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Abstract

Infrared absorption measurements vere nmade for n-type

silicon samples irradiated with 1 lieV electvrons at roon

{ tenperature., The absorption spectra in the range 1l-3 nic-
\%ons were recorded at both liguid nitrogen and ligquid helium
g'f temperatures., Three faﬁilies of zZero-phonon iines and phonnn-'
assisted sideband structure vwere seen vwhicn correspond to

3. those seen in 1um1neséence spectra, The fanilles at

4 ' . 041891 eV and 0,7898 eV were seen only in pulled sanples,

% ' vhile the family at 0.9702 eV was seen in bvoth pulled and

é float zZone samples, A dose rate study indicated that all
g’% three families are independent of each other. The zero-pho~

non lines at 0.7898 eV, 0,798 eV, and 0,9702 ¢V are inde-
@ pendent of the divacancy. The growth r»ate of the line atj.
0.4891 eV may follow that of the divacancy. The eplitting
of the zero-vhonon line at 0,7893 eV occurs in the excited
state since both the zero-~phonon lines at C€.7898 eV and
0.7948 eV occurred at equal intensity in the low temperature

absoxrptlior spectra,
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ZERO-PHONON LINE ABSORPTION SPECTRA .OF
RADIATION DAMAGE CENTERS IN SILICON

I, Introduction

Silicon is the ..

oup IV element with an atom;c numn-
ber of 14 lying above carbon and below germanium in the
perlodic table, Electrically, it is classifled as a
semlcoﬂductor. In its purest form sllicon has a rocnm
temperature rgsistivltj of approximately 2.5x105 ohm-cin,
The addition of 5x1015 atoms/’cm3 or about 1 part per 10
milllon of an ifmpurity can bring the room temperature
resistivity down to 10 ohm-cm, This characteristic of
having the carrier concentration determined by the im-'
puritles makes sillicon an important electrlcal material,
Silicon, with controlied impurlity concentrations, ls used
in dlodes, transistors, integrated minlature clrcuits,
and many more componentes of the rapldly increasing sollid
state electronlcs field, '

Just as chemlically added impurlities affect silicons
electrlocal provertles, lattice defects produced by radl-
atlon can also affect these properties, Because of the
increasing need to use sillicon devi¢es in space, and in
miiitary equivment, there has been an extenslive progiam
to investlgate radlatlion effcets in sllicon, Much effort
_has been devoted to understanding the mechanisms of de-
velopling defect formatlon, identifylng various defect

.
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mbdels. and developing some radistion hardening methods.

' Since most of the radliation induced defects in semi~
conductors axre on the atomic scale; there ls no direct -
method which can furnish all the information needed to
describe the defects., Instead, indirect methods, through
various defect sensitlve physlcal propexrtles of the mate-
rial, are cmployed, By the interpretation and correlation of
e number of experlments on different properties, & consis-
tentv model may be obtalined of the configuration of defects

as they exist in the crystal, ‘

One useful technique which can reveal 1nformat16§ on
the mioroscopic natuce of defects is recombinatlon luml-
nescence, A study of defect luminescence spectra can glive
information on the defects! eanergy levels in the gap, the
nature of the rocombination processes, and the interaction
of defeots with the lattice, Low temperature photolumlines-
oence has been used by Yulthnevich and Thkachev (Ref 41) in
the Sovliet Union, and by Spry and Compton (Ref 33), Joneax
ant. Compton (Ref 22), and Johnson and Compton (Ref 20) in
the Unlted States to study ti:ose defects, The spectra con-
sist of strong zero-phonon linas accompanied by phonoh-emis-
slon bends on the low energy slde of the zero-phonon lines,

Another technlque which can give information of the
mlcroscopic nature of defects ls optlcal-absorption, Re-
cently, Bean, et al, (Ref 4) have reported detecting seve
eral new absorption bandé at liquid nitrogen temperature

in electron irradlated sillicon which are thought to be of

»
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elect;onic orlgin, These bands occurrei at energles which
6ofrespoﬁd to zero-phonon line energles seen in photo-
luminescence spectra., Dean, et'él.i(Ref 13) identified
zero-phonon components in absdrption spectra due to bound

excitons ln silicon by comparing the transitlon ener-

gles in the absorption and luminescence spectra.

. " The purpose of the project d:seribed in this thesls
wés to obtain liquid nitrogen and 1liquié helium tempera-
ture absorption-spectra from electron irradiated silicon
samples which showed the same narrow lines reported by
Bean, et éi. A search was to be made for other narrow
lines which occurred in luminescence spectra and a correla-

tion made hetween the abgsorption and luminescence bands,

- A hlgh resolutlon recording spectrophctometer was used to

recoxrd absorption spectra at both ligquid nitrogen and
liquid helipm vemperatures,

After the inltial absorption spectra recorded indli- \
cated the exlstence of these new absorptlion bands, a growth‘
rate study of the prominent bands was undertaken, The in-
tensiti of the bands vas studled és a functlion of the elec-

tron flvence in an attempt to identify the defects res-

_ponsible for the spectra,

‘The next three chapters that follow contain the back-
ground information pertlinent to this study of silicon, The
informatlion »resented include the general propertles of slll-
ocon, the optical proverties of silicon, and é disoussion

of electron radlation damaze in silléon. The final three

3
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chapters discuss equipment and pfocedures, experinental

results, and discussion anq-conclusions.
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II, General Properties of Silicon

Thls sect;oh contalns informatlion on the growth meth-
ods, band structure, and phonon spectrum of single crys-
télg of silicon., The crystal growth methods are discussed
because they can give valusble information concerning cheme
lcal impurities in silicon, Both the electronic energy band
strubture and the lattice Gibronic structure are extremely.
lmportant in determining the optical properties of silicon,
Crystal Growth

The concentration and type of chemical impurify in
silicon are determined by the method ﬁf crystal growtﬁ.
Large single crystals of sllicon are most often produced
bj the Czoohralskl method, In this method, a seed crystal
is dippéd into the melt and then drawn from the melt by a
rod which cen be simultaneously rotated and railsed, The
molten sllicon is normally contained in a quartz cruclble,
At the melting volnt of silicon, 1420°C, ozygen is readily
exchanged between the crucible and the molten silicon.
Crystals produced by this method contaln oxygen in inter-
stitlal positlions in concentrations of nearly 1018 per
cw’ (Ref 23:812),

The othcr common method for producing single crystals
of silicon is by the float zone technigue., In this tech-
nlque, a radlo frequency coll is passed aiong the length
of a vertically held silicon rod, A thin molten zZone 1s
produced by the heating coll and is swept through the
crystal., Very pure:crystals are produced by this method

4.
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slnce the impurities have a hlgher solubllity in the melt
than in the solld and are segregated at the bottom. The
oxygen concentratlon is approzimately 1016 per cm3
(Ref 23:882), _

~ Residual impurlties, other than the,intended‘dopant,
whloh‘are pf interest in radlation damage are oxygen, car-
bon, and germanium, Bean, et al, (Ref 4:75i) reported a

018 yer cm3 in a pulied erystal not

carbon content of 2x1
deliberately doped with this impurity, Baker, et al,
(Ref é:#368) found the carbon concentration in float zone
silicon to be on the order of 1017 per cm3.

Band Structure

As silicon atoms are brought together to form a c»ys-
tal, energy bands are formed at an equilibrium lattlce spac-
1gé. The corresponding crystal structure for sillcon as a

function of wave vector K is shoun in Flg. 1,

2.6
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~ The vélenoe.band meximum occurs at k=0, the center of the
first Brillouin zone, However, the conductlon band min-
imum occurs at approrimately 82% of the dlstance toward'the
direotion of the first Brillouln zZone boundary., For this
reason silicon is terimed an indirect band gap semiconductor,
The indirect band gap energy is 1,165 eV at liquid helliuw
temperature (Ref 32:352).\

Phonon Swnectrum

As a result of the difference in energy between the ln-
direct gav and the q1reot gap in silicon, most conduction
band electrons occupy states near the conduction band minlmun,
It is these electrons which dominate the electrical and optl-
cal propertics of the material. In order to conserve crystal
momentum, electronic transitlons occur with pnonon assistance,
The phonon spectrum of sillcon for the case of lattice vi-
brations propagating in‘the [L0Q ~direction in sillicon at
roomn temperature is shown in Filg, 2. The spectrum for sllicon
.exhibits both thé optlcal bfanch and the acoustlic branch.
Each of these ‘branches has two different modes of vibrations °
with the disvlocement of atoms elther transverse or longltudlinal
to the direction of wave propagation, The % value corresponding
to the mininum in the conduction band is shown by the dotted
1ine. The onergles of the phonons having the epprovriate
momentun to make the indirect transltion'possible are equai
to 0.059 eV, 0.053 eV, 0,044+ eV, and 0,018 eV, The phonons
with largest densitles of states at this polnt arc the
TO phonon av 0.0SQ'eV, the TA - phonon at 0,018 eV, and the

" gone ocnber ovtical phonon at 0%064 eV,
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III. Optical Properties

The first ggction of this chapter contains infore
nation on the absorption of électromagnetic radlation in
silicon. The next two sections include background material
on free exoitons and bound exciton absorption. Zero-phonon
transitions are then discussed w1tb the resulting spectra
1dent1fied as an optical analog of the lossbauer effect,
Absorption Process _

funQamental1absorption,takes place when an electron is

excited by the absorption of a photon. There are two types

" of transitions which can occur. Transitions in which only a

photon is involved are referred to as direct. Those .1 vwhich
energy is either supp;ied by the crystal lattice or given
up to it, are referred to as indirect. In this type, one
or more phonons are emitted or absorbed at the same time
as the éhoton is absorbed. As was shovm in Fig. 1, the lov-
est energy state in the conduction band of silicon does not
have the same value of‘i as the highest energy state in the
vaience band. Direct transitions will only be possible with
visible photons and any infra~red absorption must arise from
indireot transitions (Refz7 1114),

For the indlrect transition to take place in an absorp-
tion process, crystal momentum must be conserved. The

azount of momentunm needed is supplied by elther the absorp-

‘tion or emission of a phonon. The direct transition is

labe}ed D end the indirect trgnsition is labeled I in Fig. 3.

4




P ey G iy e b R & Dy Lo — g N - ) ,
(Gl S IR Y, T RANEL) Ty gt 2 a;, g kb L AL & £ s g RSP s e A e B BRI ot oo " N i)
A % X EN A7 A Yo 1 A3 ) LI A d 7 L AR A ITonE T (s,
C f'? Y AT | e ¥ ,;'ui\}" AZH ,wm Tt RSP PRy L R A e , e e

. . 3 S P ARy FEA § AL 9N SEEY

- w T N
.

s e

oo TR o)
PSR RS

-
o

X p——p
S

r——
et

e

| GNE/PH/72-11

’ cB '
B D
E I
[ﬂ . .
Vi3
i 'i 1
Ko 50 Yipin
-WAVE VECTOR (K)

Pig, 3. Band-to-Band Transitlons
The photon cnergy requlred for transition I is glven by
hy = Eg 4+ Aw (1)

vhere B, 1s the energy gap and Aw is the energy of the
phonon, The 4 refers to the emisslon and absorptlion of

the phonon, respectlively, At low temperabtures, the den-

‘sity of nhbnons sn the orystal will be so small that dphonon

absorptlon is negligible (Ref 26:1245),

In absorptlon svectra, the absorption coefflcient is
usually plotted as a functlon of vhoton energy. The absorp-
tion cocfficlent can be defined as the product of the cro;s
section fof absorption and the volume density of absorblng
atoms, When the vhoton has cnergy enough to exclte elec-

sne valcnce band to the conduction band, 2 large
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increase’ in absorption is observed (Ref 32:191), The
absorntidn coefficient for silicon. as shown in Flg, 4,
irulcates the increase in absorption as the photon energy

increascs. .

P cem e e - P v sess tem  egem e saee s
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 Absorbtion coefficient (crr?)
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—
<
3

1 ‘ ) ‘
, l === Dash and Newman '
01 * Fanetal °

[ 5 2 3 4
_...Photon energy (eV)

4

Pig, 4, Absorptlon in Silicon (Ref 27:116)

The figurc can be interpreted as showlng tde onset of '
Indirect trénsitions at apvroximately 1.1 eV at room
" temperature, '

So far the alscusslon has only concerned_band~to~$and
ebsorptlon, uhica vy definlition generates a free hole and
free elecctron, However, 1f the energy of the photon ls not

‘sufficient to chnelbe an clectron from the valence band to

.
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the conduction band, various optical transitiong fronm
impurity centers may be induced within a band. These
lmburity centers nay result from ﬁhe'substitution of a
group III atom (acceptor) or a group V atom (dohor) into
the crystal lattice, "he energy levels of the donor and
acceptor lie very near thg conduction and valence bands.
Since these energles are éo near to the conduction or vale
ence bands, 1t is necessary to cool to very low temperatures
before the density of impurity centers which afe wionized
is sufficiené to give significant absorption (Ref 27:50).
Ir silicon is heavily doped with both donoxrs aﬁd acceptors,
absorption may be due to QOnor-acceptor palr formation.

The model for this transition is an electron bond to an
unionized donoxr and a holé bouwnd to an unionized acceptor.‘

The energy of the absorbtion process s glven by

hv = B = (Ep + ) 4§§au.+ 2 (2)

e
———

X

vhere ED and EA are the ionization energles of the donor
and acceptor,4ﬁa> is the enexrgy of a nmomentum conserving
phonon, e is the charge of an electron, ¢ 1s the static
dielectric constant, and r is the separation betweeﬁ donoxr
and acceptor. The absorption peak will be narrow with no
theimal groadenins of the haifwidth,'but may be broadened
by the ?§ term. .

The effect of high .energy particle 1rrad1atioﬁ also

. produces defect centers in the crystal lattice. The de-

fect may act as a donor or acceptor site (Ref 35:1127),

»
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Infofmation on the defect's energy level may be obtalned
by méasuring the infrared absorption beyond the fundamen-~
tal band edge (Ref 35:169). '
Excitons
Because an electron and hole have an attractive
Eoulomb Interaction, it is possible for stable bound states
of the two varticles to be formed, This bound electron-
hole palr knoun as an-gxciton. is a neutral, exclted state
of a crystal, _
There are two different limiting approximations for the
excilton concept, The Frenkel exciton 1s considered as a
tightly bound palr whereas the Wannler exciton is a weakly

bound palr (Ref 25). The Vannler exclton structure is

. analogous to the hydrogen atom model, The gr.und state 1o~

nlzatlon energy G, is calculated from

G = 13,6n ‘ (3)

€ mo.

whefe:tis the reduvced mass of the electron-hole palr and
, s the free electron mass,
The excltatlon energy necessary for the creation of a

free exciton at low temperatures, a characteristic of the

-band structure of a pure mgterial, is gliven by

hv = E, - G +2ho, + (5

Jex (&)
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where (FT)exlis the tianslatiénal thermal energy ~f the
exciton. In both equations (2) and (&) EE%“’ may be zere.
Bound eriton Absorotion ‘
_ The first experimental proof of bound excitons nas %
shovmn by Hayneé (Ref16 ). He observed sharp lines close

to the exciton'energy gap in low temperature luminescence

PRSI EINCRIFITS FITN

spectra_of silicon., The iuminescence vas due'to the radia-
tive decay of excitons bound to a variety of neutral donor
and acceptor centers, Dean, et al, (Ref13 ) reported weak,
but sharp, absorption bands due to the creation of excitons

bound to neutral denor and acceptor centers in silicon,

B I N U i T R TS C v L T A SRR

The spectrum, showm in Fig. 5, included a Zero~phonon con=-

o A
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ponent and two momentum consexrving phonon-assisted coﬁponent.

A plitting vas observed for the acceptor-exciton conmplexes,
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Fig. 5. Bound Ixedton-icceptor Spectrum (Ref 313:722)
Splitting 1s shovm by subscripts 1 and 2,
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as 1s shovn in Fig. 5. The magnitude of this splitting
waé‘found to be Lroportional to the localization energy of.
the bound exciton and therefore fo the ionization energy of
the acceptor.

The energy requlred for the creation of a bound qxcitqn

is given by

\
",
"

hv =(Bgy = G) ~E; +Z;/6wi (5)

where EL is the localization energy binding an exciton to
a center, , Haynes found (Refl6 :362) that, to a good approx-
imation, the energy for an exciton boﬁnd to a neutral Coulom-

bic centér‘is

By, = 0.1 By (6)

Where EI is the ionization energy for a single carxriexr
trapped at the ‘defést, '
Excitons may also be bound to ionlzed donor or acceptor

impurities. In this case the localization energy 1ls given by

\

. Ey, =4 Eq (7)

However, theoretical woxrk has'suggested that excitons

’ boupd to ionized donor or acceptor impurities are not stable

in silicor (Ref17 +726).

Zero-Phonon Spectra

Spectra of many crystals at low temperatures consist
of narrow absorption and enission lines., The narrow lines

are characterized by zero~-phonon lines accompanied by

L]
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several phonon-sssisted sidebands, The sidebands arise

O ‘durlng the emlssion or absorption of a photon and the slml-

R HkPn e, 8

. taneous excitation of phonons. A zero-phonon line can often

§ I T be recognized as such by its extreme narrowness, and can

_3sually be proved to be such by thé observation of an emis~
é;on and. ebsorvtion line at the same frequency (Ref 34:242).
ihe phonon asslsted sldebands formed in absorpvtion and emls-
3 ‘ élpn spectra often have mirror symmetry about the zero-phonon
line, 1In Fig. 6, a comparison of the emisslon and absorptlon

spectra of dlamond exhlbit this mirror symmetry.
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wero-phonon llnes occur in the optlcal spectra of
defects ln sollds in much the same vay that harrov, re-

coll-free livssbauer lines eppear in the gamma ray spectra

of solids (Ref 15:204), For the optlical case, the pho-
ton supplles enefg& to the crystal for the electronic

L3
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transition. There is a displacement.fecoil associated
witﬁ this transition as the neighboring atoms relax to
new equilibriuvm positions., The dispiacement recolil in-
volves the excliation of several vibrational modes of the
‘b?ystal or phonons which éhift and broaden the ébsorpa _
tion peak. The states 6f‘excitation are quantized so there
is a finite probability that no mode Will be exclted.
This is phe case resulting in a zero~phonon line that is
neither displaced nor broadened by energy transfer;d to
the lattice modes.

The absorption spectrum will consist of a series

of lines at
Ei = EO "I'/s"l'wi . . (8)

where E, is the zero~-phonon transition energy and 1 des-
ignates the phonon branch (T4, TO, etc.).' For the emission

spectrum the series of lines 1s given by

If an exciton is weakly bound to a defect, then

phonon-assiéted transitions must predominate (Ref12 :190).

* The phonons involred will be the TA and TO phonons seen in

the intrinsic absorption edge. At an intermediate amount
of exciton-center coupling, the relative intensity of the
zZero-phonon line will increase. Wthen the exciton becomes
tightly bound, phonon-assisted transitions again predoninate.

The phonon-assisted sldeband structure may then contain

-
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G K a .geries of e%renly spaced peak;s cbrrespon_ding to elec- "
” . tronic transitions in which .one, two, or more phonons :
. ‘are simulbancously emitted (Bef 12:190), For silicon .
; mltinles of the TA phonon would be expected (Ref 21:180),
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IV, Electron Redlation Demage ln Sillcon
Discussed in this section are the defect produc-

tinn mechanlsns, the. methods for studying these defects.

'and some of the knoun defects in sillcon.

Defect Production ' - *

Defects in the perfect sillcon crystal lattice 1n-
clude the chemlical impurltes such as group III or group
V dopants, oxygen, and carbon, and the structural ;mper-
fections created during the crystal growth process, Other

voint defects such as vacancies and interstitlals can pe

- induced in the orystal by the bombardment with high energy

pertlcles, If thg energy of the par?icle is high enough,
Frenkel defects or more complex.defeots such as the divac-
ancy moy be formed, Since the simplé radliation damage
defects such as vacancles are moblle, even at low temp-
eratures, more: compllcated defect_structures result,

These complexnes are formed with the other structural

imperfections gnd chemical impurities. Thls complenling

.of defects comvlleates the investigatlion of the defect

structure of the crystal. .
The high energy partlicles such as electrons and neu-
trons coliide with the lattice and transfer energy to the
lattice., If this energy is greater than thé displacement
enexrsy, Ed’ atoms are displaced,
. In electron 1rradiqtion, the damage is caused by
electron-nuclel scaftering due to Coulomb interactlon,

The maximua chcrgy' that can be transferred to a lattlce

w19
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‘atom by a relativistic electron is

. Eppax = 2Eg (BEg + 2mye”)/Mo ‘ (10)

.where E, and m, are the energy and rest rwass of the
eleotron, M 1is the mass of the struck atom, end ¢ is the
Speeé of light. The maxipum energy that can be transferred
to & silicon atom by 1 Mee electrons 15 155 eV. Cahn

(Ref 8 :1311) celculated the average number of displaced
atoms per 1 lMeV electrons to be less than 1 for an E& of

30 eVe The damage .produced by elect;on irradiation is

not uniform unless very thin samples are used. To overe
come this disadvantage, the samples used in this study were
irradiated to equal fluences on both sides. A damage pro=
file will be given in the next section.

Methods of Defect Study

As'mentionéd béforé. there ié no one technique cape-
ab}e of providing all the necessary information about
~a defects It 1s necessary to take data from several types
6f neasurements to obtain a complete picture of the rad-
iation damage process. Each of the different techniques
has its owﬁ advantages and dlsadvantages, end thus its oun
region of application., Techniques such as photoconductivity,
electron spin resonance, luminescence, and optical absorpe
tion have been used for studying defects.in irradiated
silicon.
| In photocohductivity studies, the conductivity of the
sample is maasured‘as it is illuminated with monochromatic
light. As the photon energy varies, steps in the conduc-

20
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;“?-; tlvity 6qcu§ which correspond to the onset of éransltlons
- ,‘inﬁgjthe valence or conduction band, The photon energy
| for vhich the step occurs gives the energy of the defect
level measurecd from o band edge, Photoconductivity meas~
‘urements therefore can only give information on electronic
transltions to a band and are of no value in studylng elec-.
tronic transitions between bound energy states,
In ?he absorptlon’ technique, the photon energy of
the incident light can cause electrohlo transitions to
excited states of a defect, electron transitlons t6 a band
edge, and the excitatlon of the local modes of the defect,
This technique requires that the concentratlon of the defects
be on the order of 10%¥ per on’ to 108 per on? (Ref 10:43)

for electronlc transitions, Transitions to and from the

grounq state of the defect are depeﬁdent on the position
of the Feril level, The Perml level must lie below ‘he
ground stete In order to observe trahsitions from the val-
ence band into the ground. state, Transitlons out of the
gfound state lnvo the conduction band oxr into higher ex-
cited states requires the Ferml level to be above the
grouwnd state, Information on detcrmining which bands belong
"to the sone defect and the identiflication of the defect

may be accomplished by twuo methods, One method is to étudy
the annealling behavior of the absorption bands, The other
is to measure the.intenslty of the bznds as a function of
'iadiation dosc or impurlty concentratlon, Addltional in-

formatlon may be oﬁtained by applylng unlaxial stress to
. * *

. 21
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' the sanple while 1lluminating 1%t with polarized light

. nlque, the interaction between the electronic magneﬁic

-

and measuring the change in absorpbiou,
' To identify radietion defects, electron spin

resonance hes been the most useful tool. In this tec@;

moments and a static magnetic fleld is studled, Res-
onancé patferps 6ccur as a function of the érystallo-
graphlc orientatlon relative to the sfatic magnetic fleld,
The symmgtry of the defect structure can be deduvced from
these'pattérns. The defeot's energy levels are estimated
by observing the change in the resonance patterns while
the Ferml level is passed through the defect level,
Recombinatlion luminescence is llmited to the study
of defects in which a trapped carrier recombines through
a radlativec »rocess, as opposed to a non radlative process,
Rediatlive transitlons occur elther through band-to-band
recombination or through the defect encrgy levels,

Knoun Defects in Irradlsted Sllicon

The primary defects produced by high energy radl~
atlon in silicon are vacancles and interstitials, How-
ever, the vacancy and interstitial agre mobile at very low
temperatures and can move th;ough the crystal to form more
complicated defect structures, These include the divacancy
and the impurlby-vacancy coumpler,

Vhen a lattlce vacancy is formed by the radiation

‘ 'damage event, en inbterstitial must also be formed, Howe

ever, there has becen no dlrect evlidence for the lsolated

‘1nterstitial atom, Watkins (Ref 36:72) has suggested that
. .

22
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'~.}the interstitial is mobile even at 4.2°K.and has presented

‘a model to account for the disappearance of the isclaved

'siiicon interstitial, - :

'f': The 1solated vacancy has been obzerved by Watkins
(Ret‘36:68) using the eleétron spin resonance technique.
Since the'vacancy is mobile at low_temperatures. it can

Join with impurity atous fo form 1mpur1ty-vacéncy cone

’plexes such as the A center and E center.

.The & center is a vacancy-oxygen complex (Ref 10:75) .

When the vacancy is trapped by oxygen, the previously ine-

_terstitial oxygen fills the vacéncy site and thereby be~

comes substitutional. This center has been found in both
pulled and float zone irradiated silicon (Refs,11,38 f.

The A center concentration increases with integrated bﬁmbard-
1né flux, as long as there remains sufficlient interstitial
oxygen with which the vacancy may combine.

The E center is a vacancy-phosphorus complex and

~ found mainly in float zone material (Ref 37). In this

case the vacancy is trapped next to the substitutional
phosphorus and the vacancy site 1s not filled.
The divacancy 1s produced elther directly in the ra-
diation damage evént or indirectly.by a combination of'
two mobile vacancies. Formation Qf the divancancy l1s
enhanced by the presence of oxygen and carbon (Ref 4 :1745),
Othexr defects have been detectqd for which there are

no firmly established structural models., Such a defect,

_ the X center, is found only in pulled silicon and is thus

%
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”assuméd to be dependent on oxygeh for its formation (Ref 1),
O Riguious Results . L
-, This sectlon contalns the previously reported results
from absorption and luminescence spectra which occur ln |
the spectral range examined in thls project One absorp-
Eion spectrum end two luminescence spectra are shown, A
table 1s included contéiﬁipg reported values with which to
compare the results obtained in this study, ' | s

Absorntion Studieé. Bean; €% al. (Ref &) reported a

sharp line absorption'spectrum of two, hlgh resistlvity,

p-tyve puvlled sllicon samples irradlated with 5x1018 e/bmz.
The spectrum was recorded at liguld nitrogen temperature
using the differentlal technique, This technique employed
'the use of tuo samples of the same thlickness. One sample,
C) which had béen irradlated, was mounted in a 1liquid nitrogen
dever and placed in the sample compartment of a double beam
grating Grubb Parsons Spectromaster (Ref 2§:l@95). An un-
irradlated sample of high vurity prepared by the float zone
technlave wasg mounted in anothcr 1iquld nitrogen dewar and
placed in the reference compartment, For this spectrometer
arrangemeﬂt, white light falls on the samples (Ref L4:741),
In the diffeﬁcntial technlgue the intrinsic absorption is
'cémpletely climinated from the recorded spectrum, The spec~
trun of two dilfferent samvles; of varylng carbon content is

shoun in Fig, 7. o
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Fig., 7. Relative Transmlission of Irradiated Sillcon (3ef L:7ls)
Coat%nuous curve is for samvle uith carbon content of
25:2.010 per cmd,
Daghed curve s for samvle with carbon content less than
1037 per cm3, :
The aubhors, however, did not recognlze the sharp lines
at a (1.26 microns) end ¢ (2,54 microns) as zero-phonon lines,
The enersles of these lines corresvond to the energles at
which zero-phonsn lines are seen in.luminescence spectra
at 1iquid nltrosen temperature (Ref, 22,33,41). The vhonon-as-
sisted sldebend structure in the absorptioan spectrun ls

on the high energy slde of the zero-phonon lines a and c,

The brocd bend at b (1.69 microas) and the structure ah 4

v
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(3 3 microns) had previourly been seen in absorption spectra

";by Cheng et al (Ref 9) and assoclated with the divacancy.

Imminescence Studies. ?lg. 8 éhows a luminéscende

i spectrum of 1rrad1ated silicon reported by Panin et al. (Ref 30).
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Fig., 8. Iamminescence Spectra of Irradliated Silicon (Ref 30:6)

The spectzun Lndicates a shard line et 0,490 €V (Bo) and the
phonon-assisted sideband with major peaks at 0.478 eV (31),

0,471 e¥ (39}, and 0.456 eV (315). This épectrum was ob-

gerved for n- and p- type semples of varylng orygen content,

The lumincscence spectrum shoun ln Flg. 9 was revorted

" by Jones and Compton (Ref 22) for an n-type (phosphorus doped)

pulled silicon sample irradiated with 1027 e/on® at 2.5 HeV,
Jones and Compion identliled zera;phonon 1lines at 0,717 eV
(4), 0.72% ¢V {2), 0,770 €7 (C), 0.795 eV (D), 0.898 eV (=),
0.941 eV (F), and 0.970 eV (¢). The broad structures to
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O Fig. 9, Lunmineseence Spectrwa of Irradiated Sillicon {(ReT 223 8’%‘)‘.—“
n-tyve pulled, 8C ohm-ch
the 'left of the strong lines C anci ¢ are the phonon asslis- 3
ted sidebands. The peak at 0,941 eV (F) was scen onls in
‘a few samplcs vhereas the other structure between 0,80 eV ° 1
and 1.0 ¢V aluays ocourred in the same intensity ratlos 5
: ;i
indepehdent of any impuritles (Ref 22:83). The struchure ;
belon 0.80 ¢V was not seen in float-zone sanvles, ;
i
£ As seen in Fig. 9 the zero-phonon lines C and D
: . %
: form o doublct. Jones found (Ref 21:180) that the inten- i
Z sity of the line at 0.795 eV (D) was related to the line §
§ at 0.790 ¢V (C) by a Bali:zmann factor. The high tempera. ?
?
g O fure inbensity rotlo was 1:1 (Ref 22:83). He concluded :
27
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that the lines are related to two levels of the lnitial
 state of the luninescence, l.e, the exclted states,

The tﬁb luminescence spectra in Flgs, 8 and 9 will

' be compared with the absorption spectra obcalned ln this
; gtudy. .
R ?abla I, though not.all inclusive, lists some pre-

viously revorted zZero-phonon lines which occur in the spec~

tral range of this study. The table includes the tempera-

" ture at which the spectrun was recorded, Some of the energy
locations, which were not llsted in the text of the refer-
ence, were'measured from the appropriate svectrunm,

28
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Table I.
Luminescen e Zero-Phonon Lines

Note: Legend for table
n-n-type silicon
p-p-type sllicon
C-Czochralskl growun silicon
P-float zZone grown sllicon
e-clectron bombardment

. y=Cobalt-60 gamma ray bombardment

LH-1iquid helium

ht

e e T R A Tt A AL
BT Yadds S S S A

b § Line Materliel Temperature ) Irradlétlon Reference®
=k class (°k) gource
A 0.971  npCF 6.8 ¥y 33
N 0.971 np 20.4 e 30
© 0,970  nuCF 11,8 e 20
: § . . 0,970 npCF 3 e 22
| : 0,969 nC LH e b
: | 0,967 nC 80 Y 4o
E: ] o
1 O 0.795  npC 3 e 22
| 0,795  niC 11.8 e 20
G 0.794 nC Ly e b
| 0.79%  nC 6.8 Y 33
0.791 mpC 6.8 y 33
15 0.790 nuC 11.8 e 20
i 0.790 npC 34 e 22
e 0.790°¢ np 80 Y 6
o2 0,790 nC LH e b
;i 0.490 ny 20,4 e 30
) 0.489 nC L1 - e b
e : , 0,488 np 80 Y L3
ﬁ a: refer to refecrence in bibliography
i .b: unpublished data by Svry using sample from same boule
s used iln thls project
b c: 1line was not seen until annealling at 300°C

.29
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' V. Egquivment and Procedures

e

General Description .
The experiments réported in this thesls involve the

measurement of aBSorption spectra of irradiated silicon,

_An oferall description of the experiment is presented

here, with more detailed procedures being given in the
sections to follow,

The samples used were ocut from one Czochralski and
.one floatfzone grown single orystal bouleé of silicon,'
The optical surfaces were polished and then trimmed tn a
specified size depending on the measgrement technique to
be uéed. | .

" The samples were irradiated with 1 MeV electrons

from a Van de Graaff geperaﬁor.* By passing cooling watex

through the sample holder, the irradiations were performed

-at 27° Ce To ensure that damage was nearly wniform through=-

out the samples, ‘each sample was irradiated equally on both

"8ides, The fluence to which each side was irradiated was

calculated from the average beam current, area of the‘beam
spot, and the total irradiation time.

To obtain optical absorption measurements, the same '
ples were mounted on a cold finger iIn. an evacuated dewar,
The_initiql measurement was made using the differential
technique at i;quid nitrogen temperature., The rest of the
measurenents were made with a liquid helium dewar using
the single beam technique, Tbe dewar was placed in the

sample compartment of a double geam, Cary, Model 14 RI

30
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i{‘ i;, ', ‘ .Recording Spectrophotoneter. The ouﬁpqt signal was pre-
§, | 'senéed on g strip chart recorder, ‘ ) _

;%“ . o The recorderx 1nd1cated.the absdrbance (log EE} as a
;g" - ' funoction of wavelength., After subtracting off tge base-

e . “line absorbance values, the set of data was punched on

conputer cards, The ooﬁputer converted wavelength values

SRR
SIS AT Y
o

Y

to energy and generated an absorption spectrum through a

s

i - ¥,
. 24
R

plotting subroutine.

?é. Sample Preparation

,g Slices of silicon were cut from the two boules with
§ ' a dlamond sav. Each face was polished with 0.5 micron

g. diamond paste. The slices vere trimmeé to specified sizes
? and the cut gamples marked with a letter designation and
% (:) . an arrow which was used to indicate the orientation of the
g, sample. The theoretical pexr cent tfansmission is given by

\ , ~ (Ref 27:14)

3 2n

B T = (11)
b : T+ n? '

\2 . - where n is the refractive index of silicon. The value of

n used was 3.44 (Ref 18:439). A valﬁe of 53,8% transmis=~

Fa

LRI S NI

sion was obtained experimentally for the samples which come

AL 8y e e

) pares well with the theoretically calculated value of 53.6%.
Thus the faces of the samples wexre polished to give the

= T
GRTIR e Fio iy AR A

theoretical per cent transmission.

AN TR
PR RO TR
>

The dimensions of samples 4 and B were 14,5 mm X 9,5 mn

"and 5.74 mm thick, These sanples were purposely cut to this

thickness to initially check 'if The absorption bands ocould

5 - .
g 3
2

&2,
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‘be detected ﬂy'the Caxry Spectropﬁotometer utilizing.
‘the differential technique.’

It was deteimined that the use of the differential
technique at 79°K was no more advantageous than the siﬁgle
beam method since there was ﬁo difference in the spectra

recorded using'either method. Use of the single bean method

~ enabled measurements to be made at liquid helium tempera=

tures. However, difficulties were encountered in mounting
sample A in the liquld heliunm deWaf. The sample was so
thick that the brass thermal radiation shield would not
£it over the cold finger. Instead, a plece of aluminum foil
was wrapped around the cold finger to.serve as a shleld.
Also, the temperature measuring diode could not be plgced
directly on the thick sample but had to be mounted on £he
opposite side of the cold finger.

With the encouraging results shéwn at iiquid helium

temperature utilizing the single beam method, the rest of

. the samples wiere cut to final dimensions of 9 mm x 9 mm and

thicknesses less than 2 mm. A sample thickness of less than
2 mm was used so that the damage profile would be more uni-
form, The damage profile produced 5w 1 MeV electrons is

a function of the‘electron range 1n:silicon. Fig. 10 shous
the damage profile produced in = piece of silicon where both

sides are irradiated to equal flvences, The divacancy pro-

.duction yper om vias used since this defect is the hardest to

produce,

.
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Figo 10,

Silicon Lamage Profile for 1 leV Electrons
Data from Corbett (Ref 10:74). Each side

irradiated to same fluence, Profile is
composite of the two curves.
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‘Table II lists pertinent informaticn about the samples
usqd in these exberiments.
Table II
Silicon Sample Histories

‘Note: All samples vere n-type (phosphofus doped) manu-
factured by lMonsgnto. '

LN

; Electron
Deslg-  Growth Thickness  Resistivity fluegig >
nation  method _(mn) (ohm-cm) (x1071%e/en*)

A pulled C o 5.74 Lo ko6

‘B - pulled 5.7 ko none

E pulled 1,73 40 0,5=7.6

H pulled 1.68 4o . 5=7.6

0 pulled 1.69 Lo o L

X . 'fioét zone 1.89 120 2=4

Z float zone 0.68 | 120 L6

Sample Irradiation
The samples were irradiated with 1 NeV electrons from

the Aerospace Research Laboratorles Van de Graaff elec;
trostaéic generator.. The sample§ vere held in place by

2 copper ciips walch were attached by screws to the alun-
.;hum sample hélder. The sample holder was cooled by water
tubes connected to the closed~-cooling system of the Van de
Graaff diffusion pump. The sample temperature was moni- .
tored by a chromel-alumel thermocouple bead vhich was.
.inserted into a small hole drilled half way into the sample
holder. The hole was 1/8 inch fron fhe sample holdex face.
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Fig. 11 shows a schematlc of the irradlatlon sample

holder,

PRN N DSIRpIY W el

..‘ i ‘ | . . -
: Cooling Vater
. Sample . ~_\\\ ‘

-' '> )
Bean Por‘t;—//|r

Thermocouple Bead

D

Plg, 11, Irradlation Sample Holder

The semples were irradiated using a beam current of 20
microsmperes, The temperature of the samdle remalned
about 49C above room temperature, When the leadling edge

of the samwle holder uas placed about 3 mm from the beam

"« port, the electron beam dlameter was 5 ma eorresponding to

an ares 0,196 cmz.' Becauge of this smnll beanm area, the
samﬁle holder had to be positloned accurately to glve a
beam spot dlrectly in the center of the samvle. Thnls vas
accomplished by first rough allgning the sample holder

witn no sa:wle attached, A dvlece of ozalld vavcr, the size

35
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of the sample, was placed In the center of the -helder and
"exposed" to the beam for 10 seconds. The paper was
"developed" by holdlng it in ammonla.vapor. The sample was
_then attached, and another piece of ozallid paper cut to the
glze of the sample was placed over the sample, A plece of
thread'wés attached to 6ne corner so that after the paper
vas exposed, it could be removed without disturbing the
p&sition of the sample holder, The time of exposure of
the ozalld paper while on the sample was included in the
total lrradlietion time, ZEach side of the sample was ex-
posed to the full fluence value sb that the damage would
be more uniform,
The loss in beam energy was calculated to be 12 KeV,

-~ A 10 KeV loss resulted when the beam passed through a 1
mil thick aluminum foill (Ref 28:14) on the end.of the beam
port and a 2 KeV loss when 1t passed through 15 mm of alr
(Ref 28:21) before reaching the sample face, The beam
current vas monltored by attaching a lead to the Van de
Graaff beam port and another to the sample holder, In this
vay thelsample holder_also functiéned as a Faraday cup for
collecting fhe Incldent electron bean,

. The fluvence to which each sample slde was exposed was

calculated as follows:

¢= 6,20 » 102 3¢ (12)
A .
where ¢ ls the electron fluence in electrons/cm®, B is the

averaze beam current during irrediation in microsmveres,

-
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t is; total 1rrad1ation tine ih seconds. A 18 the area
of beum spot 1n omz, and 6, 24%1012 18 a conversion factor
(Ref 2k 331).

.'After irradiation, the samples were placed in con=
\bainers and immersed in a mixture of dry ice and 1sbpgo~
pyl axcohol to arrest roon temperatupe annealing. The‘
,?empérature of this mixture was about 195° K. The samples
.femained in this soluﬁion at qll times except for optical
absorption measurements and further irradiations.

Devars

_l;v_ﬂag_\}_fg.g Helium Dewar, The 1iqu1d helium research dewar
used in this experiment was a standard fixed temperature
dewar with a hollow copper cold finger made by Sulfrian
Cryogenics, inc., Rahway,)New Jersey. Sapphire windovs
were installed in the entrance and exit ports of the tail
Section., 4 copper platelet with a 6 mm s¢uare hole cut out
of the center, was used as a mount for the sample, 4 pilece
of aluminum foil with a 4 mn dlameter hole cut out was
used to mask a small area of the sample. The mask was
mounted between the cold finger and copper platelet with
each surface coated with a thin layer of silver=loaded

. . vacuum grease,

'After the platelet and mask were attached to the cold
finger, the silicon sample was removed from the dry ice=

alcohol solution and mounted with silver-loaded vacuum

. grease, 4 phosphor-bronze c¢lip was attached to the bottonm
of the cold finger to keep the sample from slipping doun

-
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held the copper platelet secure,

vas attached to the cold finser with a

vhen fﬁb deviax vas 1n_the'upright.positioq. Another cllp,
which had thé galllun-arsenide dlode expoxled on 1it, ﬁgs
positioned to rest on the sample, bubt not in the path of
incident radlatioh, as shoyn in Fig, 12, The dlode clip

screvt which also

Sample

/,———C

V7
LLLLY.

oprer Platelet

*£luminum Foil |

¢ e pme——. pemeanen we s v vrie

. k—Cold Fingex

N

Liguld Nltronsen Dewax.

e g g e i e s R T NS o s o
R b R R e R e

A
AT
or e

mask as in the helluwn dewar,

A

vas monitored by

s

3
A
53
1o

4

used in the entrahce and exlt ports of

Hoviever,

Flg, 12 Sample liounting

The 1liquid nitrogen dewar

- used In this experiment wvas mamifactured, b& the Alr Force
Haterlals Laboratofles Metal Shop. _Sapphire windovs viere

the tall section.

The sample vas mounted on & copner platelet with aluminum

the temperature

copper-constanten thermocouple bead
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soldered to the copper platelet.
.Absorvtlion iies lieagurements

Liould Heliun, When an equillbrlum temperature vas’

reached, usvally about 9-109%, the dewar was placed in the

sample compaxrtment of the Cary Spectrophotometer. An alum-
inun 6ylinder 7% inches high was made to suovport the deuar.
Thls gave anh accurate alignment of the ?ewar in the center

of the incldent beam. A plate with the same size mask vas

placed in the reference compartment,

A constant currvent of 10 microamperes was supplied to
the temperatuvre measuring dlode and the change in resié-
tance was monltored by a voltage reading from a Leeds and
Northrup Volt Potentlometer., The reading was converved
to a temperature value from the dlode calibration date
supplied by Lalke Shore Cryotronlces, Inc,, Eden, New York,

Licuid Nitrogen, The temperature was allouwed to
reach equilibrium, usually 78-79° X and then the dewar
vias mownted on a flat aluminun plate which fit over the
sample commartnent of Cary Speétrophotometer. The roou
temperzture vlote with same slze mask was placed in the ref-
erence conparivmnent, Temperatures wvere monitored per16d~
lcally by recordling readings from a Leeds and Northrup
Volt Poteantloneter, These were converted to temperature
values fronm a standard thermocovnle oénversion table,

Independent of whlch dewar vias used, an lnltlal scan
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fiiwas run at 1008 /sec from 3.0 microns until an absorbance

. value of 2 was redched, Then a scan at 253 /sec was run
wﬁile recording the slit width readings at each of the
sharp absorption bands. Scans at slower speeds consie
tent with the instrumental resolution were run at the
regions of the prominent gbsorption bands, A determination
of the scanning speed 1s éiven in the next section.

Spectrophotometer

Absorption spectra of irradiated silicon samples were

o Tl aa 4

obtained with a Cary, Model 14 RI Recording Spectrophoto-

e e

meter. The instrument was manufactured by Applied Physics

oA B

Corporation, lMonrovia, California, a Varian Subsidiary.

i R T

A'simplified optical system schematic is shown in Fig. 13,
The IR No. 1 (Infrared, Number 1) mode of operation vas

JOTE R

employed in obtaining all spectra in this experiment,

In the IR No. 1 mode of operation, energy from a

AN Tt e e N € A0

Halogen quartz lamp was dispersed by a double monochro-

mater conslsting of a 30° fused silica prism in series

kT B o R Al

with a 600 line/mm echelette grating. The monochromatic

2R

radiation altexrnately passed through the reference and

Y

sauple compértments. The optical energy of the reference

beam striking the lead sulphide detector was maintained

B de e £

constant by an automatic slit servomechanism, The optical

Yt 3Ty

cnergy of the two beams striking the detector were con-
verted to an electrical signal, amplified, and trs ratio

of the sample-~to~reference signal was prescnted on a

strip-chart recorder. The detailed operation of this

.
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spectrophotometer can be fbuﬁd in thévinstruction book
for the Cary, lodel 14 RI (Ref2 ).

| Standard instrument settings wefe used to obtain the
IR No. 1 mode of operation. The four adjustadble control
‘Bettings are described in the following paragraphs.

The Balance Control was initially set for an approx-
1matély zero absorbance reading vwhen the liquid nitrogen
deviar, without a sample, was placed on the sample compart=
ment. A plate, with an aluminum mask with 4 mm diameter
hole cut in the center, vwas placed in the reference com-
partment., The strip chart recording of this absorbance
versus viavelength was the taseline specfrum. However,
when measuremgnts nere taken at liquid helium temperatures,
the absorpﬁion bands of the sample vere off scale. The
Balance Control was set to bring these bandé on scale.
This in effect set up a4 new baseline_whibh.had to be ree .
corded at liquid heliwm temperature. This was done in the
ssme manner as vas previously described. Since it was
possible to also make measurements at liquid nitrogen
temperature with the liquid heliun dewar the small liquid
nitrogen dewar was no longer used.

The voltage settiﬂg for the energy source transfo;mer
vas 70 volts. This seéting was used for it was found ex-
perimentally to glve the best instrumental resolution,

. The 81it Control Knob was set at a zero sctting on
‘the instrunent panel. This knob controlled the sisnal anp-

lification for the automatic slit control servomechanism,
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"Ab_méntioned'before,’yhe optical energy of the reference
d;? Beam striking the detector was maintainedfconstant by
automstically opeqins or cloéing thé slits.

The S1lt Helght Xnob actuated a mask which allowed
continuous slit height adjustment from s moaxlmum of 20 mn
toa élnimum of.7 mn., The slit servomechanism automat-
foally adjusted the slit width to maintaln constant energy

striking the detector, The averture area remalned constant

_ 80 that the.zo mm slit helght resulted in a smaller slit width,
a4 A smeller sllt width in turn resulted in a better instru-
mental resolution, This control was inlitlally set at a
setting of 7 mn for the first spectra recorded for sample

A, After that Lt was set at 20 mm for the remalinder of the

et RS AT =
R PR

' (:) " experiment to optimize the instrumental rcsolution,

The instrumental resolution for the two slit helghts

SESUR NI

are plotted in Pig, 14, The values were determined by

7

.g taking the slit wldth reading in mn at a sveclfled vave-~

% length and multivlying by the reclprocal dispersion as read
%; from the Resolutlon Data curve in the Cary instructlon book
ﬁ (Ref 2), ‘

%‘ . The spectrophotometer was callibrated mith the 10,1MOK
f; and 15,29&3 mercury lines from a Pen-Ray quartz lamp. The
§ k wavelensta scalc was found to be hizh by a vlue of 4R at

% 1,01 nmlcrons and 33 at 1.53 microns. The wavelength read-
i ' ings recorded I{rom the strip chart recordimg vicre corrected
ifi by subtracting 3%, Since the halfwldths of the mercury

ié {:) lines arec :weh sivller than the typlcal resolution values

2ff ' %3 v
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! —

YAVELENGTH (microns)
Fig., 14 Instrunenbal Resolution for Different S1it Helghts

measvred in this study, a measurement of the halfwldths

of these lincs wlll glive the insbtruwmental resolution,

The measvrcd halfwldths for the two mercury lines axe
snovin in Figé. 15 and 16 along with the calculated in-
strumental fesolution values, The resolutlon in 2 1s
‘plotted agoinst slitwidth in mn and extrapolated to the
longest value of the slitwidth used. The ratlo of the
measurced rcsolubion (mercury line) to the calculated reso-

lution wns used as & correction factor for the resolutions

given in #ig, 14,

.
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Acéording‘to Seshédri and 5§nes (Ref£31:1039) a
" distortion is introduced into the_shépe of an ;hfrared
apsorption band by an RC filter network. The qualitative
}esults from their anélysis is that an 1ncrease-1ﬁ the .
sohnﬁing speed reduces the relative ﬁeak'height value,

broadens the absorption band, and displaces the band max-

imum in fhe direction of scan,

INTENSITY

_ e WhEWMGEER
bl Fig. 17. Distoyt%on in Gaussian Profile
2 (Ref 31
b
%ﬁ : This distoxrtion, as shown in Fig. 17, is characterized by
- a value J, The value of J is given by

Fa2t (13)

wheredt is the input pulse width and 7 1§ the filter time

consfant. The input pulse width may be written as

T T IO
A L S R

5t = _AA (1)
R O . dA/d%
] W
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.. =..where AN 1s the instrumentel resolution and q-A/dt is

the scanning speed, For the Cary 14, the BC filter time

sonsbant was glven by

(15)

..
I
\n 13

. .\'

where T is the ven period (Ref 2). The scanning speed
for the Cory il vas depermined by dividing the instru-

‘mentel resolution by the pen period, which was one second,
Usling equﬁtions (14) and (15), the value for this instru-

ment was found to be J=5.

Data Processinm
The outwvut of the strip chart recorder was the ab-

sorbance versus the wavelength in microns., To obtain a

rspectrum to compare with luminescence spectrum this out-

put data was fed into a computer whiéh plottéd the spectrun
of absorbance versus pnoton energy.

To obtain compuber input data, fhe baseline absorbance
values at specifled wavelengths uere subtracted from the
irradlated sample absorbance values at the same wavelength,
Yore points were taken around the peak absorptlion bands
to. define the true shape of the band, This information,
the net absorbance and corresponding wavelcagth, vere
punched on computer cards, The compqter converted wave;
length to cnergy and, through a plotting subroutine, gen-
erated on absorbance spectrun,

Data for the dose rate studles viere taken from the

A

&8
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 étr1p chart output recorded for sample ﬂ. The intensity
or height of the prominent ébsorption bands wexre measur?d
after each integral increase in fluence., The height of
the bands was used instead of the area for the halfwidth
of the bands remained relatively constant. fhe height was

plotted versus the electron fluence for each prominent

band .
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o ; o L VI, Experimental Results

; ‘ : " The experiﬁental results will be presented in three
} _— | seotions} each section correSpondiné te one of the three
\eXpressed purposes of this project. The first section

éontains absorption spectra from an n-type, pulled 51l

WTF G, e e e varae 2 ki

ioon sample, The spectra indicate some bands previously
';een in absorption studies and some structure that has
L _ not beer seen before in absorption spectra. The next
- section will contain a comparison of the spectra ob-
"tained in this study with spectra obtained by recombination
luninescence. Both the structure and energy Sf the bands
will be compared. The final section will include the
" - dose rate study conducted on one sample to determine which
(:) bands could be related and identifled with a known defect.
Absorption Spectiw
"As mentioned before, the first purpose of this study
was to obtain absorption spectra of electron irradiated
- silicon which showed the same narrow lines reported by Bean,
et al. (Ref 4 ), Also, a search was to be made for the
zero~-phonon lines which occur in luminescence spectra of
_irradiated silicon (Ref20,22,30,33,41 ). The spectra
obtained in this study did exhibit the narrow bands »spor-
ted by Bean, et al., with the addition of narrow bands not
seen in their spectra. Both the liquid nitrogen and.liquid
‘helium absorption spectra contained narrow bands and phonon-

assisted sldeband structurc scen in luninescence spectra,

5 AN, T v -~ - ~ et .. x LN T vy N - * - YA LY
K AN s £ S B axl e e .. M . - N
hy I M a0 » ~ e e s ~ . - . »

RN Yy y B A A i
(fiﬁ s Y P « " U ) * ' s X T !
el el e 4T it~ -~ A - [ . . . B ‘.' - TS 3]
. - . . . . 1 Yoaoa . [ - , S !
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e v e it » - . i .
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. GNE/PH/72-11 T

} j?hé spectra contalned in thié seqtloﬂ were obtalned fiom
sample A, a Czochralskl grown crystal. The pre-irradiation
aﬁsofptlon spectrum is shown in Fig: 18, The sample tenp-
erature vas 78,2%K, This spectrum 1llustrates the absorp-
tion edge of silicon at liquid nitrogen temperature.

Fig. 19 shows the 1rrad1ated absorption spectrum of-
samnle A over the energy range 0,40 eV to 1.20 eV, The
sample tcmperature was_79°K. In PFlgs. 20 thru 22 the energy
scale hes been exvanded for this same spectrum, The expanded
scale speetre give more debail and indicate the existence
of threce bands not scen in Flg. 19,

The natural band wildth was determined from the observed
band width oand the Lnstrument resolution, Thls is possible
:11 the meesured band shape fits a known mathematical pro-
file, According to Seshadri and Jones (Ref 31:1047), aB—
sorptlion bag& shapcs commonly f£1t the Gauss, Cauchy, or
Volgt forms, The exverimentally observed band arises f{rom
the convolutlon of the true band profile and an instrument
function, Assumlng that the observed band shape and 1nétru-
ment functlon are botb Gausslian, fhen the natural band wildth

vlll. be Gauvaslan, The natural band width is glven by
= = [(omm)? - (ssa-r)z] 3 . (16)

where N3Y ig the natural band width, 03Y is the observed
band width, and SBY is the spectral band wlidth or instru-~

nental resoluuion. The natural band width may be converted
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GNE/PH/72-11
to eneféy.units according to the relation

A = ,1,,_-_2):%4&_, (17)
vhere X is in eV, A\ Ls wavelength of the band peak in mio;
rons, and AA is the natufai band width in microns,

The letter designatlon assignet to these bands along
uith thelr wnvelength locétion, correspondling energy, and

band widbths are listed in Table III,

Teble IIY
Absorption Bands at Liquld Nitrogen Temperature

Note: OBil-observed band width _
SaW-gpcetral band width (instrumental resolution)
NBH~natural band width

1

Band W%Xc%gggth Energy ng 'SBW NBY Y
. micron) (ev) (1) (4) (&) (meV)
A 2,537 0.4387 Tsh 1601 51,5 0,99
B 2.h6h 0.5032 378 113 38 7.72
B 2.2l 0.5533 8 6.9 86.7 2.14
VeV 1,695 0.73%5 1920 6.6 1920 82,9
X 50572 0.7888 2l 3.8 23,7 1.19
L 1,562 0.7938 T29 3.8 28,8 1,46
® 1,280 0.9887 T 23 2.8 22.8 1.73

The syeetre in flgs, 19 thru 22 lndlcate the existence

0f threc abgoxpblion bands not seen iIn the swectra reported

o

- P e N 3 A%, ) S T .
v oLeen, et od, in Pig, 7. hese bonds are located at

(]

£ 0.5533 ev (), 0.7888 eV (X), and 0.7938 ev (I,). However, -




GNE/PE/?Z*II B - .

" .two bands shown in Fig, 7 were not seen in Figs. 19 thru

| 22+ Band d at 3;3 m;crons vas not observed in thess.

% sﬁectra for it was not'ﬁithin the gpectral range examined
in this study. The Cary 14 had an upper spectral limit
of 3.0 microns and comparisons were to be made with lune
inescence spectra which did not extend to that wavelength.
The band at 1.262 microns in Fig. 7 vas also not observed
at 79%K. Although a band at that location did appear as
will be seen in the spectra recorded at 11.5%, it could
not be discerned from the background ~t 79°K,

A comparison of the results rep&rted by Bean, et al,

with those found in this study .is given in Table IV,

Table IV
Liguid Nitrogen Absorption Spectrum Comparison

Note:The energy values listed for Bean, et al. were con-
verted from wavelength locations,

Band® Wavelengfh Energy Band Enexgy
(microns) (ev (eV)

a T 1.284 0.9¢57 T 0.9687
b 1,689 0.7341 V-V .0.?315
2,467 " 045026 B  0.5032

c 2,541 0.4879 A 0.4887

a: spectrun in Fig. 7
b: spectra in Figs, 19 thruzz
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, Thc:absdrption spectrun for saﬁple A was'reéorded
at llguld helium temperature in order to search for other
phonon-assisted side band structure present ln lumlnescence
spectre ot that temwperature, This spectrum‘is shown in
gig. 23. The expanded scale spectra are shown in Plgs, 2L
th:u'26.:lThCSe spectra‘show the exlstence of eleven bdﬁds
vhich mé?e npé seen at liquld nitrogen temperature., All of

the bands found at liquid hellum tempersture are llisted in

Table V on »age 64, Included are the wavelength locablon, energy.,

ALl of the narrow bands observed at 79°K were shifted to
shorter vavelength locations ot 11.5°X and therefore higher

enerzy valucs, This shiftv towerd shorter wavelength locatlons

. {nigher cncray) was duc to the varlatlon in the sllicon

enersy goev as o ifuvnctlon of temperatuvre, As. the temperaturc
decreascs, the slllcon band gap increases, . The energy sep-
aration betircen bands X and L was 5 meV, As secn in ®ig. 25,
the structwre on the high energy slde of these bands seen

to occur ln wnlrs, The energy sevaratlon between the palrs
HeN and 0-0Q is 5 meV also, |

The results vresented thus far have all been {rom the

snectea of somwlc A, As nentloned in chapter V, thls san-

)

ple was cut thicker than that used by 3ean, et al, or aay of
the investl:ators wno used recombination luminescence to
study redletion defects, Since a thlnner sample can be
nore unlforly irradiated, o float zone crystal, sample 7,

vas cub to o thlclmess of 0.68 min, The floab zone samdle

.

59
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Table V

" Absorption Bands at Liquld Helium Temperature

Note: OBWwobserved band width )
SBW-spectral band width(instrumental resolution)
NBW~natural band width
Columns left blank ilndlcate peak was too small to
accurately measure band wldth

S T S o MR+ I A ) (ne?)
A 2.535 00,4891 20,8 16.6 12,5 0.2
B 2.459 0.5042 . 370 10,1 370 7.58 |
D 2, 4ok . 0,5158 . .

F 2,371 0.5229 17.3 9.0 14,8 0.33
H 2,238 0.5540 . 38 - 7.3 37.3 0.93
V.V 1,682 0.7372 1620 5.6 1620 71.0
K 1,570 0.7898 7.7 3.8 6.7 0.3%
L 1,560 0.7948 11,3 . 3.8 10.6 0. 5%
1 1,509 " 0.8005
N 1,539 0.8057
0 1.518 0.8168
P 1,510 0.8190
Q 1.509 0.8217
R 1,543 0.8593
s 1,032 0.8659
T 1,278 0.9702 59 3.0 5.1 0,30
U 1,261 0.9833 79 3.4 79 6.16
v 1,192 11,0402 9.4 3.7 8.6 0.75
64
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was chosen for, from previous luminescence studles, only

e Taarie e BT 2 Rt AT ARSI

: O

the 0,970 ev zero-phohon line and phonon-assisted side-

PRER A

band structure was seen in lrradlated float zone erystals

er PP LR i TS

(Ref 20,22,33,41)., Sample 7 was irradiated to a fluence

of 42108 efen? and agaln to a total fluence of 6x1018 e/cu?,
4 .

However, in each case, no radiatlon damage was observed.,

T R T e A Ee

Sample 0, a nulled sillicon crystal, was cut to a thlckness

of 1,69 mn to confirm that a thinner sample than A(5.74 mm)

S Tk

could be used, Sample O was lrradiated to a fluence of
hx108

€
AN

e
L

e/cmz. The recorded spectrum contalned the same de-

T
e

3,

fect structiure as that recorded for sample A, but with not

as great detall for the sideband structure.

i st
PR e

e
el etad

Another float zone crystal, sample X, was cut to a

R

- © .thickness of 1,89 mm and irradlated to a fluence of

-

2x1018 e/cmz. Only a narrow band of -very sixall lnvensity

e p A
ER R e T

Y

S&,

vas obscrved at 0,9695 eV, The sample was Airradiated to a

total fluence of 4x1018 e/cmz. the same fluence to whlch

T

e

sample O had been ilrradlated, in order to compare the ln-

H

tensity of the narrow band at 0,9695 eV, The intensity of

I R

Ty
e SR

the band was dovn by a factor of 7 in sample X compared to

that in sample 0.

Comparison of Absorvtion and Luminescence Smectra

",

. .
T T T T s 3 Foct A ey L R R ST o e T 0 R R B T A N b e G KOs 887 ot

'The second stated purpose of this' study was to compare

AF 5
T

s

the absorption spectra obbained from lrradiated sllicon sam-

g T

ples nith that obtalned by recombinatlon lumineséence for

TR BTN

Irradlated silicon samples of the same type. Thls comparison

)

&y

N
i

N

Is made in tuwo ways. Plrst, the structure of the spectra

b

8
ks
> |-
B
8
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i ; are dpmba?ed.by including both abgorption end lumlnescence
?f i;i':‘ - spectra on one figure, Bands labeled with a different no-
tatlon than that of the origlnal author were done for eace

of 1dentii;catian in The comparison. Second, a table, which -

accompanies each figure, shows the comparison of the energy

f locations for the zero-phonon lines and the phonon-sssisted
yﬁ peaks, In additlon %o identifyling the correspondlng peak

notations. The column labeled Separation 1s the energy
difference bctﬁeen the ph6n0n~assisted peal and the pron-

lnent narwyou line,

0.489 €V Line,  The comparison of the structurc of

\‘:%fna;"f” e RS

the absor»bion svectrum from sample A at 11.5%K with that

of the luualnescence spectrum at 20,49K revorted by Panin,

CORRES

AT,

et al. (Rcf 30) is shown in Pig, 27, The enersy compar-

%

lsons axre »resenbed in Table VI, The bands chosen for come

o

by

varlson fron Peonln, et al., vere the nerrow band at B. and
L] . L] 0

ALY S N (R
LR Fr O S L P eyl
b s

tuo of thc phonon-assisted peaks, 31 and Bys.

el

A A LIRS

Table VI

0.489 eV Line Comparlison

N3

LR
SR

Absorntion Lumlnescence
Band Ihergy Sevaratlon Band Inergy Separation
(eV) (meV) (ev) (meV)

A 0.4891 B, 10,490

3 0. 5002 15.1 . 34 0.478 12

D 0.5150 26.7 32 0.471 19

F 0.5229  33.% . Byg . 0.k56 34
P -

66
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0,790 eV and 0,795 eV Lines., The comparison of the

ébéorption and luminescence spectra from pulled samples cone-

talning these zero-phonon llhes 1§.shown in Plg. 28, The

- luminescence spectra reported by Jones and Compton (Ref 22:84)

" was recorded at 34°K, The energy comparison is presented

in Table VII, Phonon-assisted peaks 1 and 2 vere labeled
for ease of identification. Since the sharp lines at

0.7898 eV (X) and 0.7948 ev (L) occurfed in equal intensity
as did the vhonon-asslsted sldeband palrs, the energy sep-
aration wa§ calculated.betwegn the sharp line and its corres-
pon@ing phonon-asslisted peak. For the luminescence spectrun,
éince the zero-phonon line at 0,790 eV,(C) was the most ln-
tense, the energy separation is calculated.from this 1l'ne

for the phonon-assisted peaks,

Table VII
0.790 eV and 0,795 €V Line Comparison

Absorntion ‘Luminescence

Band Bnergy Separation Band Energy Separation
(eV) (inev) (ev) fron C
X=X = X-L (meV)

K 0.7898 , c 0.790
L 0,7948 5 . | D 0.795 5
M 0.8005 10.7 1 0.772 18
N 0.8057 10.9
0 0.8168 27 2 0. 7kk 26 -
Q 0,827 ' 26,9
R 0.8593 69.5 “A 0.717 73
s 0.8659 71,1
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S PN o~

0,970 €7 Line, The comparison of the absorption and

o

luminescence spectra from pulled samples contalning tﬁls

zero~pvhonon line is shoun 1n.F1g.‘29. The lumlnescence

i R TN TPCP

27,

- spectrs reported by Jones and Compton (Ref 22) was recorded

1
g et 34°K. The energy comparison is presented in Table VIII,

’f Phonon-assisted peak 3 was labeled for ease of identification.
4 '

Teble VIII

0.970 eV Line Comparison

Avsorntion ' Lunminescence

o T o o C D et iy LN ey TN

Band Inersy Separation 3Band Energy  Sewaration
(ev) (1mev) (eV) (meV)

E: LT X-G
4’ '
B
3 D . 9702 G 0.970
0
L U . 9833 13.1 3 0.955 15
5 Vi 1., 0002 0.0 E 9.898 72
%‘: .o
b Taeble IL shous the energy comparison. between the re-
¢
: ‘sults from saaple A and a lumlnescence spsctrum, recorded
? at ligquld heliun temperature, of a sample cut from the same
; , boule es used in thls study. The lymlnescence svectrum
f was recoxdcd by Dr. R, J, Spry of the Alr Force laterials
2 Leboratorics, The sample was irradlated to a fluence of

131017 e/bm? uith 0.73 ieV electrons from o Van de Groasf

generator,

70
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Table IX

Absorption and Luninescence from Same Silicon Boule

Absorption 5 Luminescence
“Band : E?:§ v ' | E?2§§y

A 0.4891 ~ 0.,4886

K 0.7898 ; 07902

L L 0.7948 | 0.7945

T 0.9702 0.9692

" Dose Rate Study

The purpose of the dose rate study was to determine

. Which phonon-gssisted lines could be related to the sharp
1i:es and also if there was a relationship between any of
the sharp lines., 4An initial interpretation of the spectra
shown in Figa. 25 thru 26 and the peak locations presented
in Table V is that there are three sets of sharp lines and
phonon-assisted sideband structures which are related. Hou=-
ever, this picture is only true for one irradiation value.
The grouth rate of these lines was therefore studied as a
function of the fluence, For this study, sample E, a pulled
.silicon crystal was used, The sample was subjected to total
fluences ¢f 0.5, 1, 2, 5, and 7.6x1018 e/cmz. The following
figures show the growth rate of the sharp lines and the

ra jor pheaon-assisted peaks observed in the spectra, The
intensity value is the heisht‘in mm 5f the »espective sharp

line or phonon-assisted peai.
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The growth rate of lines A, B, and H is shown in Fig.30 .

Thesg lines did not appear until a fluence of 2x1018 e/pmz.
Aé a fluence of 7.6x10;8 e/cm2 the lines were no longer ob-
served. Fig.3] shows the growth rate of lines T, U, and
Ve The band at U did not appear until a fluence of

'1x1018 e/chz. This was a broad band and at such a snall
radiation dose as 5x10%7 e/cm® the line could not be sep-
arated from the background. All lines except T disappeared
at a fluence of 7.6x1018 e/cmz. Line T did not disappear
completely but uwas drastically reducgd. The growth of lines
K and L is plotted in Fig.32 . These were the only lines
which did not decrease at a fluence of ?.6x1018 e/cmz. The
grouth of the major lines 4, T, and K was plotted along
with the divacancy (vV-V). As shouwn in Fig.33 , the in-
tensity of the divancy vwas reduced at 7.6x1018 e/cn?.

To check that the disappearance of most of the lines
at a fluence of ?.6x1018 e/cm2 was net caused by annealing
during irradiation 6r an experimental error, another pulled
silicon sample was irradiated. This crystal, sanple ﬁ. vas
irradiated to a fluence of 5x1018 e/cm®. The intensities
of all the lines were found to be at approximately the sane
value as those of sample & at gx 018 e/cmz. Sample_H was
then irradiated to a total fluenco of'7.6x1018 e/cmzﬂ Again
the only lines which renained at thelr same intensity were X
and L as is seen in Flg.34 « The divacancy was again re-

duced bubt still present. The loss of intensity dve te a

high fluence value was also noted by Johnson (Ref 19:76) and

.
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Panin, et al, (Ref 30).

(:) o .Bean, et al. measured the growth rate of bands b

T N

(1{59 nicrons) end ¢ (2,54 micronsf as o function of lrrad-
8. . ' iatlon dose, These bands correspond to band V-V (1.682 microns) -
and the shord line at A (2.535 microns) in this study. A

AN

comperison of the two growbth rate studies ls shown in Fig. 35.
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VII Liscussion and Conclusions

The tTirst sgction of this ch&pter contains a dis~
cussion of the experimental results, Included are thé
comparisons nmade with luminescence spectra and the iden-
tification of the snarp lines, a tentative assignment of
tbe phonons emitted, and the results of thé dose rate stﬁdy.
The final section presents the conclusions of this project
and recomgendations for further study.

Discussion

Zero phonon lines are ldentified as such by their exe
treme narrovwness and usually proved to be such by obserw
vation of an emission and absorption line at the samc free
quency (Ref 3%4:242)., The values of kT at 76°%K and 11.5°%K
are 6.8 neV and 0.99 meV, respectively. 4s seen in Table IIT
and V the natural band widths of the, sharp lines at 0,4891
eV (4), 0.7898 eV(X), 0.7948 oV (L), and 0.9702 eV (T) are
all very muci less than %XT at both ?9°K and 11.5°¢. This

" Indicates that these lines are probably all due to the

creation of excitons bound at defect centers., However,

the type of centers involved (charged, neutral, ete.) can-
not be determined.from the band width analysis, The encrgles
at which each of these.féur lines, &, X, L, and T, occur in
the absorption spectra of this study correspond to the ener-

gles of zZero-phonon lines identiflied in luminescence spectra,

"Table VI, VII, and V (I list these comparisons for the Vnoun

Zero-pnonon locations as well as Table I, Striking evidence

-8
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of the observation of an emlsslion and absorption line at

the sanc frcquency is glven in Table IX, These four sharp
11nés werc scen for samples cub froh the sanme singlé cryetal
sllicon boule in both the absorption and luminescence spectra,
This evidence indlcatces the sharp lincs at A, X, I, and T
seen at both llauld nitrogen and liguid hellum temveraturs

in the sbsorptlion spectra are zero-pnonon lines,

The commarlson of the chbsorvtlon and lumlncscence swectra
shomn in WMiss. 27, 28, and 29 indicate that the phonon-
agsisted strmuctore ls reficeted arownd the zero-phonon llnes
in the abso»ntioa spectra, Althoush the absorvilon and

luninescence swcetre do hot erhlbit complete mirror syrwmetry,

therc arc 7 »idnon-assisted peaks whlch corrcspoad iIn both

types of suvectra and arc nirrored about the zero-phonon
lines, These are the absorptlon peaks at 2, 7, U, and V,
and the threce valrs &, 0, and R or 3, Q, and S, The con-
varlsons arc lisbted in lable VI, VII, and VIIIL,

Tﬁc gero~dionon Lines at 0.7898 eV (K) and 0,7948 eV
(i) oceurrcd at cqual intensitles in the obsorption spectra
recorded ot both liguld nltrozen and liquid heliwa teupero-

tures as scen in Pigs, 21 and 25, Jones (Ref 23) observed

-l
751
h

LCS

that the intenslit of the zero-~-phonon linecs at 0,790 eV

(C) and 0,795 ¢7 (D) in Flg, 9 occurrcd at diffcreat Intensl-
tics whea the beaverature at nwhich the lumlnescence sueetra
were rccarﬁed varicd, Joncs! concluslon that the svlivting
of the encyroy level in the exclted stoate is confirnsd

wp dalo,e L8 SIE N ., L P ', e e oAy, SR CEEE VS I ok FE T 4
by the Lincir o in ochie ahoienbion ancotyn 01 UALD Seiy,

Reproduced from
. best available copy.

e e NI N R

AR e B A N U L DR 0 BN 28 0 L0 b st P 3 oot I e, 478k S e 5% 1w B 7




SRy

i

ot M
ARG

e,

O i
A

bt g e Y
B A P A N Al

e

TR A AT et

e

v

<Bioghe -guu\

Seat ittt

SR ey

e
R

v eyl
WAF AW S

s,
RN

3

P LS VxS

¥

4 2
w7

a2

- v .
. s =, P -
AR, AR AL T B0 T PV e T o

'GNE/PH/72-11

If the splitting had been in the ground state energy level,

the absorvu Llon spectra would nave shoun the intensity chnnges

with varlatlon ln temperature,

The energy level splitting and

transitions involved are shoiin in a slmple schemetic in Pig. 36,

?he initial states for both the absorvtlon and luminescence

process arc those levels from which the transition arrows

originate, It must be assumed that in each pvrocess there 1is

an equal vrobebllity for the tuo transitions, A and B,

Absorption Lwaioncszcnen?
A — — . . — A
7 u§91}ed
B state B
e 4
Grownd
| state
B S S ' -
Bxcited
state
e s Ground . B
N state —_— A

Comnaerison of Absorvtion and lLuminescence Procsss,

e f
FEN R L

23 4 AT B

B

[

P 2 o P R TR AL D00 PR I s o s 2

<03 8 LR A T s S

R e

T T A L MG OO

b
nevel A corresponds to 0,795 eV transition. 3
chci 3 "orrcsuondo to 0.790 eV transitlon, g
#  indlcoates equal latensity of lines, :

1 Wk lndlcntes intenslty of llanes recloted by a
E 3oltzmann factor, §
| O : :
| . |
e 83 ;
iz :
K ‘
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1 . . ;
2 @ For two temperatures, the initial §tate of the transition ,
= B _process must be equally pepulated to result in equal inten- :
.% sitlies of these two lines, If the ground state energy level %
igﬁ' ) vere split then the luminescence spectra would exhibit these E
%? two lines in equal intensities since the initial state - %
gf (excited state) of luminescence process would be equally %
1;; populated. %
%' Fige. 50 shows the relationship between the zero-phonon g
f%é line at 4 and its assoclated phonon-assisted side band struc- :
.%; ture, It can be seen that the small phonon-assisted peaks

at 'B and H are related to the zero-phonon line at 8. Fig. 31

gz
3
e
N
+H

exhibits thc same type of relationship between the zero~pho-
non line at T and the rhonon-assisted peaks at U and V. Zero-

(:} phonon lines at X and L are related as is shown in Fige.32

&g sy
e o Eor TP T S 2

R S g b ARty

The growth rate of the phonon-assisted sideband structure

for these zero~-phonon lines w&s not plotted since the in-

et (TR ISy o T Lot S e Dt el AN R A

> tensities of those peaks were relatively snall, However,
g : the phonon-assisted peaks also appeared in pairs during, the
g dose rate study. Thus the energy separations between the
é Zexro~-phonon lines and associated phonon-assisted peaks in

Table VII ave consistent with the results seen during the

dose rate study.

4 tentative assignment of the phonons emitted is

e presented in Table X.
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"Table X

Phonon Assignment

Note: Lli=local mode
TA-transverse acoustic
ZC=zone center optical .
Separation is energy difference between phonon-

{' assisted peak and zerow-phonon line.

.?, Band Enerzy Separation Phonon
3 (eV (neV) enitted
1) A 14891 Zero
2 B 5002 15.1 TA

: s 5 .

o . . 9 . " 2Th v
H 5540 64,9 ZC or Li
il .K .7898 Zero
g 10t +8005 , 10.7 A

¥ | o 8168 27 Y/
o R +8593 69.5 Lt
| O L 7948 Zero
it N . 8057 10,9 : T4
7 Q 8217 26,9 ?

% S « 8659 71.1 ¥

é T «9702 ' Zero

- U .9833 13.1 T4

; \'s 1.0402 70,0 1

e YO i
P R A

According to Thomas (Ref 34:256). the local mode side~
bands are very sharp. ©Since the pcaks at H and V ars very
sharp, they are probably due to local modes instead of 2zone
center optical phonons. There appears to be a simllar pattern

of the -enitted phonons for the sharp lines at A, X, and L.

The pattern consists of a T4 phonon, a phonon with an energy

. PO
N gt AL . 3 St g Aoy ch st
TR R e TR T N 4 AL s 4 VoL RS

of 27 meV of unknoun crigin, and a zZone center optical phoron
(a) . or local node vitrgtion. The pattern for the line at 1 is

similar except there is nc 2/ eV phovon exmitied.
[ Y
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- The growth rate of the zevo-phonon lines at 4, X, and
T aie plotted along with that of the divacancy (V=~V) in an
attempt to relate any of these prominent lines., There seenms

to be no relation between any of these lines, as séen in

“Fig.33 » and thus the three zero-phonon lines and their as-

soclated phonon-assisted sidebands are independent of each ’
others The lines at 9‘7598 eV (X) and 0.9702 eV (T) are in-
dependent of ‘the band et V-V and camnot be related to the
divacanéy. '

& conmparison of the dose rapo studies shown in Fig.35
indicates that the growth rate of curve a (for 2.54 micron
5and) reporited by Bean, et al. agrees with that of the
zZero~phonc.; line at 0.4891 eV (4) in this study. The growth
of the linc ét A may or mey not follow the growth of the
divacancy (V-v) but the line at £ is found'only 1h pulied
silicon samples, The divacancy vas seen in both pulleé and
float~zone semples, Thus the line ét 4 12y notv be assoc-
lated with the divacancy., |

The dlsappearance or reduction in intensity of all
lincs except the ones at 0,798 eV (XK) and 0.79%48 ev (L)

at a fluence of ?.6x1018 e/cm2 was observed on two different

- Bamples at the same fluence value., This loss in intensity

may be due to the interaction of the defect statesior a re-
sult of lowering of the Fermi level,

The lines at ¥ and L are found only in pulled samples
and are thorcefore dependent on ozygen for their fcrnation,
The energy fow the trunsition corresponds to a ground stvate

%.
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‘ﬁ | energy lievel at B, + 0.37 eV, The assignment of the energy

ijk level with respect to the valence band is consistent with
the results of the dose rate study, Although the Fermi ¢
level was chonging for the n-~-type samvle as the electron

fluence lncressed, the intensity of the lines at XK and L

; ? remained constant at these higher fluence values, This in-

dlcates that the ground state Ls Ln the lower half of the gap.

% The dependcnce on oxygen and the ground state level at

% 1 By, 4 0,37 ¢V ere ln good agreement for ldentiflcation of the
‘é defect with the X center, \

Eé If the loss of "intensity of the lines at A and T are
? ) due to lowering of the Ferml level, the ground state encrgy
;; ' levels of éhc assoclated defects are probably in the upper
‘f ' half of the gaw.

5 ,C} Jones and Compton (Ref 22) reported that the lines

é at 0,717 eV, 0.722 ev, Q.898 eV, and 0,941 eV were zcro-

k{

i‘ phonon lincs, However, these Llnes were not secn in the

i absorptlon swectra of thls study. The energy sepération oi
;? the lines ot 0,717 eV and 0,898 eV fron the zero paonon

;; lines at 0.790 eV and 0.970 eV did correspond to phonon-

g' asslsted bcaks listed in the comparlisons »resented 1n-

1 Tables VII and VIII,

£

i Concluslons

o ) .
§ The lmportant result of thls study was the detcctlon
i; of sharp linecs in the absorvtlion spectra of clectron irrved-
g lated silicon somples and. the Important concliusion was the
; (:) ldentificotlion of thesc lincs ag uero-vaonon Lllncs,

3 : »
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Three fémllles of bands uere seen, ' Two of th: fam-
ilies conslsted of a zZero-phonon line uith the ph: uci-as-
slsted sidcband structure on the high energy slde »f the
zero~-phonoa line., The other family consisted of ‘wo
gero-pnonon lines each with its own phonon-assic.:d side-
band structure on the high energy side of the = co-yhonon
lines,

The four me jor zero-vhonon lines correspend to those
previously scen ln lumlnescence spectra and a' 4o in the
lunlnescence syectrun of a sample cut from th: same silicon
boule used in this study, '

The fenilics of lines at C.4891 eV, 0.7808 eV, and
0.7948 eV were seen only in pulled silicon sampies nalle
the fanily at 0,9702 eV as secn in bobh puvlled and floatb
zone silicon samples, Thls conflrmed simllar findings in
luminescence sncctrea,

The findings of Jones (3ef zi) that the zero-pnonon
lines occurwlns at 0.790 €7 and 0,795 eV are due to the
splitting in the crelted stote of the defect's energy
level are contfirnmed, Thls uvas shown by the equal intensity
of the lincs in the ebsorntlion spectra, .

The resulbs of the dose rate study shomed that the
three major fonllies of llnes are lndependent of each other.
The lincs ot 0,9702 eV, 0.7898 eV and 0,7948 eV are inle-
pendent of the broed bond (V-V) ldentifled uith the divac.
ancy, ‘fac fonlly of lines at 0.4391 eV may foll-wn thc grouth

v S AN - e Yaugds e - L 2a . T elim
of the dlvecossy Suat this is not & definlte coaclyalin,

~r
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The 1ntéLsities of most of the zero-vhonon lines and
assoclated paonon-assisted neaks were draétlcally reduced
in %wo saiwlcs which were irradiatgd to e total {luence of
7.6x10%8 e/on?, 6nly the lines at 0.7898 eV ahd 0.7948 ev

did not decreasc, ‘Thesc tuo lines were identified with the
K center, | Reproduced from &

best available copy.

It 1s recoumended that more silicon samvles contalne

lng various iapuritles be irradiated end the resulting

should then be compared with luminescence swvectra, A dose
rate sbudy should be conducted on samvles cut from the
 boulcs used ia this study. A smaller inltial flucnce should
be vsed along with smaller integral doses, The fluencn
value et hich the majority of the lines disapveared in,
this study should be awproached nore slonly. An alternabe
to this study uould be an anncallng study of these zero-

A)

pnonon Lines in nopes of ldentii{yinz the defect centers.
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