment of

TOQh¢urs vith measurements madé:at the 50 and 110‘_€ ;w' -
._hour marks, the dislocation free mesterial behaved

similar to the standerd material:. At the conclusion

of the heat treatmeﬂt the disLo¢ati0n free.~material
was sirtl etched and iHSpECted. Some additional
- “' ~_dislocations did form in the outer 3 millimeters of
the slugs. This was not considered significant as no |

measurements were made at the edge of the slugs.

_Naterial from tvo types of crysta}growers wgre ihf

cluded in the study and no di fferences due 'td

machihe type were noted.




Conclusions

The use of infrared measuremehts'aésé toocl to study

the precipitation of oxygen in silicon has Leen
demonstrated. The measurement was 'aQJe to detect
chéngés in the spectrum due to“fhiérstiéia] oxygen
‘precipitating fo silicon dioxide. By measuring the
decrease ‘of the interstitial oxycen with heat treat-

f ments the amount of oxygen remaining in interstitial

lattice sites is determined.

S «dne aﬁplication of the;inffaredvmeesurement Is the
quantafiv¢ eva}patiqn of heat.treatments on silicon
crystals. Krowing the oxygén §emaining in intersti-
tiéf:]attice -siteg aftér a heét tréatment, the
émount of dorors that will be formed Qith.heetingtin
the 300 C to 500 C fange.tan"be:éstiméted. For ex-
ample a 'silicon— sample with a 45 ppm interstitial
ox;éégwcontent will produ;e 1.2 ETS donoré)cc wvith
heating at.’QSO C for-]O.minuﬁes;“If'thfé'éamp]e is
then heated er.200*h0urs at'1CSOC'SUCh'that'12 ppm

~of interstitial reméins' the same low tgmperature

‘heat treatment produces only 3.0 E11 donors/cc.

. . . | ( : o : : ' - A. | ... .....-
The experimental results show the rate of precipita-"

A . . . . .
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tion as a function of oxygen concentration, temper a-

ture and durction of héat treatment. Therefore the

leakage currents ~of pn junctions In semiconductor
devices can be expected to depend on - the specific

processing times and temperatures,

18
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Appendix A
Cutline of ASTM document.F-lzlf for Oxygen Content

Determination in Silicon by Infrared Absorption

le The sanple rust havema_resfstivity,gréaxer‘than

2. The oxygen content ofﬂthe;éémplezsh@uld be Th the

range 50 ppb to 63 ppm.

3. The spectrophotometer used for the measurement.
must have a resolution of at least 5 wavenumbers at
9 microns. The spectrum obtained from the instrument

should heve a line width of 32 wayenumbérs .

L,For Czochralski grawhﬁsamples-the;thickness should

be approximately 2 to 4 millimeters .

5. For float zone-prepared_samplés the sample thick-

ness should be approximately 10 millimeters.

6. Prepare_the sémpJe in any manher which pfoduCes a
w;spéeimen with,Optically_flat ahd.paral]el'surféces.'
7. Calcu1ate theabsOrption-COefficieht ~from the

| Spéctrum_of the samp1e and_the‘samp1e thickness.
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6. The oxygen content is obtained by multiplying the

absorption coefficient by 9.63.

—

O« Single instrument precision for this measurement

is expected to be at least 3% one sigma.




Appendix B

Outline. of ASTM Cocument F 47 Test for Perfection of

Silicon by Preferential Etch Techniques.

1. The procedure iéwappITCabTe to-dis]ocatfon den-
sities In the range 0 to 100,000 per centimeter

squared.

2. The-method is limited to material with & [111]

orientation.

3. The test sample must be at least 1 millimeter

thick.

b. Prepere the test sample by lappirg one side with
No. 600 alumina to remove at least .05 ‘millimeters

of material.

5. Wash and rinse the sample. The surface should ap-

pear uniform in finish and free of any scratches.

6. Place the sample In“a_beaker,anandd the disloca-

tion etch.

7o The.disloéation etch‘ébnsists_ ¢f_600,im1  hy;“

o udrofluric:facid,‘BOO mlﬁnitric.acid;,andh28'grams»of o

COpper nitrate.;‘

woE .
- - v - . .- e - - < M  at . o
. B . . L. o o . e .
' ’ . . . 5 .
3 .
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.




8. Be sure to observe all acid handling rules when

prepéringand using the etch.
%« Keep the sample in the etch until it develops g
chemically polished surface. Then di lute the etch

solution with water to stop the reaction. ¢

10. Lry the sample.

11. Examine the sample-usfng a microscope with 200
pover macnification to determine if etch pits have

formed. If pits have not formed re-etch the sample.

12. Reduce the magnification to 1500 and count the

etch pits in the field of view.
13.'Exam?ne several area on the sample,

14. From the etch pit counts and knowing the area of
the field of view the dis%dbation density can be

R T

calulated.

-~ 2h_~"
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