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- ABSTRACT

Fourier‘tranSform‘photdluﬁineséence,spectroscopy using a‘ Micheison
 7,ihtefferometer has been abplied t§ the study of donor and accebtor‘bound
exciton comple#es in silicon. This techniqﬁe can be used t§ collect |
JQéEy high fésolufidn speétfér;ith a high'éignai to ndiée;}afié, and, has
:rthUS aliowedrus to probeyithe fine structure of the‘ bound e#citon
kspectral lines more thoroughly thén previous researchers, Ultra high
resolution spectra of bound exciton transitions in‘~sili¢on, éontaining
 ;the dohors—phosphoroué'and arsenic,'énd the acéeptors aluminum, gallium,”
indium, and boron,rhave been collected. Hhiie the léck'of structure in‘
‘fhé‘donor'bbund'éxciton spectra can be expiaihed‘in‘the framgkdrk’of the
gxisting‘mbdel of béund exéiténs, the addifionél fine sifﬁcture seen in
thé acceptor bound exciton spectra can not‘be reconciled with it. The
effect of uniaxial stress on the‘speCtrumrof the boron bound exciton has‘
been ihvesfigated, in " an- attempt to  determine ther interactions
respénsible for1the zero stresé fine structure. The results of . this
inQéstigation:have been uée& tqytest a new, recently proposed, model of’

the boron bound exciton.
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CHAPTER ONE

EXCITONS AND PHOTOLUMINESCENCE IN SILICON

1.1 INTRODUCTION .

;f’Since their diséovefy ini196O [60H], the study of bound exciton
complexes associated with dénor'and acéeptor impurities in silicon has
been of interest to the scientific community.‘ Aside from the
’ £ééhnological1y important aspect = of - characterizing impUrities in
7siiicon,‘the study of impurity bound excitons isfof‘some'fundéméhtéi
significance.

in éarly’studies, the bound excitoh~photolﬁminescence spectral line
wésroﬁsérved as én ﬁﬁsplit line lying afrénreﬁergy éharacteristié of the
7 1mpurity to thch the exciton was bound [60H]. As technology improved,
conveﬁtionalb dispersive 'spectrometers were able to resolve fine
- sttucture‘oh some of the acceptor'boﬁnd exciton lines [67D]. - In 1977
the Kirczehow Shell - Model for bound exéitons, which was able to
cémplétely exblaiﬁ all the structure seen up to that time, was proposed :
(77K] [77T1] [77T2]. Since then howe?er, advancements in’ébectroscopici'
technique have Shbwn additional fine structure in ‘the luminescénce
assdéiatéd with the shallow acceptor bound‘excitonskISSG]; ’Inthis’
theSis;’Fpuriér transform spectroscbpy uéing é Miche1son ihtgrferometer
ﬁas‘""ﬁéen"‘appi'iedl't'é, the study’ ‘of shallow donor and 'ércr::ceptorf‘boﬁhd '

'éxcitop'complexes;', The‘results presented here représent the highest




' féé6lu£i9n‘1spectra‘kdf photdlﬁmineScénQe from: éiliéoh doped:kﬁithk;?
aéééptbrs,élﬂhinu@;1galliﬁm;riﬁdium,:anarbdfonrénd déhor§ phosphofquS‘
yand';rSenic;cdlleétéd t9 Qé{é. | 7 B

| Thié }fifsﬁtﬂéhapfer rdisCusses éxcitbns and :photolumiﬁeSCenée ihir
' éiliéon."Thé discﬁséion includes therbehavldr of shallow impurities and i
‘impufity bound excitons in éiliCon; plus an‘introduction to theiShell‘

'quelrénd reéeniimodifications to it. The expérimental apparatus -and
1‘tééhniéuéSHUSed;tb:perfdrélfﬁé experimehts are described in chabter'two.i
4!Chépter three §resents high resdlution spectra ofrthé aonor and aécéptbr
- 'bound ekciton luminescence at zero stfess, and interprets the structufe

in terms of the Conventipnal shell model. The last chapter discusses

the results of a study of the . boron bound - exciton -luminescence under .

uniaxial stress.

1.2 SILICON

~ Silicon crystallizes ih a diamoﬁd structure. It has an fcc Bravais
iattice with a two atom ,baSis, wiﬁh' atoms located at (000) and
as4(111), and 73 7lattice, constant a = 5.43 A [89L]." ‘Pure si}iconr
'exhibits full :cubic . symmetry jand: belongsr to:,the Oh‘ poinf gféﬁp;
Figs.1.1(a)-(c) show thé diamond structure, the ﬁhit cell of itszrava;s
1attice. and its,first‘Brillouin zone [76A]. A Qompilation of some
physical and: elecﬁronic ‘pfoperties"gf silicon. [BQLJ:,ié presented in.
Table 1. ' . |

Fig.l.z(a) is the band diagram for‘silic@n“which shows ‘the electron




(c)

(5) Fec Eravais lattice.

“(a) Diamond crystal structure.

Fig.1.1

" (c) First Brillouin zone of the fec lattice.




crystal structure - ' face centered cubic
lattice constant (A) - 5.43

indirect band (eV) 1.170

gap at 4.2 K : :

static dielectric 121

constant, er{ at 4.2 K

Ionization Energy (eV)

Y si:B 0.045
Si:Al 0.069
Si:Ga 0.071
Si:In 0.155

| si:T1 0.246
$(si:p - 0.085 -
Si:As  _0.054
| si:Bi S 0.071

t relative to the valence band edge

$ relative to the conduction band edge

VReférenpe [89L]:_;7 :
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Aenergy leveie as. a’functlen of varlous directions . in k*space ineindingf
<111> ‘<001> and <110> A mlntnum ofrthe eonduction band occuré aiong
the <001> dlrectlons at 85 % of the way to the zone boundary [b9L] 'The
constant energy'surface near~the~bottom of thls COnductlon band valley"
is an e111p501d of revolutlon whlch has its long axis along the <001>.
direction. The cubic symmetry of the lattice implies that a conduction
band minimnm occurs;along ‘each of‘the six equlvalent (100} dlrectlons
andtthusﬂtne constant enefgy'enrfaceringk—snaceruillreonsists of six
equrivalent ellipsoids, as depicted in Fig.1.2(b). For convenient
reference; the minima along [100], (100}, [o10}, [OTO];~[001],3and [001]

rare labelled X, i, Y,'?, Z, and E'valleys respectively.

The valence band,maximnm oecurs at k = 0 in the first Brillouin
~zone and is two fold degenerate,(four—fold counting spin). The constant
:~energy surface near the top of the vélenCe‘ band is thus somewhat
complicated and consists of two COncentrie'warped epheres‘[BZSl,

We define nniaxial stress  as' a force applied along a singie
nystallographic axis, and it will hereafter be assumed that this force
is compressivee Application ofrstreSS can lift the degeneracies of the
valence and conduction bandsrtBIR]. rtThe two-fold degeneracy of the
~valence band will be lifted by,strese along any difection, spiitting 1t‘
into two bands. ‘In‘the sneetroscopie,notation, these‘bands are 1abelled:
as mJ = 13/2 end h)'=‘tl/2' with'tne[letter beingntneloﬁest 1n energyn
The effect of :stress on the‘eonductien band degenenecy is‘lllustrated in‘
Figplt?(c) whirh sketches the behavier of the six min im_ ender uniaxiai

stress. Hhen stress is applied along <111> the components of stress 1n ;

n‘all <001> directions are equivalent and there will be no change in the



energy' of thg;’#gileys rrélagive to: eéch ,°th¢;; ife  the six-fold
_degeneracy remgins..,For stfes$—§p§li¢d along <110> of <001>,~the‘baﬂds
will'shiftso £hat'fdur‘béndminimaare at'éngrgy,Ei,and ﬁwo afe'at
energy E2 frbm fhe zefq—stressequilibrium energy positiop,'E6.  In the

case of €110>r stress, E;< E, <E2and‘ in the c&se of <001> ;streSs

E > E > E [81IR]. .
1 [»] 2

1.3 SHALLOW IMPURITIES IN SEMICONDUCTORS.

-'Each atom in a,perfeét siliconflattice forms four covalent bonds -
Mbne:with'each"of it’s four nearest neighbors. ﬁhen an impurity is
introduced, it takes the place of a silicon atom in the lattice, and the
: Symmétryr’in  the vicinityr of - the impurity is ‘reduced rfrom cubic Oh
‘ symmetry io'tetréhédral Td symmétry. Fbur'eléctréns go'towards forming
the bonds and in frivalent (group III) acceptors, this results in a hole
being liberéted while in the pentavalent (group V) donors it résUlts in
a liberated electron. The,,acceptor; can now be visualized as a
hegatively charged'ion core ana a liberated hole bound together‘by‘a
" Coulomb attraction. Similarly, the donor can be seen as a positively
charged core and a liberaiedréléctroh. "The charge of'fhe'ioﬂ cbre
polarizes the :host' mediuﬁ which ieédé ,to' dielectric screeﬁing; this
reddcés the Coulomb potential at the position of the hole (eléétron) by
‘a factor - 7€ 7ofiri£s frée space Value,' wherek't£“is ,the’ dielectri§
‘;constanti {of4 re1at1§e permittifify) ;of ‘the Crystal.‘ “The iohiiétién e

energy is defined in this context as the energy that binds the liberated




hole or electron’to the‘ion core.

In this ,tneeis, two classes‘ of 1mpurity ‘states are disoussed
namely donor ‘states and acceptor ’states A shallow donor state 15'
characterized by an’ energy slightly _below the conduction band and a
'shallowjacceptor state by an energy‘sllghtly above the‘valence bandr
The position’oflthe impurity gronndrstate~re1ativeito its aseociatedr
’band edge determines its lonization energy,’which for typical shailow,
impurities in eiiicon are offthe‘orderroffsbrmev [89L];'

In free space, the e#cessrhole'or electron QouldrmOQe with‘a mass
m. In a eolid, however, the periodic potential 1nf1uences tne motion
and the hole or eiectron travels instead with a mass m known as the
effective mass, which,dependsron the directionrthe,hole or electron
- moves in. The‘effective masses essentialiy reflect the curvature of the
valence and conduction bandvedgesrand thus characterize the behavior of
‘holes and electrons, since ‘these wtll be‘fonnd primarily in levels near
the band edges. In silicon'the'effective mass 1s anlisotropic and thus
the effective mass tensor does not simply reduce to a scalar value m{
For example, rtne electron effective mass 1is characterized by a
transverse andta iongitndinalymass whichroriginate from the distinct
curvature of thedconstant energy surface. |

Both donor and acceptor states are. analogous jxx a general ‘way.
However, donor state wavefunctions ‘ are : made , up primarlly : of
wavefunctions chosen from near the condu’tzon band edge whereas acceptor
state wavefunctions are’ composed mainlv _of wavefunctions near the“
n,valence band edge.. Donor and. acceptor 1mpur1t1es in semiconduotors are.

often modeled as solid state analogs of ‘the hydrogen atom Effective



mass‘theory is used‘to‘describe the electronic levels of . the 51ngle hole'
or electron associated w1th the inpurlty ion in the crystal lattlce |
This theory ‘was originally formulated by Kohn and Luttinger [SSK] and
has since then been reviewed and ~applied by a number of researchers;
among them Bassanl and Parravicini [7SB], Ramdas -and Rodrigues;[SlR],
and Lannoo and Bourgoin [81L]. | | | R

The most simple application of effective mass theory is to a donor
‘state in a lattice' having'ja' single non4degenerate conduction band
ninimum. Applying effectiveimass theory tordonorS'in silicon is more‘
complicated due to silicon’s six conduction band minima but it is still
relatively stralghtforward once the anlsotroplc effectlve mass tensor
| —and the presence of multiple extrema are taken into account.-  Acceptors
in‘silicon are more challenging, since their description’involves hole
" gstates fronithe tob of the valence band. Unlike the conduction band,
the anisotropy of'the valence band can not -be simply described by a
rlongitudinal and -transverse effective mass slnce the curvature of the
band edge is more complicated [82S] [57K].

The Schr&dinger eQuation‘for tbe electron or hole associated with

. _an impurity ion in a silicon lattice is written as
(Hn + V(rl) wn(r) = En Wn(r) : ‘ o eqn.ll;il
- where H_ is the perfect crystal Hamiltonian, V(r)‘is the perturbation

;introduced,by~the impurity. and E is the bound state ennrgy Thn bound'r:

state wavefunctions w (r) can be expressed as




KD Esm R e ()

where xk(r),is;the Bloch wave at the minimum located at  wavevector Ik,

-and thé‘¢n(r) are slley,:varyihg"envélope functions which, in the-
. simplest case of one non-degenerate extremum and an isotropi¢ reffective

. mass m., satisfy thereffective;massrequation

;'7‘2, - -
2 = , - ‘
- 2m‘ Vo o+ V(r) , ¢n(r) = Sn ¢n(r) | : eqn. (1.3)

- The potential,V(r) can be approximated by

.
e
V(r) = V(r) = % o—— L eqn. (1.4)

ineocrr
where ér is the dielectric constant éf the crystal, e is the electronlq
charge and r is the distance of the electron (- sign) or hole (+ sign)
7 from‘the cehtgr' of the impurity, nucieus which 1s chosen as the
, co§rdinate originy ~Eqn. (1.3) becomes aﬁr équatién like ‘the one  that

.~ describes the hydrogen atom, and has solutions

€n =+ me ' S eqna (1.5)

(ame )220%%n?
[+] T -

~ which are the energles of the bound states relative to the band edge,




‘iée ,65; above hthe‘;valencef band‘ haximum (acceptors)’,orp below the
‘conduotion bohdwrﬁinimumtitoohorsj . Thls solutlon predlcts that all
'donors and all acceptors will have the same 1onlzation energy, whlch is
not experimentally observed Rather, ‘as shoen in Table 1, the group 111
acceptors have 1onization energies ranging from 45 meV: to 246 meV and
the group v donors from 45 meV to ‘71 meV. This dlscrepancy arises
because so far the anisotropy of the effective mass, the‘presence of
' more than;oneroohduotion‘hsndfmihimuh, ond any deviations‘from a'simple
- Coulombic pdtential have been:neglected."

Considerstion of the anisotropy of‘the effective mass, and the
degeneracy  of  the conductionrrband minima alone leads to a ‘separate
acoeptor ionizstion energy and a separate donor ionization energy. If
the . band anisotropy in silicon is ‘considered, the: effective mass
equation, eqh.(1;3). becomes

B 52 W[ & 52

— T | =t =" v(r) ¢n(r) = €n¢n(r) eqn. (1.6)

2ml az th ax oy :
rfor'electron States. For hole states.rusing the - same potential'with

~opposite sign, the effective mass equation has the forﬁ
ED“B 10 18] ¢,(r) =g ¢ (r) + Virig, (1) =€ ¢ (r

eqn. (1.7)




Qhere'the‘DaB;:are“humerieeldeonstanfsMeharaeterlstic of'silieen.dk is
the energy dlfferencerbetween the’toﬁ valenre band and the spln*orbit
,‘spllt band below i" end §1i=f0 fer ji=di€2 3 4 end gj(; 1 ferﬁJ’;‘S;ér
'There are no analytlcal solutions of these equations, but calculations
[SSK] [7SB] glve bound state energies

- For donors, we consider the six equivalent minlma of the conduction
band X, X, Y, Y Z, Z2) and find that the solution of eqn. (1. 6) has six
equlvalent electron wavefunctlons ¢L”(r1,rj=l,..,6,which are degenerate
in energy. Using ,eanll.Z). we obtaini for . the lowest ‘energy state
1s-like wavefunctions w(”(r). However this degeneracy is not permitted
by the symmetry of the lattice, thCh has been reduced from full 0 by
the presence of the impurity. ‘These states must therefore
"velley—erbit; "spiitr 'into  states which Beleng to | irreducibie
representations of the new symmetry group Td, It has been shown. [55K]
[75B] that the greund state decomposes into  the = irreducible
krepresentations ,1'1,- 71‘3. and i‘s whicri ‘are one-, two-, and three-fold
degenerate (two-, four-, and six-fold counting spin). The correct
symmetry' is obtained by a ‘linear combination of the 1s-like

(3)

wavefunctions w (r)r

¥ (r)§ (r) '; i=1,0.060 ‘eqyn.;(l,8)’k‘

J=1

(§)]

where @, are components of a matrix with row index i and column

index j. The cerresponding row vectors are

2




‘ a;J'); ’_1(1'“1”1,71,1’1)’ C o .

T il ‘
S e s
a;j)z,;l (-1,-1,-1,-1,2,2) ‘
V12 S I
, L o T,
a;J)="1\(1.1,-1,-1,0,0)
2 ,
@1 a,-1,0,0,00
v2: "
a(J) 1 (0) 0,‘1,"17, 0.0) . : r
5 = - ‘ T ‘ 5
V2

1 (0,0,0,0,1,~1)

7 For acceptors, the above considerations do not apply, 51nce we only
need to consider a §1ng1e band extremum, namely the valence band maximum
at‘;kzO. The solutions of the acceptor effective ‘mass equation
(eqn.(l.?))  have FB jsymmetry, and‘ since FS is4 an irreducible
representation ofVTd. when the symmetry of the crystal‘is reduced‘from
0h to Td there will be no splitting of the acceptor ground state.

The range of both donor and acceptor iohiiation energies can be
accounted for in these calculations fbyr considering impufityQSpecific
deviations of V(r) from a simple Coulomb poienfial!r One:of thé main
'assumptions in arfiviﬁg at eqn. (1.5) was that ihe potéhtial V(r) varied
‘slowly compared with the crystal potential 1nc1uded in H Tﬁis led fé
kthe posslbility of writing the solution of the Schrodlnger equation

‘eqn. (1.1), as  £5€7 product of two wavefunctions,' each ~solving a
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‘Schfedingereequae}qﬁ (oneuihye}ving;therpptential V(r), the other‘juef‘ﬁ‘ 
the cryetal,petential,yieldiné theBlochwavefunetion)*

rHeweyeff iﬁ;e;regionewhere‘the above assﬁmptiOn is not trﬁeffsome
cerrections‘have:te!bermsde.  This is the case in the viCinity of the
impurity, where the Couiomb‘potentiel varies rapidly (i.e. .as i/r for‘
' rQAO). The aééociated rcqrreciion term is therefore ' known as' the
“central ceil correction” rane “is  impufity specific. It beeomes
impqrfant whéﬁ ee;eonsiderrtheriselike @avefunctions associated with the
grouﬁd states of the eleciron (in the donor case) or fhe hole (in the
acceptor case), since those wavefunctions have maximum probability
density at r=0. For higher - energy states, whose anefunctiens are
p—like and thuslhave Zero ampiitude at r=0, we expeetethe central cell
correction to be negligible.

Thue et zere étress; we expectre nonmsplit,'two—feld degenerate
‘ (net countihg spin) acceptor ground state; and a donor state which is
‘valley—orbit—split:into a non~degenerate Fl state, a two-fold degenerate
F3 state.‘and a three-fold degenerate Fs eﬁate. The energieskof these

states depend on the impurity being considered.

1.4 EXCITONS AND PHOTOLUMINESCENCE

1.4.1 Free excitons =

An excitonr }s ‘an electren~hole,epaif‘ bound by ap"electrestatic
interaction. It is typically formed when a photcn with above band-gap

energy excites an electron from the valence band to the conduction band,

FEL.




‘leaving a’ héle; behind. EXcifons ;haQe‘ lifetimes of ‘nénoéecondé“‘to
: ‘miliiéeconds% afﬁér;which theelectrOnand hole récoﬁbine,iemitfihg a
‘photon of éhafééfetiéti¢’énergy;‘ | '

Théspatial:extent of thejéﬁciton‘relétive fo’the;atomié Spacing
_divides their discussion into two regimes (81K11. In the first, the
electron and hole'conSfitutingrthe'exﬁiton are”tightiy Bouﬁd:té‘éach
_other and the exciton radiué is of the order of the lattice‘spacing,
These;exéltons afé;féund:priéafily ihibhic cfystals'and'afe known. as’
Frenkelrexcitons; ‘In‘the'secoﬁd regimé, thercoﬁstifuents are loosely
‘bound andrthe excitdn radius is‘much'larger thah the lattice spacing.
These are kﬁown as Wannier-Mott excitohs and are most cémmon in covélent
erétgls,Such as th¢;e1ementa1 semiconductor silibon.

The analogy between the exciton and the hYdrogen atom is often
-drawn  as 1t‘wasrdone for neutral impuritiés in the pfévious section.
Thg felectfoﬁr and hole are treated as two‘ charged particles  with
effective maéses m: andrm; that correspohd to the curvature of the local
band exfrema; The Coulomb potential between them can be written as

2

ur) =--°__ S eqn.(1.9)
4Me €r : ‘
or

where e is the electronié chargé;, e is the' dielectric = constant
(relative permittivity) of the crystai‘ahd r is the particie‘separation.
The energy of the bound states‘relat1Ve to‘that‘of a free electron and

a_free hole 1is




T (41[8 ) 2h2 22 n;:: 1,2,3,.... eqns‘(l%rm‘)‘r

where Eg is the'band gap energy, E::the e#citon binding energy, and -
E'r(‘l/yln' + 1/m')'i is the reduced mass. Ch0051ng typical values for
silicon W equal to 0. 12m (m being the free space electron mass) [77R]
and’ € equal to 12.1 in eqgn. (1. 10) yleld a “Rydberg" , Elb, for the,free
exciton of about 11 meV, and a "Bohr radius“,'ao. WBioh is approximateiy
53 A. This can be contrasted with the hydrogen atom‘Rydberg of 13f6 eV
and Bohr radius of 0.51 A. These excitonic processes must thus be
studied in cryogenic enuironments since the binding energies are emall

compared to kT at room temperature.
1.4.2 - Bound excitons

A free exciton travellihg in a crystal can become‘localized at an
impurity site,! #hﬁs lowefihg itfsr energy ‘by an amount EL, the
locaiization‘energy; This complexuis caiied e‘bound~excitou (BE)‘andr
can be viewed as an analogue of the hydrogen zwlecule in keeping with
fethe previous treatment of the impurity and free exciton bound states.

The ‘energy of the bound exciton E ' is given as

E_=E_-E o o eqn(1.11) :
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where E_ is th‘e‘ eoergyf ofthe“free exciton. ,',“EL‘ tend l tinis E_ ) is
impurity specific due meinly to ,the, central cell ‘correctioo me’ntioned'
earlier : The existence of bourld excitons was flrst proposed by Lampertk
[58L] and later observed experimentally by Haynes [SOH] who noted sharp
luminescencer lines at energies lower than the free ‘exciton -energy.

These lines correspond to electron-hole recombination and the observed

lumines'cence line'swlie at energy EBE

1.4.3 Bound Multiexciton Complexes

It is pOSsible ‘for more than one exciton to beconile botind ‘to an
- impurity site to form a bound multiexciton complex (BMEC). In 1970, a
serie‘s of lumioeécence lines at energies below thoee of the bound
exciton were observed [70Ki, 70Kz, 70P} and it was proposed that they
originated from electron;hole recombination in complexes made up of more
"than one exciton ‘oound to a neutral impurity. The proposed modeling
scheme was heatedly debated for years ,[7381 [74K]“ [76S] [76M] ‘[7‘6D]
k t77’f]. Finally, ‘in :1977 therdebate'wes settled witli the dervelopmentjof
the' Kirczenow Shell Hodelrfor bound excitons. and bound multieXciton
: complexes [771‘{] which was able to explain all the experimental results

known at that time [77’1‘1] [77’1‘2]
1.4.4 Photolixminesoence

| The photoluminescence (PL) observed in this study is due to the

AT




recomblnation ofrelectrons and holes in ‘excitonic codplexes"’When an

electron-hole pa1r recomblnes; a photon characterlstic of the complex 1se'
Vemitted ‘ Slnce 5111con 1s ‘an 1ndirect gap semiconductor ‘a k—vectord
: conserv1ng‘ process, 1n ‘addition ‘to the absorption or emieslon of ‘a
- photon, is typically 1nvolved ‘when electron—hole pairs are created or
recodbined. Usually a phonon fulfills the conservation of k~vector‘
requifements and the‘ observed excltonic transitions are rshifted in
',energyrby ao amouhe”cofresponding to fheiphonon energyfr However, in
'dopedr silicoo, 7 it | is possible rtor see no-phonon as‘ well  as
phonon-assisted transitions since spatial localization of an exciton to
an imourity site in real space leads eo a greater diffuseoess of’the
electron andi hole ~ wavefunctions in ‘k—space. This allows greater
,errlap of electron and hole waQefunctions in k—space and thus permits
“electron-hole transitions which conserve k-vector. The intensity of
no-phonon transitions ﬁill therefore increaserwith increasing exclton
localization energyr(greater'localization in real space implies more
diffuseness in k-space). Phonon assisted transitions will in general be
broader than no-phonon transitions due to the dispersion in the phonon
spectrunm, fhis broodening mechaniso is koown as phonon-broadening and '

is discussed'in‘fef,[63K].

1.5  THE SHELL MODEL

The Klrczenow shell model was developed to describe bound excitons

and bound multiexc1ton complexes This discu551on will focus primarily




onrthe aspects of the model which pertaln to acceptor and donor boundo
’excltons and neglect the . aspects of tke model which deal wlth bound"r

l,multlexclton complexes A thorough review of this model and itsr

numerous applications can be found in refs [77K] [77T] [79T] and [82T]
In the,general shell model,othe 1mpurity bound exciton or.bound
rmultiexciton complex isrseen es’anlionized core pluska collectlonhof
electrons and'holee, with all,the electrons and all 'the holes being
treated ohcéqﬁalrffﬁcting. " The wavefunction of the electrons and the
‘eavefunction of the holes are the‘prooerly antisymmetrized products of
. the corresponding single particle wavefunctions{ each of which is
characterlzed by its transformation properties under the Td point group.
The rfshell-ness" of this—,mode1'~lies in. the way the' eingle particle
states fill up with electrons and holes. °‘All transitions are assumed to
‘he1single~electronllnto single—hole transitions, Which.l3~to say that
onelelectronfholefpair recombines without affecting the other single
rpartlcle states. A collective wave function formed by a product of
single particle irreducible Td representations will in general be
reducible. lt isuthus necessary‘to examine the effect‘that particile

lnteractions have .on_wavefunction degenerac1es

; - Our treatment of the neutral donor lnvolved thinking of it as a
positively charged core plus one electron. The situation for the donor
bound exciton is viewed in much the same way -'a positively ionized- core‘
plus two electrons ~and one hole. Recall that the neutralr donor
‘deecrlbedxin Sec.l.z'has a ground state with T, symmetrj’and two eXcited ‘
,‘statesr wlth:,F3{ andfrrs symmetriesu‘(inirthe foriginal ‘shell‘ modely the -

splitting between I and I_ was considered negiigible compared to the




sp11tting between F and F )

S1m11ar1y, in the ground etate. the tue electrons in the donor
bound exciton are 1n F symmetric states and there are two empty exclted |
states  The hole in the donor bound exciton has thefsymmetry:of ther
valence band max1mum. namely Fs. The‘donor bound excltontthus has a
ground'state”eonfiguration‘{ZFI;Fé}‘(two’Fi electrons and one‘Fa4hole)
‘and an excited steterconfiguration:{FI,F&S;FQ} (one r, eleetron,mone r,
or Fs,electred'and,ehe Fsrhole); This model thus prediets theylevel
scheme shown,in fig.i.3(a) for the donor,bouﬁd excltenr(the’donor and
'acceptor bound eXcitens are labeled, respectively, as D°X and A°X, while
~ the neutral Vdonors and acceptors are labelled D° and A°). The
recombination of single electrons with singlerhdles in the‘bound—exciton -
leads to the transitions shown, i.e. a T or a fl electron can

3,5
, recombine with the Fa hole in the (I, ;I } state to glve,

1’ 3,5 8
,respectlvely, aéd trans1tion to the {F } state or a vy ‘transition to the
{r 5'5} state. One of the two I‘1 electrons in the {2F1;1FB} state can
reeombine with the FB hele to give a « transition to the {Fl} state.’
The bound exciton is labelled as an dzlrbound multiexciton complex.
An m=2 donorboundrmultiexcitoncomplexuill be seen as a positively
ionized core plus two holes and three eiectrons. an m=3 has three holes
and four electrons, ete. The hdle‘Shelt is foﬁr‘fold degenerate and -
will not befilled‘until,m=4, eThe,}owest electron shellyisZ‘fold
 degenerate and will be filled at m=1. For m=2 t5¢ third electron will
"go into a Fls shellf

. We have so far16nly,cbnsidered structuretdue to'electron stateg,

- i.e.‘valley-orbit,Splitting. and neglected possible structure due to the

fgo’j
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‘h§ie‘s#atés} Sinéé,thé holé:in the‘donor bound e£éitbn’,i$~ répelled 'by
tﬁéipqsitive ¢§fe,‘£his is a fair‘ébnéidéréﬁion, given fhat‘the hole
wavéfﬁhétidﬁrwill fhus havefa shail‘amﬁlitude'néér'the core uhére the
locéi;’strains, 'Stark‘ fields ‘and cehtrair‘cell“p§tential' due to the
1mpuri£y will be iargest. However, splittingroffthe hole sfates must be
inclhdéd'in ardéscription of acceptof:bound excitons.

| In contrast to the donor bound exciton, we visualize the acceptor
boﬁnd‘éxciton aérarnégafively ionized cére §1uS‘one eleétron and - two
holgs. In this case, the negative COrerfepelé the eléctroh and attracts
. the holes. . Thus for the acceptpr bound exciton we expect a mﬁch reduced
valley-orbit splitting of . the electrop étafes’ and - we - expect some
Structure due torsblitting;of hole states. As before, the holes start
filling up a quartét of FB states.. Valley-orbit splitting is considered
negligible in the original shell model and thus the wavefunctions of
~electrons in acceptor complexes have the full -symmetry of the conduction
band. Experimental data at- the time'7[77T1']’ [77T2) [77L) [76V] indicated
a triplet structure of the acceptor bound exciton luminescence and an
electron - hole. j-j coupling séheme‘was originally #dopted to déscfibe
this splitting I?é?] [77L]. | ﬁowever,,tﬁe observed 1ntensitiés [77T2]
[76V] [77L] of ﬁhé boﬁnd ekcitoh tréﬁsifions did not agree with those
predicted,under such a schemé [73U]‘{77M]{‘ Infhis presentation'of the
‘Shell model, Kirczénow aséumes thatvthe,splltiinérof thé'levels‘of the
‘acceptor boﬁnd exciidn is due:to thelnteractioh 6( twd FB holés in the

‘tetrahedral - fiéld:‘,of " the 1mpgf1ty;_  {rB x T} fcont;ins _three
j‘;;aéf}sym@gtric ,feﬁfésehtatignsr,f rl;f , -and rg‘;and  thus,‘the observed

-3

. three‘if@ld;:splitting‘ is éxplained',wlthout considering e-e and e-h
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,coupling The scheme‘shown in Fig 1. 3(b) was proposed [77T2] to explain
acceptor bound exciton luminescence R

| In this model ‘e thlnk of the 'boehd eXciton“wavefunction as
composed of individual non—interacting single particle states. Most
splittings‘due to particle\interactions andrcorrelations;are assumed to
be smaller than the'aveilable‘resolutionL" To refine thetshell model, it
is necessary to‘cohsider all:these possible oouplingS‘between the single
partlole stetes;;ehdpto take lhto'acoount the small but perhaps not
negligible splitting of the F3 ane Fs electronrstates. Adeancements in
spectroscoplic techniques render such refinement;necessary;if today’s new

higher resolution results are to be explained.

1.6 “REVISIONS TO THE SHELL MODEL

The first approximationrshell model discussed in in. the previous
section‘ has recently been revised for the case of acceptor bound
excitons [90K] [92K1] to “include valley-orbit-splitting, and‘ intra
partlcle 1nteractions hore fully.~'This newrmodel also includes terms to
describe the effectr of uniaxialp stress on electron,eand :hole
‘waiefunctions.‘“while the detalils are beyond the scope of,this thesis,
an attempt will be made here to ‘present the essence of the theory Its
appllcation to experimental results wlll be explored at the end of
chapter four. A thorough discusslon can be found in ref. [92K2]

A perturbation Ham11tonian describ1ng the effects,,of ‘stress,

valley-orbit splitting, and particle interactions‘ls‘constructed as a




funétion‘of séveral phenomenological paramétérs; Qsihg théksymmétry‘bff

‘single particle states. The total Haﬁlltonian‘has‘ihe form
H=H +H +H +H + Hehf S ‘ eqn. (1.12)

Therfirst térﬁ, H;o'ié‘expréssed in terms of parameters A1 and;A3 which

charactérizeithé:différence ;n energy betweén the F1 ahd Fs,yand the;l"3
and FS Qalley-orbiﬁ states, respectivéiy;i HeB describes the effect of

uniéxial stress on electron states. Hes‘is diagongl for <11i>‘étress.

butrfor both <110> and <001> it is expresséd in ierms of the deformation
potential constant pf the conduction band. th fepresénts the‘éffectS'
of 'sfress on hole states and  involves the deformation potential

pafameters for fhé bound ”exciton. The last two terms Hhh, and Heh
describe intra-particle interactions.

The energy eigenvalues ofithe Hgmiltonian yield the positions of
the bound eiciton énergyrievels; Constants Ax and A3 can be determined
directly from experimentai‘ spectra, while values for the ‘remélning ‘
parameters afe‘obtained by best-fit comparison of the predicted’energles

to the observed energles.



 CHAPTER Two

- EXPERIMENTAL TECHNIQUES

2.1 INTRODUCTION

The'staﬁaaf§ ;bmpchents:1n a systemforstudying’iphotoiﬁminescence
are. a dewar, an{excitafionrsource,‘a spectrai analyzer, and a rdetector.
" In the case of stress studies, a mechanism of applying stress must alsq
bé,included. Sample preparation varies dependingion the specifics of
-the investigation - for studies which involve stress it can be;a"rather
involved procéss.

'“fUItrahigh resolution spectra were collécted from‘ﬁnstressed sampleé
and from éampieé which were under uniaxiai stress, at a resolution up to
2.5 ueV (0.02 cmﬂl)f This high resolution was possible érimarily due to
the use of a Michelson interferometer rather than a conventional
;dispersiverlnstrument as thérspectral analyzer. In the case of the
stress study, full utilizétion of thé high resolution afforded by the
‘Interferometer is possible only if‘théyllne broadening due‘rto‘;applied,
stress does not exceed‘therresol§able 11new1dth Thus while the use of
the interferometer was cruclal to attaining high resolution spectra ’a
novel technique for sample fabrication and a specially built stress rlg,,
uhlch allowed us to make samp;es and SLress them more‘ uniformly‘ than :

previous researchers, alsovcontributed greatly. =




2.2 FOURIER TRANSFORM SPECTROSCOPY

Aconventionai,spectrdmeterlcollecté a gpecﬁruﬁ' 5y‘ Sbanning‘ the |
waveléngths one‘éfﬁer fhe otﬁef;"iﬁ a Foufiér tfaﬁéform‘ spécfrométer,
‘: however, spectré are éoilecfed ' by - simultaneousiy‘ sampliﬁg - all

| kaveleﬁgths: ‘For thiS‘yﬁrposegyﬁ Michelson intéfferdmeter is utilizéd,
Fig.2.1 shows the basic Michelson set-up. i |

~ Light from a source S 1’5 divided bya beamsplitter into two beams,
which arértﬁén reflected by the mirrors M, and M_. The reflected beams
interfere at the beamsplitter and are tben incident on the detector -.D.
Mirror M is fixed and mirror M, is free to merL thus creating a
differeﬁce X in the optiCal bath length of the ~two split beams.- - The
measured intensity Iout at the detector is then related to the incoming

intensity Iin and the 6ptica1 path iength difference x by

1 1
I = _imy I S(x”H)cos(2max)d(ca™).
out 2 2
- - B “.«m

To obtain the spectrum s(a™h), we perform an inverse cosine Fourier

transformation and get

;+m,’

i S o |
sl =2 J, [I - —lE}VCOS(ZRA-IX)dX. k
e ,

Due to practical limitations;ih the distance x that can be‘scanned;'this
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Fig.2.1. A

Michelson interferometer
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integral must be reetriCted tofa finite regioﬁ, resulting in an oeservedl
llnewldth that is broader than the. actual width of a spectrai component
Thls broadenlngtls expressed 1n terms of’the so-called "instrumentai 
11new1dth" and must be taken into‘account, if one attempts to deterﬁine
the'actualrwidth of e meesured featﬁre. | | | |

The fectrthat‘we can sampie‘all Qavelengths simﬁltaneously'ieade‘td
the so- -called multlplex or Fellgett advantage [86G]: N times as mueh
tlme is’ spent at each wavenumber 1nterval [A JA i da” ] -as. would be
the,case for the conventional‘dispersive spectrometer, when there are N
sueh wavenumber intervals‘present. Ifkthe system noise is dominated by
the noiee of detector, i.e. the noise of the incoming intensity is
- neéligible, this multiplek advantage enhances the signal-to-noise ratio -
by a factor of ¥N. rHow this advantage is maintained in our experiment
will be described later. |

Another benefit of,interferometry is the eo—called throughput or
Jacquinot advantaée [86G];'uﬁieh isedue to the fact that the apertures
used in an interferometer allew a much larger throughput of radiation
than those pfra dispersiverinstrument, i.e. the long narrow entranee
slit of a conventienal disperSive instrument has a smaller area than an
interferometer’Ssrcireular‘ epertures.'rrrThis rbenefit ‘15 ~espeeially
valuable in experiments such as ours whieh require high resolution

| The interferometer used in‘these studies was a Bomem DA3 01 model i
Thls modelrhas 1ntrinsic cheracteristics of its own that set it apart
‘from SOme retherr eem@erciaiiyﬁ evailable interferometers.t The ~mqst'
,‘importaet/enerfcr?oﬁr parpesefiseits'dyﬁamicqalignmeht system;rﬁhiehir,

maintains mirror “alignment (Mlez) ‘oVerr a large scanning ‘rahge and




facilitates‘Lthe:*céllection of wultrahigh resolutibn"speétra.' A more
thorough discussion of the Bomem interferometer and its use in this lab

has beenlprQSented'elsewhere [90T].

2.3 ' SAMPLE PREPARATION AND MOUNTING
7 Z.S;ir Zéro¥stress,Samples

Preparing and mountihg the samples used ih the zerokstress studies
was relatively straightforward. The samples were pieées ’of wafers
rpreviousiy cut from single crystals of float-zone silicon with different
- impurity concentrations; ‘The sample shape and size varied, but had‘a
typical dimension of 20 x 20 x 5 mm3.‘ Befdré being mounted the samples
were ¢leaned with acetone, theh'efhanol; and etched in a 5:1 mixture of
concentrated HZNO3 and HF to reméve any surface damageror‘bxide layérs.
Samples were mountedrin a stfess—free manner by using teflon tape to
attach thémrflat to.a piece of aluminum that was suspendéd in the dewar

by a rigid rod.
2.3.2 Stress’Samples

Samples were prepared from single crystals of high purity silicon
having ‘a boron concentrafienr‘of 3){1,015‘(:111'1 and - some  low phosphordus

Canentratiogf‘ Ihe?silicon~éas;first cut'in the shape of a roughly

rectangular parailelepiped with one side -alohg a known (from x-ray
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dlffractlon) crystallographlc directlon h To brlng the rsample‘ to the
flnlshed form shown 1n Flg 2.2, the other three 51des ~had to he
adJusted, so that all sides had equal widths and met at‘;right ﬁangles.
Thefendsrwere pyramids w1th‘polnts axial t0"the body of the sample,
requiring theruse of a special polishingrjig uhich'ls shown in Fig.2.3.
-The ‘'samples Qere attached to the rig using a wax-like substance.
Mountlng the sample involved heating the jig; melting rthe adhesive,
rpos1tion1ng the sample then cooling the apparatus To ‘remove the
' sample, the jig was heated, the samples was removed and bothkthe jig and
the sample were thoroughly cleaned with‘acetone.‘

Once mounted, polishing the sample '1nvolved manually moving' the
polishingrface of the Jig r(labelled in Fig.2.3) over a polishing
surface, e.g. “sand" paper or a diamond paste. The sides were finished
first. The stage was adjusted'so that when the oriented side of the‘
sample was'pressed against it;;the opposlte side extended Jjust past the
polishingjface ofrthe jig;‘asishown inuFig.2.3(a). A 400 grit sandpaper
was used to bring the sample edge almost flush with the pollshlng face
‘then the sample was turned 90 and the procedure was repeated, then
turned 180 and the last face polished At _this polnt the. body was
close to hav1ng the desired shape. Atlum diamond paste was employed to
bring'the,sides’flush with the polishing face = and remove the surface
‘ rudamage caused by the sandpaper The final‘dinensions”were approximately
72 X 2 X 20 mm . ,

The oppositetend of the polishing jig | s‘used to putfthe pyramids.
“on the;sample One end of the sample was pressed aoainst the stage and

the other overhung the angled pollshing face,:as shown ' in Fig 2.3(b).
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Fig.2.2 Stress sample geometry
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As illustrated 1n F1g 2 _f this geometry put four faces' on each end.

Each face was polished uith 600 grit sandpaper to brlng it into shape,
then lum diamond paste was again used. to finish ‘the surfaces The stage
was fixed throughout thlS process and the pollshing angle remained
;constant thus ensuring that the four faces met at a 51ng1e point..

Whlle this method was falrly stralghtforward a number of factors
sloued down the process and often led to less than ‘ideal samples. The
main setback laid in the dlfficulty in ensurlng that the sample' rested
Vflat against the Jig,each time it was mounted,rand that each side was
polished flush (or at least flush to the samerextent) with the polishing
face. In,additionn the sample was easily chipped when handled which
increased the amount of time needed to produce -a “"good" sample{ good
samples were those that could be uniformly stressed, and the better the
surface finish the more uniform the:stress. On average, a couple of
’days were required to prepare'a sample having the desired symmetry and p
surface quality. The samples:were etched in a 5:1 HNOa:HF solution to,b

remove surface damage before being mounted in the stress rig.

2.3.3  Stress Rig

Therstress rig consists of;tuo parts;ras shown in Fig.2.5. The top
partrisaabout ;100'cm long and is basically a chindriCal shell with an
inner centered ”stress rod" which can be pushed on from above by placing
weigbt on-.a platform in contact. with it ,This top portion 1is rather
unremarkableferit—fs the_bottom,that“;s; essential to“obtaining good

‘stress.
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Two cyundi-ical ‘pisjtoﬁs,' an éd jvurs‘téble set rsrcrew,ry ‘and a :cylindri(:al
<shelirmage up~the bottom piece,;as Shown ;iﬁ" Fig.z;s_’ VThe 'séhp1é- is
: @dﬁntéd befween the,fwo pistons and stfess is‘app1ied toit by préssing
the stress rod againét the top piéton.r‘Fig.Z.S also sﬁqws the design of

,a‘pisfcn. One end is flat with a dimple étaﬁped,lhfthe center and the
‘ofher endrisréoniéal. The -points of the sample fit into the dimples
sﬁch that the samble is heid Vertically;in thé centér of the rig. Easy
"ﬁauntihg of’thé sample is faéilitatedrbj the;éet screw wﬁich can be used
té,raise orrlower the bottom. piston and thus Vary the space availaﬁlé
fd: the sample. The point of the top piston' is in. contact with the
stress rod And the point of the lower Vpiston‘ résts Against the set
screw. ;Prévided that the point of each cone is axial with the body of -
each piston, and the pistohs,are snﬁgly centered inside the shell, the
cone-head design should enéufe‘fhat the stress ris applied uniformly‘ 
-Since both the dimples in fhe:pistoné and thé points ofrthe -sample  are:
axially aiigned, this modhtiﬁg'geqmetry should pefmit uniform uniaxlal‘
7 stress to be apﬁlied, especially in the center of the sample.

The main difficulty in using this stress rig‘lies in 1its tendency
to "seize up". Ga; trapped‘iﬁ the mpvable parts can freeze and often
‘make tﬁerrig unusabie until it can béjwarhed,up - a"tedious taskf'when
—working in 1iquid helium{  As~kell;~the‘fig ¢an freeie but go unnoticed,
‘ asfadditional‘weight is,addéd to fbe streég rod. ‘The extra wélgh£ can
often loosen the “ice" with the consequence of the entire mass‘ crashing
‘k‘ohtb the'sample; Obviously ﬁbls‘is not ‘a desifable scenar1§~as this can

,¢h1pkthe,sample,or:shattef it entirely.




E
|

2.4 PROCEDURE

Flg 6 snows the experimental setup 4Theehmounted samples were
placed in a standard 1mmersion dewar:. The 'sampie‘~chamber was flilled
with,liquid helium and pumped to below the lambda poiht“(2.18‘K). The

pumping was done primarily to reduce the noise  caused by light

. scattering off bubbling helium, thus' ‘maihtaining our multiplex

,advantage? Excitation ‘was . provided by a stabilized S00 mW argon ion

laser or by a 500 m% titanlum sapphire laser tuned to ~900 nm (1.4 eV).
In most cases the light was focused onto the crystal face and the

signal was collected off the edge. An off-axis parabolic mirror, M,

collimated the signal and dlrected it into the interferometer through a

12 cm quartz window, H. An internal white light source could be

directed back through the interferometer and onto the sample to enable

| elignment of the sample Withrthe"optics. The white  light reference

~beam. and stray excitatienflaser'light were removed after leaving the

1nterferometer by a‘combinaticn of optical filters. A 1l mm diameter
InGaAs photodiode cooled to 77 K. and sensitive' in‘ the range
800 - 1500 nm (1.5 —‘0 8 eV) detected the interference signal From the'
detector, the signal was ampllfied and converted to a digltal one, which,,

wasﬁsubsequently sent to the computer'for Fourier transformation.
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 CHAPTER THREE

. BouND EXCITON FINE STRUCTURE AT ZERO STRESS

3.1 IN:RODUCTIONV, :

j}}‘Tbisfbrojeét beganfwithran u1tra;higﬁ résolqtion study of the zero
sfreés bound exciton spectra of the donors phosphorbus and arsénic aﬁd
the acéeptorsr boron, aluminum, »gallium,‘ and ‘indium, in silicon.
Photoluminéscence spectra were collected ;n thé rno?phonon region with‘
unparalleled fesolution'(up to 2.5 peV) and‘single-tOénoiSe ratio. -
The donor bound exciton'spectra, presented in Sec.3.2, consisf of a
siﬁgle,featuré whéreas the accéptor bound exciton spectra; presented in
  8§§.3.3. all have extensive'fine,structuré. In both these sections, fhe

spectra are discussed in terms of the conventional shell model.

3.2 DONOR BOUND EXCITONS

" The bound exéifoﬁ spectra of7thé tﬁd dohor§ jstudied{ ’phOSpﬁorduS'
and érsenic,:have‘ho fine étructure “and‘ can ,bé, completely ekplained
withinrtﬁe:Shell ﬁodél. Fig.B.l Shoys‘the phosphoroug andrarsenic bound
,exciﬁon spe?tfa ~along4 withthé,‘p}obésedéne;gy~’1eve1 ‘diagram  and“;
transition schemg;; As discuséed earliér.¥the electroné‘in Lhe ‘negtral‘
dondf and donof"bound exciton can ‘bé 1found in either’ a  fwo-foid ‘

39




déggnéféte r1~1evel, a four?fold dégenera£¢ ‘r3:7levél or‘~a six’ fold

' dgggneréte rs level, where TI is the gréund state ,and‘ F3 fand r, afg

exgitéd 1eVéls;,aThe F# and I'_ levels nge 1sepératéd‘ from  the ground

stafe by a few meV and fhus are unpopulated at '11Quid— hélium“
tempéhatures.‘ Since the heole in the béund exciton is‘in:a FB state,rthé
bound exciton will have a configﬁration {ZFI;F;}. whixe‘ the neutral
dqnor which has no hole will héve conf;ggrgtion {rl},;

Vri'No extra éplitfings,,due to interparticle interactions are
aﬁticipated in this case. Ip the initial state,fthe  two rl elecﬁrohs
form a spin singlet which does not cause any‘splitting when if interacts
with the FB hole, while in the,final state the electron is in a’Fl,level
: whése only degeneracy 1sydhe to7spin. The unpopulated ra,s states are

ignored as possible initial states of a transition,‘although the exclted
klévels can act as final Statesrof trénSitions from higher order BMECs.

This modei thus prediéﬁs?é $ing1e:transition. «, from the 1initlal
{ZF;;FB}'state (the bound exciton) to the'(rl) final staté'(the neutral
acceptor), as indicated in Fig.3.1.

The observed full-width-at-half-maximum (FWHM) f§r the phosphorous
bound exciton, taken- at an instrumental linewidth of 2.5 peV, uasr‘
5.7 ueV which corresponds to a actual FWHM of 5.1 peV; This compares
well with the pfevious eStimafe-pf S peV [81K2],~ The observed FWHM for
the“érsenic hound ékcitonrline; taken at an 1ﬁstrumehtal ‘lingéidfh of

6.2 peV,rwas'11.4 peV which correspohds to an actual FWHM of 9.9 peV.
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'F1g.3.1  (a) Phosphorous and (b) arSenic bdund‘ekéitonyluminéSCénce at

“-zero stress.  The diagram oh‘fhe fightfshows the predicted

energy levels and the possible transitions.



3.3 ACCEPTOR ,"BOU,ND 5EszToNs

'fffhé' écéép£0rs"boron, aluminum, gailium, jahdr indium “all  have'
‘extenéive~bound éxéitbn fine structﬁre, ‘méét of " which ,cah n§t~ be
explainéd by the cohvéhtionalysheli model. As  discuséed earllier, the
neutral acceptor has one hole in a Fa shell.rlThe eleétron‘in—thefBE ,is
in a,éix—fold degeneraﬁe (twelve-fold countiﬁg spin) shell and ‘the two
hblégjﬁccupy a FB shéli.lTﬁe tworeholescouple and rthe‘ level sbiits
into I, T, and I'_ states ({[_ x I} =T «+T_+ r,). I, is lowest in
energy and forms a two hole-state ground state which does not préduce
any additional fine structure when it interaéfs with the electroh; This
 scheme allows three iransitiqns,,d; B,‘and 7, .one from each of the three
states in the bound‘exciton torthe single néutral acceptor state (at
liquid Helium temperatﬁfes, oniyrihé“ground state Vtransition, a, is
obseryéd for acceptéfs géiliuﬁ; 'aluminuﬁ; and indium, since the
splittingrbetwéen'leQéis ié '15fge ‘compéfed to kT). This was the
proposal of the original shell model and it Qas sufficient to explain
the experimentalyresults of the time.‘ Sihce then, however, édditional
finerstructufe on the é,lihe,has been reported [78E3],'[83K],'[88G].‘

;  The‘most’recent étudiesrpriorr to oﬁrs had- revealed ~three fine f
stru@ﬁﬁreVCOmponehtsrfor Al; tu§~for'Ga, ana twé'fdr ‘In. IBSG].’ This
a structhre was expléinéa‘in‘terms;df,valiey brbit'splitting’jofu electron ;f

g st‘ates; together with ;hé‘rl' twq—horle”state (88G). Our spectra of the |
aluminﬁm, gallium, indiui  ‘and" boron’ bound . ékcitohs,‘ ére showh‘ in
B ,Figsié;z énd'S;S.f Thé{é1phabéti6a1 labeisyafé'afbitfany ahd' réfer ‘to‘

the energies quoted in Table 2 fqr the pos1t1ons of the fine strupture ‘
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Fig.3.2  (a) Aluminum and (b) Gallium bound exciton luminescence at

- zero stress.
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: Fig.3}3 (a) Indium and (b) boron bound exciton luminescence at zero

' stress.
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TaBLE 2

~ Impurity Label Energy (cm™ ') , Energy (mev) "
Boron a 9281.59 + 0.03 1150.771 + 0.004
b 9281. 47 © 1150.756
c 9281.28 . 1150.732
d - 9280.94 - .. 1150.690
e 9280.73 - 1150.664
£ 9280. 56 ' 1150. 643
g 9280. 27 ' 1150. 607
h 9280.07 1150.582
i 9279.89 - 1150. 560
Aluminum = a 9272.28 * 0.03 . 1149.616 * 0.004
b 9272.40 R 1149.631
c - 9271.73 g 1149.548
d 9271.62 1149.534
e 9271.43 1149.511
f 9271.32 . - 1149.497
“Gallium - a’ - 9267.10 + 0.03 1148.974 *+ 0.004
: b '9267.00 - © . 1148.962
o 9266.90 . - - °1148,949
d 9266.71 ; 1148. 926
e 9266. 60 1148.912
Indium a 9202.03 + 0.03 1140.906 * 0.004
‘ b 9201.84 J.. . °.1140.883
c 9201.58 : 1140. 851
d 9201. 20 -~ 1140.803
Phosphorus 9275.10 + 0.03 1149.966 * 0.004
" Arsenic : 9269.08 + 0.05 1149.219 * 0.006

- * ', -‘ ) ) ‘ = . R
L 1em! = { S x10° } meV = 0.1239842 meV
; (using the most recently determined

values of h, ¢, and e [ref.91C})
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lines:

'”The aluminum bound exciton displays thé éoarsé triplet structure
 ofthe previous study [88G], but in additioh ééc5’£r1p1ét component 1is
‘ split'into an. identical doublet. The struéﬁuréx of the gallium bound
Texciton displays a coarse doublet splittihg. bﬁt thefe is at least a
‘ two—fold splitting associated with one of the lines and possibly a three
| foia splitting with the other. OQur spectrum for indium displays five
compbnents which is irreconciléble with théipréyious'study [88G]. "No
explahation bf this fine structure can be  réaSonably attempte& until
furthef studies afé undertéken.«

Boron has been the least studied of 'thése acceptorsf due most.
likely to,thé low in(éhsity,of,boron rélated photolumlnescénce’ in ‘the‘
no~phohon regién thchrmakes conventional'épectroscopy ‘very difficult,
One of the few boron bound  exci£on71studies ‘Vusingr convéntional
spectroscqpyrreveéledithreejbafély'resolvébie fine structure  components -
[78E§]. thlé,a ﬁo}errecent‘éfudy in which;ardisper51Vé  instrument was
coupled to‘a Fabry-Perot _inferferometer [83K] has revealed é more
complicated structure. Ouf studyrreveals at least niné well réSolved
componént#. An interpretétiéﬁ of thisystrUciure in light’of our stress
study is preséntedrin’the following chapter. Our zero-stress spectrum
r:of tﬁgkboron bound exciton is shown in Fig.3.3(b). Again, the labels

are fbr referéhce with Table 2.
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3.4 CONCLUSION

‘Uitrahigh‘resolution spectra of doﬁ§r and acceptor bound excitons
1n silicon have been collected for the first time.  The linewidth and
'ﬁosition of both the phosphorous and arsenic bound exciton 1line have
'béen‘detérminéd. Positions of the finef structure components ~of the
Bdund exciton iinésrof the acceptorsrrboron, aluminum,' gallium, and
 ',1hdiﬁm have Bééh iabuléted!' . | 7 | |

The dondr‘sbectra canrbe explained by -the . éxisting shell model |
while the acceptofs all show structure which‘ currently can not be
uhderstood in that contéxth~, Fufther discussion of ’the boron bound

exciton speétrum'is the sdbject'of the following chapter.
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CHAPTER FOUR

BoroN Bounp ExcnoN FINE STRUCTURE UNDER UNIAXIAL STRESS

4.1 - INTRODUCTION

1A§idis¢u§sed 1ﬁ Sec.1.2, applying étrégs along the cr;stallographic
axes <111>, <110>, 'and <001> ‘will remove degeneracies from  the
éohdﬁctién and Qalence~bahds in a predictable way. Since the collective
electron and hole wavefunctions which describe the‘ bound exciton ére
- chosen ffom‘héar the;band—édgés, the removal of conduction‘rand - valence

band degeneracie; wiil in turn split the bound exciton energy levels.

The next segfion wili' deééribe fthe,rmethod for calibrating the
abpliedrsfresé. fhéjrésuiis of&the $tress expefiments along ;with some
intérprétatién‘wiii Be présén£ed in:Sec;4.3: VIn thé last 'section; a
compafison of these results with those predicted by the new model of the

acceptor bound exciton will be ﬁade and ‘some conclusions will be drawn.

4.2 CALIBRATION OF STRESS

~The stress, S, on the sample is given as

s = ~f_ eqn. (4.1)
4
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whére!F is thefeffeétive’fofce applied~to’£he sample and 4 is the cross
seétioﬁal;aréé of the sample. HoweVéf, r§férring7Back to Fig.2.5, it is
'—cléarjihat the weight; Mg, applied to‘the'£§§r§f the stress rig 1is not
eq@él'toyf; ﬁéthef, the mass of the rdd,rfhe maés of the upper piston,
friction‘betyeen the different components, etc. will contribute to a

force f which must be added to the weight Hg—to givé the total force
F=HMg+ £ SR . eqn. (4.2)

Anréstimate of thé stress can be made by approximating the size of
~f in eqn. (4.2). However'thisris not always convenient, sSince f can vary
from épeétrum‘rfo"3pectrum{ Instead, in these experiments S‘ was

determined by measﬁring the Splifting, AP, of the phosphorous “bound
‘exciton linerin thé spectrum‘(recall that there is a low concentration 7
of phosphdrous inlihé saﬁplés):{ Since we know from the literature [78K]
thaf thé phosphorous bouhdreﬁéiién liﬁe réplits ‘linearly with stress
(S = KAP), we can calibréte:the stress by measuring the splitting as a
function of applied mass, M, as shown in Fig.4.1. Assuming that f does

not depend on H; we can determine the constant of proportionality as

K= —— edn. (4.3)

- -where g and 4 are defined above and m is the slope of the line in
 Figi4.1; obtained by a linear regression. ~For stress along the <111>

dlrectioh‘m = 0.0SSImeV-kg‘?; and so if the cross sectional area of the
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. Fig. 4.1 Splitting,kAP, of the phosphorous bound exciton 1line as a

© . function of added mass M.
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sémplé i$,4ﬁm?; K = 2.9#107 Pa-mév’i., This vaIUe,is in agreement with a
‘préviou$1y‘qu0ted vaIUe4[78K] of K ~ 3x107‘Pa‘mer\
e ﬁbﬁ,can—measuré the magnitude of ihé‘stfeés 'on the sample by

lookihg at'the*spectrum and measuring AP (infmeV), i.e.

S = 294P, o eqn. (4.4)

wheré;s is measured in MPa. . The magnitude‘éf~K for stress alohg the
<110> and <001> directions was determined in the same way and found to

be K = 2.9x10° Pa-meV™', and K = 2.7x10” Pa-meV ! respectively.

4.3  RESULTS AND DISCUSSION .
4.3.1 Making an energy level diagram

’~The neutral acceptor level is split into two levels under' uniaxial
stress; hence‘to create an energy level diagram of the bound_exciton, it
isrnéqesSafyffo distiﬁéhisﬁ betw;en transifiohs,which terminate at ‘the
‘upperrlével‘pf the:neﬁtral acceptor and those ’which terminate at the
lower Jevei. As‘séeh,in Fig.4.2, for each bound ex¢itoh enefgy level,
we can ppssib1y seé tﬁo,spectral iines. Thé sblitting of the neutral
‘acdeptof level,isklabélled’ Ad; and. is' linear with <applied stress.
,Transithns'td thg’upper;‘mj=13/2. pgﬁtral acceptor level (labelled wu)
arefdgnotedixz'uhilethosétbthelower;‘mj=t1/2,:leve1 (labelled ¢} are

'dendted X'. where #‘1ndicates:the (arbitrarily labelled) bound exciton
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Fig.4.2 Possible transitions from the boron bound exciton energy
o 'levels tOrthe neutral acceptor levels when (2) no stress is
“épplied and (b) stress is applied. Ad is the splitting of

the neutral acceptor level.

52



energy level

| Fig 4. 3 shows the bound exciton photoluminescence when a stress of
10.6 MPa is?:applled ,along the <111> direction : ,Tran51tlons which
originate from the same ‘energy level are identlfled by determlnlng which
components are separated by the same energy (a trial and error process).
1“For;exaMP1¢, in Figr4.3,'components X1 and xl,,x: and Xz. X: and X3,
'etct are eil separated,by the same amount, Ad, and represent transitions
from energyrleselsrl, 2, 3, etc.

Unfortunatelyrr Which‘ components can be paired ‘is not always'
obvious. At low stress, both the bound exciton energy levels  and the
, nentral accentor energy levels are closely spaced and so transitions
betweenr~thesen 1evelsr will have very 'similar energies. In the
photoiuminescence spectrum, this will manifest‘itself as many closely
speced comoonents,”many of which will overlap'each other. ‘In eddition,

it ‘Is possible that either the tran51tlon to the - upper or the lower

neutral acceptor level will be missing from a spectrum and so from a
single spectrum alone it 1s‘impossib1e to ascertain if the transition is
Xuror X’. |

So-called *fan,diagrans",are created: to aid‘ in the pairing of
‘componentsr These diagrams are created by compiling the spectra at
different‘stressesrto give /a plot of‘ spectral,‘line position as a
function of stress' Fig 4 4 shows the bound exciton photoluminescence
spectrum at three different stresses along the <111> direction. plus the
~assoclatﬂd <111>. fan diauram Th° points on the fan diaﬂram at 10.6 MPa
‘(marked with the. "'“) indicate the positions of transitions in the

o

‘photoluminescence spectrum shown previously 1n:Fig,4.3; Transitions X1
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and k1 from Fig.4.3 are labelled on the~faﬁdiagram‘as wé11;~'Put in the
,context of a fan diagram, each spectrum ‘can,Abe  interpretedf more
Vgenerally. For example, even if in the 13.1;HPa Spebtrum (mafked with
the "o") the transition from energy 1eVe1' J1f tbr the 1lower neutral
adceﬁtor level did not appeaf, the transition to‘ﬁhe upper energy - level
couid,still be identified by tracing therevolutién of transition X: in
the fan diagram. ‘In conjunction with analyzing the fan diagram, at low
Vstress it is also necgssary to look cloéely:‘afr they épectra and note
Changes in both line positioniand,intensity Qith Qery small  increments
of stress in order to trace each spectral line and thus identify it as
Vofiginating froﬁ either a7X” or a Xl transition..
ihe energy of the boundkexciton levels can be obtained by - adding
Ad/2 to the X” transitiqns or subtra;ting Ad/z from the X’ transitipns
(if thertransitions Hé&e beéhglabélled'¢ofrectly, (X” + Ad/2) will be
equalitbr(Xl - Ad/Z))ﬂ ‘ F;g.4;5 :i$ the = bound exciton energy level
diagramasafunctionof’stress éléng the  <111> direction - (the lines
'represent the predictéd energy levels and ‘they will be discussed ‘in

Sec.4.4). Similar results were obtained for stress applied along the

<110> -and the <001> directions..
4:3.2 Determining the magnitude of valley-orbit slitting
- Stress along the <111> direction does not affect the degeneracy of
~the conduction band minima and so the magnitude of the valley-orbit

splitting (recall from Sec.1.3 that this splitting s due to the

six4f01d degéneracy‘of,the conduction‘band)’will not be‘affectedfeither,
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Fig;4.5 -Energy of the boron bound exciton energy levels as a function
| T of'stress along the <111> direction. The l‘'nes represent the

~pfediCted energy levels and will be discussed in Sec.4.4.
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'~Qn'the other hand, any uniaxial stress splits~the two fold degenerate
 h§1é shell into two subshells. At high stress, when the splitting
associated with the single hole states is large compared to the =zero
‘stress splitting of the bound exciton levels, both holes in the bound
. exciton occupy the lower energy hole state. In this case, the
"aﬁtisymmetrized product of the two hole states transforms as Fl. There
will thus be. no splitting due to the hdle-hole interaction and in
‘addition the two holes will not interact with the electron (for a more
thorough explanation see refs [92Ki] and- [83K]).

Hence, at high stress, the contribution of electron-hole and
hole-hole interactions to the splitting of the bound exciton energy
levelé is 'negligible and the only contributidn fo the splitting of " the
bound exciton energy levels 1is from valley—ofbit splitting. The
magh&tude=of?£hé Valiéy-orbit splittingéiéanibéibbtainéd Airectly  ffom
thebound'exbitonlumihescence spectrﬁm :ﬁhder? high~uétféss ,éldﬁg uthe
<111> direction.

,Fig.4.6rshows the bound exciton luminescence when a stress of
24 MPa is applied along the <111> direction, plus a sketch of a
transition scheme which would -produce this spectrum.. The three
spectral components, labelled a, b, and ¢ thus correspond to transitions
from the three levels of the bound exciton, labelled Fa, FS and I'1 (this
particular ordering of levels was determined elsewhere [T2Kz2]), to the
lower level of the neutral acceptor (since the holes in the bound
exciton are in the lower energy states, only transitions to the lower
hole state of the neutral acceptor are observed). The splitting between

- components in the spectrum directly reflects the spacing of the bound
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Fig. 4.6 Boron bound exciton luminescence when a stress of 24 MPa is
applied along the <111> directicn. The inset shows the boron
bound exciton to neutral acceptor transition scheme for high

stress along the <111> direction.




Jr‘ékciton energy levels and thus the magnitude of the valley orbit
'7 sp1itting. By measuring the splitting between componénts ¢ and a, and b
 ahd c; the valley orbit splitting constanté ére'thus assigned the values
'Ai = 32 peV and A3 = ~26 peV, where A1 is the energy difference between

the rl and F3 levels and A3 is the energy difference between the F3 and

I' levels.
5
- 4.3.3 High stress along <001> and <110>

It was important to go to high streés (24 MPa) along fhe' <111>
direction since the goal was to obtain the vailey~orbit splitting
rparamefers. When the data was collected aiong the other two directlons,
the maximum stress applied was ldwer, since déta at highér stress was
not necessary-for an energy level diagram andr“no furtheri,quantitative,
infofmétion cpuidbe,gained by going to 'highér;,stfess. ‘However{ ‘ﬁhe
evdlution’6£r£he:iﬁmiﬁéSCence with stressrcén;beiektfapoiafed to give a
" picture Of‘the‘high stress behavior.

As stfess is applied, the bound exciton energy levels move farther
apart, with some movihg up in energy and sdme moving ‘down. AS this
happéhs, the population of the ievels which move to higher energy will
decrease, the consequence being an increasé in the population of levels
at lower energy. Transitions from levels which move up in energy will
thus disappear with increasing stress and are said to “"thermalize". As
the temperature in decreased, the population of the lower levels will
increase even more and the higher energy states will become virtually

“empty". Fig.4.7 shows the luminescence when 11 MPa of stress are
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 Figu4.7 Boron bound exciton luminescence when a stress of 11 MPa is
appliéd alopgfthe <001> direction. The -inset shows the boron
bound exciton to neutral acceptor transition scheme for high

étfess along a <001> direction.
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:applied along the <001> direction (the transitioh scheme shoﬁn on the
'right,will be explained later). The dotted curve lis the’spectrum taken
‘  ”ét‘é'2 K and the solid curve is the epecfrum at’ 2 K. When the
‘temperature is decreased, the intensity of‘ component X4’$ increases
while the intensity of all other components deereases, implying that
eomponent )(4’5 is a transition from the lowest eneréy state.

:Fig.4.8 shows the bound exciton luminescence at three different
‘stresses along the <001>. Note that the intensity of component XLS
increaees relafive to the other components as the stress increases.
This eombihed with the incfease in 1ntensity of component Xms as the
temperéture decrease, leads to the conclusion that as - stress Increases
Vlfprthef, compoﬁenf )(4’5 will be'the only non-fhermalizing component‘ in
the epectrum, i.e., only one energy level wili be populateé in the limit
of high stress,along $001>-2

The’beheviorefthe‘iumineecence unaer high <110> stress is more
straiéhtforwere. iVVF,'Vig:.r‘4r.‘9;"s’rryxorwyfs the bouhdeeXCitonrlumineecence at- three
different stresses along <110>. Fig.4.10 shows Vthe luminescence at
18 MPa, the highest etress applied along this direction (again. ’the
transition'echemerwillrbe'explaihed later).rrFrem7Fig,4.9;r it  1s seen
that ee strees increases, the 1nfensit1es of components  (1,2) and (3)
B increase relative to the other components. In Fig.4.9, these components
,eﬁerge as the main features and we can infer that as stress 1increases
further they will be the only remaining components, 1i.e. two energy
~levels will beréopulated at liquid helium temperature, in the limit of
rhigh,stress alengi<110>. |

As was discussed above, the splitting of energy levels at high

62




T T T E T T T

X45
n $=9.76MPa <001>

YL [0 O

p. S=4.56MPa
2 ,

X&S

P,

S=1.18MPa

Photoluminescence Intensity

. \_

1149.9  1150.2 1150.5 1150.8

Energy (meV)

Fig.4.8 Boron bound exciton luminescence when three different stresses
are applied,along the <001> direction. The lines P1 and Pz

are due to the phosphorous bound exciton.
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Fig.4.9 Boron bound exciton luminescence when three different

stfesSes are appllied along the <110> direction.
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Boron bound exciton luminescence when a stress of 18 MPa is

: applied along the <110> direction. The inset shows the boron

bound exciton to neutral acceptor transition scheme for high

 stress along the <110> direction.
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'strees will be dominated by the splitting of the electron states. Thus
,kby‘idoking at the behavior of the electron states wunder stress, the
"fboﬁhd‘exciton luminescence spectrum at high etfesc along <001> and <110>
2ean’be predicted and compared with the observed spectra.

| Recall that at zero stress the single electron states transform
-according to the irreducible representations Fl, Fa, and Fs which are,
respectively, one-, two- and three-fold degenerate (not counting spin).
This splitting of the originally six-fold ‘degenerate electron energy
level arose when the reduction of‘ symmetry (OﬁéTd) due to the
introduction of an impurity intd the crystalVWas taken into account (see
Sec.1.3). When uniaxial stress is applied, the crystal symmetry Iis
further reduced (Tdacav, T§9C2v’ and TaaDZd fqr ‘stress along <111>,
<1105; and <001> respectively) and the elecffon energy levels will spiii
again,rrThe energies of the single electronrrlevels as a function of
stresre,r,eylo}"ngOOl}_,, and <110> [92K1] are ‘presented in Flg.4.11. ‘The
energyeesspciefed Qiﬁhethe I‘1 State will beiﬁneplit fehd 'wiil inErease‘
for stress along both <001> and <110>.  For both directions, the T_
energy level will split into two with one level going up in energy and
one going Qown. The Fé energy level will aleo eflit' 1hto two levels,
but for sﬁfess’along <OOI>'one level will go'up in energy and one will
g0 down; while forretress along <110> both levels will go down in energy
(altbough one split F3 level originally goes up before dropping down).

Only’those levels which go down in energy as a function of stress

will be populated at low tempereture. Thus for high stress along <110>
three:energy leVels should be populated and for high stress along <001>

two levels’should be populated. The transitions from these bound
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"Fig.4.~1f1‘: i Splitting of the“en‘ergy levels associated with the single
'jéléétréii'fvall,ey-‘,oi"bit‘ states as a function of stress along

the <110> and <001> directions.
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ékéiton levels to the neutral acceptor (agéin; transitions will be to
thé‘lower neutral acceptor level) are preSeﬁted for the <110> direction
iﬁ ?ig.é.iﬁ‘aﬁd the <001> direction in Fig.é;?. Theée transition
JSChemes show three possible transitions for'<110> and two for <001>.
- However, since the energy difference between levels 1 and 2, and between
4 and 5 is smaller than our available resolﬁtion transitions from these

fsfétes should be unresolved in the spectra. Thus the predicted spectrum

P‘for high <110> stress would consist of two‘Components while the similar

spectrum for <001> would have only cne component. This agrees with the

experimentai results discussed above.

4.4 CONCLUSION

rt],High resolptién ﬁofphonon'phqt&iuminésceﬁée épectra of the fbdrOhj‘
béﬁﬁd exciton uhdé%dﬁniaxialrstress héve béen preéénted‘ Tﬁése épectra,
consist of up to thifty very narrow linesrfless than IO‘ueV FWHM)' énd
reflect the complicated interactions resbonsible for the zero-stress
:fihérétructure of the boron bodnd excitdn (nine well resolved lines).

V 7 lThese resdlts have‘been used to teStrthe newly formulated theory of
the—aéceptor bound exciton [92K1]. As mentloned in Sec.1.6, the énergy

:éigenvalues of the perturbation Hamiltonian
H =~Hvo+ H°s+ Hhs+ Huh+ Heh. eqn. (1.12)

yleld the pbsition of the exciton energy levels. The term Hvo contains
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' ihé Vallé? orbit parameters which were~détéfmihed from the <111> spectra
‘iét;high stress (Sec.4.3.2). The remaining‘parameters are obtained by a
015é5f4fit»comparison of the predicted~energiés to’those observed - the
rliﬁeg in Fig.4;5 represent the. predicted eﬁéfgy levels as a function of
stress along <111>. |

Fig.4.12 shovs the zero stress boﬁhd ~excifon spectrum plus
tipkmarks which indicate the predicted pqsitigns of the fine structure
' iiﬁes. The,tickmarks on the rlow~energy:fend line up well with the
observed feafures,rbut the last tickmark at ~1150.78 meV does not. This
model gives a convincing fit, but clearly it can be imprOQed upon. One
- way: of impfbvingrthings is t¢ mode1 thebeund exciton energy levels as a
-function -of both‘un;axialrstfesé and magnetic field. - 'As is the case

with stress, by,applying a magnetic field, couduction'and‘ valence band

degeneracies are iremoved in “a predictable way' and the resulting -

pérturbation'Hahilgbhianf(whiéh'inclﬁdésrmany of the same interactibn"
parémeters);can bé %ormu1ated{T By‘simdltanebﬁsly best—fitting both’sets
of data, a better estimate of the‘paramefers can be made’and“thué more
accurate predictions 6f spectral positions can be given.

- We have obtained the first high«resolhtiqn, spectra of the boron
bound exciton under Stfess. These résults allow theoretical modeling of
,ﬁhe'acbeptor bound éxciton, such as discussed in thé’previous paragraph,
to prééeed.  In addifioh. we have determinéd for the first time the
véiﬁes‘qf the valley-orbit interaction’constants for the boron acceptor.
Thé”ability,to obtain the resQ1ts presented. here was due almost entirely
 ‘tb thepoﬁerfgl:SpéctrOSCOpibtechniqué‘used and the uniformity of the

applied uniaxial streés.
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Fig.4.12 Boron bound exciton luminescence at zero stress. The tickmarks

indicate the spectral positions predicted by the model
described in ref. [92Ki]
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