
National Library 
of Canada 

Bibiioth@ue natma!e 
du Canada 

Acqliisitions and Direction des acquis~tions el 
Bibimpphi5 Sewices Branch des services bibfi~iaphiqties 

395 Wd!ingtor. Streel 395. rue Wellington 
Otlawa. Ontam Ottawa {Ontario) 
K1 A ON3 KIA ON4 

NOTICE AVlS 

The quality of this microform is 
heavily dependent upon the 
quality sf the original thesis 
submitted for microfilming. 
Every effort has been made to 
ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the 
university which granted the 
degree. 

La qualit6 de cette microforme 
depend grandement de la qualite 
de la t k k e  soumise au 
microfilmage. Nous avons tout 
fait pour assurer une qualite 
superieure de reproduction. 

S'il manque des pages, veuillez 
communiquer avec I'universite 
qui a confere le grade. 

Some pages may have indistinct La qualit6 d'impression de 
print especially if the original certaines pages peut laisser a 
pages were typed with a poor desirer, surtout si les pages 
typewriter ribbon or if the originales ont 6te 
university sent us an inferior dactylographiees a I'aide d'un 
photocopy. ruban us6 ou si I'universitb nous 

a fait parvenir une photocopie de 
qualite infbrieure. 

Reproduction in full or in part of La reproduction, m&me partielle, 
this microform is governed by de eette microforme est soumise 
the Canadian Copyright Act, B ia lo i  canaaienne sur Se droit 
R.S.C. 1970, c. C-30, and d'autew, SRC 1970, c. C-30, et 
subsequent amendments. ses nmoitdanents subs6quents. 



THE ZEENlAN EFFECT ON NEUTFUIL ACCEPTOR BOUND 

LXITONS IN SILICON 

by 

Serguei An 

B.Sc., Moscow Institute of Physics and Technology, 1992 

THESIS SUBMITTED IN PARTIAL FULFILMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in the Department 

of 

Physics 

63 Serguei Ail 1995 

SIMON FRASER UNIVERSITY 

JULY 1995 

All rights reserved. This work may not be 

reproduced in whole or in part, by photoccpy 

or other means. without pr~mission of the author 



Biblioth&pe naiionale 
du Canada 

Acquisitions and Direction des acquisitions et 
Bibliographic Services Brarch des services bibliographiques 

395 Wellington Street 395, r ~ e  Wellington 
Ottawa. Ontario Onawa (Ontario) 
KSA OM KIA ON4 

THE AUTHOR HAS GRANTED AN 
IRREVOCABLE NON-EXCLUSIVE 
LICENCE ALLOWXNG THE NATIONAL 
LIBRARY OF CANADA TO 
REPRODUCE, LOAN, DISTRIBUTE OR 
SELL COPIES OF HISHER THESIS BY 
ANY MEANS AND IN ANY FORM OR 
FORMAT, IvMSING TKZS 'IFESIS 
AVAILABLE TO INTERESTED 
PERSONS. 

THE AUTHOR RETAINS OWNERSHIP 
OF THE COPYRIGHT IN HISIHER 
THESIS. NEITHER THE THESIS NOR 
SUBSTANTIAL EXTRACTS FROM IT 
MAY BE PRTNTED OR OTHERWISE 
REPRODUCED WITHOUT HIS/HER 
PERMISSION. 

L'AUTEUR A ACCORDE UNE LICENCE 
IRREVOCABLE ET NON EXCLUSIVE 
PERMETTANT A LA BIBLIOTHEQUE 
NATIONALE DU CANADA DE 
REPRODUIRE, PRETER, DISTRIBUER 
OU VENDRE DES COPIES DE SA 
THESE DE QUELQUE UANIERE ET 
SOU3 QUELQUE FORME QUE CE SOIT 
POUR METTRE DES EXEMPLAIRES DE 
CETTE THESE A LA DISPOSITION DES 
PERSONNE INTERESSEES. 

L'AUTEUR CONSERVE LA PROPRIETE 
DU DROIT D'AUTEUR QUZ PROTEGE 
SA THESE. NI LA THESE NI DES 
EXTRAITS SUBSTANTIELS DE CELLE- 
CI NE DOIVENT ETRE IMPRIMES OU 
AUTREMENT REPRODUITS SANS SON 
AUTORISATION. 

ISBN 0-612-06583-9 



APPROVAL 

Name: Serguei An 

Degree: Master of Science 

Title of the thesis: The Zeeman effect on neutral acceptor bound excitons 

in silicon 

Examining Committee: 

C h m a n :  Dr. J. R. Dahn 

- 

Dr. M.L.W. Thewalt 

Senior supervisor 

Dr. S.P. Watkins 

- - 

Dr. R.F. Frindt 

-7 

Dr. J.C. Irwin 

Internal examiner 

Date approved: July 28, 1995 



PARTIAL COPYRIGHT LICENSE 

I hereby grant to Simon Fraser Unii~ersi the right to lend m y  
thesis, pro'ect or extended essay (the title o which is shoirm below) 8 7 
to users o the Simon Fraser University Library, and to make 
partial or single copies only for such users or in response to a 
request from the library of any other unix-ersity, or other 
educational institution, on its o m  behalf or for one of its risers. 1 
further agree that permission for multiple copying of this work for 
scholarly purposes may be granted by me or the Dean of Gradrmte 
Studies. I t  is understood that copying or publication of this work 
for financial gain shall not be allowed without my written 
permission, 

Author: 
(signature) ' 



Abstract 

A Fourier Transform Michelson interferometer was used to investigate 

the photoluminescence of shallow acceptor-bound exciton complexes (AOX) in 

Si. This technique allows for the collection of ultra high (0.03 cm-') resolution 

spectra with a high signal to noise ratio, thus providing the experimental tool 

required to study the fine structure of acceptor bound excitons in Si. Spectra 

were collected from crystalline Si doped with either In, Ga, A1 or Tl. The effect of 

a magnetic field on acceptor bound excitons was studied experimentally and 

theoretically to determine the parameters of the valley-orbit splitting for Al, Ga 

and In AOX's and the spin-orbit coupling in the In0X. In this work we have 

determined the g-factors and diamagnetic shift constants and explained the 

diamagnetic splitting of AOX energy levels. 
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Chapter 1. 

I. I Introduction. 

Si is the most popular semiconductor material for industrial device 

production. Impurities can strongly effect the electrical properties of Si, 

thus, it is important to control their concentration and to understand 

their electronic structure. Extensive experimental and theoretical studies 

have been undertaken to this end. Many experimental techniques [2] 

were developed to investigate the energy spectrum of impurities in Si 

including Fourier Trmsfonn Spectroscopy [FTS). Based on the -Michelson 

interferometer, this technique lends itself to both absorption and 

photoluminescence studies 121. In this work, the combination of FTS and 

magnetoluminescence was used to study the fine structure of the neutral 

acceptor-bound exciton (AOX) in Si. FTS can provide much higher 

resolution and throughput than spectroscopy based on conventional 

grating spectrometers. FTS will be described in more detail in the third 

chapter. A brief description of magnetoluminescence is given in the 

following section, followed by the description of the electronic levels 

relevant to this method - 

1 .2. Magnetophotoluminescence spectroscopy. 

Using a laser as an excitation source, electrons in the Si are 

excited from the valence band to the conduction band thus creating 

non-equilibrium concentration of electron-hole pairs. An electron and a 

1 



hole can then recombine with the emission of a photon. This process is 

called radiative recombination. The photon enerLm of a purely electronic 

transition is determined by the energy of the initial and final states of 

the electron, as follows, 

hvphoton = E initial - E j ; n n l  (1 )  

By measuring the photon energy it is possible to determine the energy 

levels involved in this process. 

Si has a valence band maximum at the centre of the Brillouin zone 

(?GO), and six equivalent conduction band minima near the boundary of' 

the Brillouin zone along COO 1 > directions. Indirect optical transitions 

from the conduction band minima into the valence band maximum thus 

require a third particle to satisfy the quasi-momentum conservation. This 

particle can be a phonon, in which case the process is called a phonon 

assisted transition. Following the energy conservation law, the photon 

energy for the usual case of phonon emission is given as 

hvphofon = E initial - Efinal - hfZphonon (2) 

In the case of A%, no-phonon recombination is possible due to the 

coupling of the hole with the acceptor central cell potential (CCP). The 

central cell potential describes impurity dependant correction to 

Coulomb potential and takes into account local strain field, charge 

redis+sibutiox differences between the impurity and host core 

potentials. In this case the photon energy is simply defined by equation 



To obtain more information about the symmetry properties and 

degeneracies of the electron and hole states in AOX one can apply 

external perturbations, like electric and magnetic fields or mechanical 

stress. When a magnetic field is applied as the external perturbation the 

method is referred to as magnetoPL spectroscopy. 

1.3 The effective mass approximation and Shell Model. 

The effective mass approximation (EMA] was initially developed to 

describe the behaviour of free charge camers in semiconductors and was 

later applied to explain free excitons (FE) and shallow impurity centres. A 

basis statement of the EMA is that free charged carriers in a lattice can 

be described as charged particles of effective mass in*, different from 

mass m in free space. One of the systems that can be described by the 

EMA is that of a neutral donor (Do). The Do complex consists of an 

ionized group V atom replacing a Si atom and an electron bound to it by 

Coulomb interaction. Under the assumption that only long range 

potentids are significant, the EMA uses the hydrogen atom analogy to 

explain this system. Hence the energy levels of the Do are described by a 

formula similar to that for the electronic energy levels of a hydrogen atom 

En =-mze4/2h2~2n2 where n = 1,2,3 ,...... (3) 

where me* is the electron effective mass. Further studies led to the 

discovery of excitons bound to neutral impurities predicted by Larnpert 

in 1958 [3] and observed by Haynes in 1960 [4]. I t  vras a l s ~  found that 



neutral impurities can trap more then one exciton [6, 28, 271. 111 1977 

Kirczenow [5] proposed the Shell Model (SM) of the bound multi-exciton 

complex (BMEC) which can be applied to describe bound excitons as 

well. It explained all of the experimental results available at this time 

[24,25,15,16]. The SM took into consideration the symmetry of the local 

impurity field and the structure of the conduction and valence bands to 

explicitly form electron and hole wavefunctions as an antisynlmetric 

product of single-particle wavefunctions having the symmetry properties 

of shallow donor states for electrons and shallow acceptor states for 

holes. The EM approximation and the S M  will be described in more 

detail in the next chapter. 

1.2 Motivation for this study. 

The original SM did not take into acc\wnt electron-electron, hole-hole 

and electron-hole interactions. It was also assumed that the valley-orbit 

splitting (VOS) due to the inter-valley scattering of the electron among 

conduction band minima is negligibly small for the acceptor bound 

exciton (BE) and BMEC. But, as early as 1977, Parsons [18] using a 

scanning Fabry-Perot interferometer presented evidence of extra fine 

structure in the PL spectra of phosphorus BMEC's that could be 

explained only in terms of inter-particle interactions. This inspired 

further studies of acceptor BE and BMEC [19,20,22]. In 1978, Elliot, 

Smith and McGill detected VOS in the A'X spectra of Si doped with Al. 

The VOS in boron bound exciton was discovered by Karasuyk et al. in 

4 



1983 f35J. Unexpected additional structure was resolved in high 

resolution spectra of Al, Ga and In BE'S by Thewalt et al. [17] in 1990. 

The high resolution FTS studies of the boron BE under stress and 

magnetic field performed by Karasuyk et al. [9, 391 explained the details 

of inter-particle interactions in BOX and determined the order of the 

valley-orbit energy levels. The experiments by Thewalt [17] and Karasuyk 

19,391 inspired the further Zeeman studies of group I11 AOX's in Si 

presented in this thesis. 



Chapter 2. The structure of A0 and AOX in a magnetic field. 

2.1 The effective mass theory of shallow impurity centres. 

The effective mass theory (EMT) was first developed to explain the 

results of cyclotron resonance measurements on free charge carriers in 

Si 1361. The motion of a free charged particle in a perfect crystal can be 

described by the Hamiltonian 

where Uo(k) is the periodic potential and m is the mass of the particle in 

free space. According to the EMT the effect of the periodic potential can 

be accounted for by introducing the effective mass m*, and the 

Hamiltonian (4) can be rewritten [36] as 

In this approximation the carrier can be described as  a particle of 

effective mass mi. The effective mass is not a scalar anymore but a 

second rank tensor. 

Impurities and other defects of the crystal structure can trap free 

electrons and/or holes into a variety of localized states. The simplest 

examples of such states are substitutional donors or acceptors. Let us 

consider an isolated group 111 atom replacing a Si atom in the lattice. 

This atom fieeds extra electron to form a bond with the Si atoms, and 

hence, becomes a negatively charged ion. A hole can then be bound to 

this impurity creating a complex similar to a hydrogen atom. By 

assuming that 1) the host lattice farms a uniform environment with 
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dielectric constant E ,  and 2), that a hole can be treated as a charged 

particle of mass rn* [hole effective mass), one can use the hydrogen atom 

analogy. The Hamiltonian of the system is then written as 

fL-wPtOJr=N~+ U&)+ VJr) (6) 

where U(r) =$/8 is the Coulomb potential and VJr) is the Central Cell 

Potential (CCP) which represents the impurity-dependant correction to 

the Coulomb interaction. The CCP takes into account a number of effects 

including the local strain field, charge redistribution, differences between 

the impurity and host core potentials. In the effective mass 

approximation (EMA) W,(r)=O) the eigenvalues of the Hamiltonian are 

described by formula (3) following the H atom analogy. I t  is implied that 

U,. is small in comparison with the band gap and is a smooth function on 

a scale of the lattice constant. As a result one assumes that a hole is 

loosely bound to the impurity and perturbation theory can be used to 

form a wavefunction of the hole as a linear combination of the Bloch 

functions at  the top of the valence band multiplied by a smooth envelope 

function. That is 

@pfe(r) =Z ai iFj (r )qj (r )  where j ;  i = 1; 2; 3; 4 
J 

(7) 

where F,(r) are the envelope functions and ~ ( r )  are the Bloch wave 

functions at the top of the valence band. The indexes i and j run from 1 

to 4 since the top of the valence band is four-fold degenerate, hence four 

linearly independent functions are required to describe it. The 



wavefunctions at the top of the valence band of Si fornl the basis of the 

irreducible four-fold representation T8 of the point group Ok.. the group of 

directions of the spatial group 0 7 h  of the pure Si crystal. The point group 

Td of a substitutional impurity site in the Si lattice is a subgroup of Ot,, 

The acceptor wavefunctions formed from the Bloch functions at the top 

of the valence band transform according to the Ts representation of the T,, 

group. In the spherical approximation the states described by these 

functions have total angular momentum j=3/2 and can be classified 

according to the projections m, = +1/2;+312 of j on an arbitrary axis. Thtis, 

in the absence of external perturbation the acceptor ground state is a 

four-fold degenerate state. 

2.2 Excitons bound to neutral acceptors (AOX). 

In 1958 Lampert, using the H molecule analogy, suggested that a 

neutral impurity and a FE could form a stable complex with a nonzero 

binding energy 131. Following this suggestion Haynes in 1960 observed 

excitons bound to neutral donors (DOX) and neutral acceptors (AoX) in Si 

f41. 

One can think of A% as a complex incorporating three particles, 

one electron and two holes, moving in the field of a negatively charged 

ion. According to the Shell Model, the wavefunctions of A% can be 

constructed as antisymmetrized products of single-particle 

wavefunctions. The singk-hole wavefunctiw?~ have the same form and 

8 



fig.1 a) Band structure of silicon (40) b) constant energy surfaces of the 

conduction band minima (41). 

9 



symmetry as the wave functions of a shallow A'. The single-electron 

wavefunction in AOX has the structure of the shallow donor 

wavefunction. Neglecting the spin-orbit interaction they ccm be 

constructed as linear combinations of the Bloch functions at the six Si 

conduction band minima multiplied by smooth envelope functions and a 

spinor function with the spin s= 1 /2. 

Qai(r) =C a i j F j ( r ) v j ( r ) ~ a  where i; j = 1; ..; 6 and a = 1; 2 
i 

(8) 

where @i(r) is a spatial part, Fj(r) is the envelope function, a, is the spin 

function and vj(r) is one of the six Bloch functions at the minimum of the 

conduction band. The conduction band in Si has six equivalent minima 

located approximately 85% of the way to the Brillouin zone boundary in 

the <001> directions (see fig. 2). The constant energy surfaces in k-space 

around each minimum are ellipses of revolution with the long axis along 

the <001> directions. Because there are six equivalent minima one can 

construct only six independent linear combinations. These six 

combinations can be constructed so that they form the basis of the 

Al+E+T2 irreducible representations of the Td group. Interaction with the 

tetrahedral part of the impurity potential can split the energy levels of 

the Al, E and T2 states. This splitting is referred to as the valley-orbit 

splitting (VOS). In the basis of the single-valley functions 

ur=~l,0,0,0,0,0) m (9) 

uz=(O, 1,0,0,0,0~ (-XI (9a) 



L ( 0 7  o7 o7 0 , l  7 -1) Z 

2.3 AOX and A0 under magnetic field. 

2.3.1 AOX in a magnetic field. 

In a typical PL experiment, a sample is illuminated by an external 

source to create non-equillibrium electron-hole population. 

Non-equillibrium electron and holes recombine emitting photons. The 

energy of the photons depends on the energy levels of the initial and 

final states of the optical transitions. In this particular case of interest, 

the initial state is AOX and the final state is A'. That is, AOX + A0 +photon. 

The energy levels and the eigenfunctions of AOX in a magnetic field 

can be determined by diagonalizing the matrix of the Hamiltonian 

11 



h= Ho + Hhh + Herl + fLm + H d B )  + HJB) (13) 

where Ho is the zero order Hamiltonian without interaction among 

particles, HM describes the hole-hole coupling, H,), is the electron-hole 

interaction, H,, is the VOS and HlIl,(B) and HJB) account for the 

interaction of the holes and the electron with magnetic field. 

Following Pauli exclusion principle the symmetry of the two-hole 

state should have the symmetry of the antisymmetric product of the two 

r8 states. That is, {ra8)=r1+r3+r5. AS we found out, two holes form the 

spin singlet r, ground state in all AoX's, investigated in this study. This 

simplifies further consideration because the I'1 state can not be split by 

any interaction. Interaction of the electron with the magnetic field can be 

described in the single-valley basis by the Hamiltonian [9] 

d' B2 He = ~ p ~ g @ , o ,  +By% +&4 +H '"( ) (14) 

where g, is the g-factor, p- is the Bohr magneton, B,, B!,. B, are the 

components of the magnetic field and (ax,oy,az) is the set of Pauli 

matrixes. The first term accounts for the paramagnetic splitting of the 

states according to the spin projections m, = +* on the direction of 

magnetic field. Hd'" describes the diamagnetic shift of the energy levels 

and is proportional to BZ. In the single-valley basis (eq. 9a-9e) Hf''fl can be 

described as [91: 

Hvosdi. = 45 * B2 cos2(P) + q& * B2 sin2@) 



where q~ ' and q,," are the diamagnetic shift constants, and ,& is the 

angie between the direction of a magnetic field and the particular valley. 

If q11 s q,, then the diamagnetic shift will depend on ,@ . Diamagnetic 

constants can be different because of the strong anisotropy of the 

conduction band minima. For tile three main orientations, diamagnetic 

shifts of the states derived from x, y arid z-valleys will be [9] given by 

B I1 [OO 11: AE,dk=dE Y "'"=cf P- B2, /1E7dia=@11B2; (1 6) 

BII[110] : dE,dk=dE,"k=(qne+cfPer)B2/2, nEzd'"=q",erB2; (1 7) 

BII[ 1 1 11: d ~ $ ~ = n E p = A E $ " = ( f ~ j &  + f q b ) ~  2; (18) 

The VOS in zero field can be described by two parameters, A,, 

equal to Er,  - E r, and d3, equal to Er, - Er, . In the single-valley basis (eq. 

8a-8e) 

Hzero - 
VOS - 

the VOS matrix is of the fonn: 

where dl=(A1+2A3)/6 and dz=(Al-A3)/G. To describe VOS in a magnetic field 

one has to solve the eigenvalue problem for : 

Htm= H'iU+HZemLms (19) 

The resulting eigenfmctions =e linear combinations of the single-valley 

functions. One can then determine phenomenological constants (g and q 



factors) by comparing the theoretical transition energies with 

experimental results. 

2.4 AO in a magnetic field. 

As a result of the radiative recombination of an electron and a hole AoX 

transforms in to A'. A0 is a complex of a negatively charged acceptor ion 

and a hole which bound to it. Thus, to describe A' in a magnetic field one 

needs to present the description of the Ts hole state in a magnet.ic field 

[st. 

The main assumption for constructing Hh(B) is that the 

Harniltonian should be invariant under the symmetry operations 

included in thc T d  group 171. It was found that the Hamiltonian for the 

hole in +he l?g state can be written in it's most general form[2] as: 

A group-theoretical analysis of this Harniltonian for cubic syrnmet~y 

was presented by Zakharchenya and Rusanov in 1965 [30] Because TI! 

is the subgroup of Oh all combinations are invariant under the TI, 

symmetry operations as well. For the T,, syrnmetly this problem was 

solved analytically for three main orientations (COO 1 >. < 1 10,. < 1 1 1 >) . by 

Bhattacharjee and Rodriguez in 1972 [5]. They used the following 

representation of the angular momentum matrices [361: 



in the basis of the functions 1361: 



Chapter 3. 

3. i Fourier Transform Spectroscopy. 

Typical AOX binding energies for Si are about 3- 12 meV, thus the 

temperature of the sample must be low enough to prevent thennal 

dissociation of the AOX states and thermal broadening of the PL spectral 

lines. The standard experimental set-up for low temperature PL 

spectroscopy includes a cryogenic system, an excitation source, a 

spectrometer and a detector. A s  was previously mentioned, a magnetic 

field can be applied to lift degeneracies (the Zeeman effect) and study the 

synnnetry properties of AOX states. A 15T superconducting magnet was 

used for the Zeeman measurements in these studies. 

The collection of ultra-high resolution spectra was possible 

because a Fourier transform spectrometer (FTS) was used. The basis for 

FTS is a Michelson interferometer, see fig.2. In this set-up the light from 

a source lie. sample) S is collimated and directed toward a beamsplit ter 

by a parabolic mirror. The beamsplitter divides the light into two beams, 

which are then reflected by mirrors MI and MS. The reflected beams are 

re-combined at  the beamsplitter and then focused on to the detector D. 

The mirror Mi is fixed and the mirror Mq is moving. The optical path 

difference between the two beams thus depends on the position of the 

moving mirror M2. The interference conditions for different wavelengths 

of fight change as the mirror Mz is moving. The measured light intensity 

fo, at the detector output is related to the input intensity Lby: 
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fig.2 Schematic diagram of the Michekon interferometer with dynamic 

a h g n i e n t  used in this studies. The four collimated beams incident on the 

beamsplitter are 1) the PL from the source, 2) from the "fixed" mirror, 3) from 

the scanning mill-or, 4) to the detector. The orientation of the "fixed" mirror is 

dynamically changed in order to keep t h e  interferometer aligned. The filter box 

is mounted in the detector pzth to use the optical filters for the light rejection. 
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1, = % + f [S(h-I) cos(2~rX-~x)d(ch-~) (23) 

where x is the optical path difference. To obtain an actual energy vs. 

intensity spectrum we have to perform a Fourier trculsfoimation 

S(h-l) = 2 [(I, - %) cos(2nb-lx)& (24) 

In practice the scan length of the moving mirror is limited so the integral 

(24) has to be over some finite range, thereby, limiting the resolution ol' 

the system. The resolution of a Fourier spectrometer and the scan path 

length are related by the equation 

r=O. GI /L (25) 

where r is resolution and L is the length of the scanning path. Optical 

filters are required to prevent laser radiation from falling on the detector. 

A ITS provides some advantages over a conventional grating 

spectrometer. The main advantage of a FTS is it's very high resolution. 

The resolution of a grating spectrometer is given by 

r = ~ -  a -mN (26) 

where N is the number of rulings in the grating, rn is the order of' 

interference and /2 is the working wavelength. Thus, the theoretical limit 

for the resolution of the grating with 1200 rulings/mm, lOcm long in the 

first order of interference at the wavelength of 1 100 pm is 0.08 cm j .  In 

practice the resolution is limited by the diffraction from the entrance slit, 

requirements on the throughput, etc. The highest resolution of 0.4cm ' in 

Si AOX PL spectroscopy using grating spectrometers was achieved in 



experiments by Elliot et al. [33]. The theoretical resolution of a F-T 

spectrometer with a path length of 0.25m is 0.02 cm-' and an actual 

resolution of 0.03 cm-' was achieved in our experiments using a BOMEM 

DA8 FTS. 

Another important advantage of FTS is it's better signal-to-noise 

ratio. The maximum throughput of a Fourier spectrometer is [23] given 

by 

8 1 = 2 d f  d"- (cm 2 ~ r )  vmnx (27) 

where A' is the area of the interferometer mirrors being illuminated, Av is 

the resolution of the spectrometer and v,, is the maximum wavenumber 

in the spectrum. The throughput of a grating spectrometer is 123) given 

by 

MGAv (cm2sr) Oc  = - 
/av2 (28) 

where AG is the area of the grating being illuminated, f is the focal length 

of the collimating mirror, h is the height of the slit, and a is the grating 

constant. Thus the ratio of throughputs for a Fourier vs. a grating 

spectrometers for the same resolution is expressed as  

This equation shows that there is a v2 dependence on the ratio of the 

throughputs. As one can see the throughput of a Fourier spectrometer is 

much better then that for a grating spectrometer in the near infra-red 

wavelength range (1- 1.1~). For a typical grating spectrometer with a focal 



length f=lm, a slit height h=lcm and the above mentioned grating the 
C- 

ratio of the throughputs a:@, for the same resolution would be 100: 1. 

These advantages are important for high resolution experiments. 

3.2 Sample preparation and experimental procedure. 

3.2.1 Sample preparation. 

The samples were cut from x-ray oriented single clystals of 

float-zone grown silicon doped with group I11 acceptors in concentrations 

of 1014-1015 ~ m - ~ .  Typical sample dimensions were 2x2~25  mm. In order 

to remove damaged and oxidized layers the samples were cleaned in 

methanol and etched in a 5:3: 10 solution of concentrated HN03, HF and 

acetic acid and, finally, washed in distilled water to remove acidic 

residue. 

3.2.2 Experimental procedure. 

The samples were mounted in a stress-free mmner and immersed 

in liquid He in the bore of the superconducting magnet. It was possible to 

reach temperatures below 2K by pumping on the He vapour. At these 

temperatures (-2.2K) liquid He becomes superfluid, thus eliminating the 

light scattering associated with boiling. In order to create 

non-equilibrium electrons and holes the sample was i!lurninated by a 

titanium sapphire laser. The laser was tuned to a wavelength of 980 nm 

and provided typical cw power of 700 mW. The average power density 
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was 2-3 W/cm2. The sample heating due to laser radiation was 

negligible. The spectra were collected using an avalanche photodetector 

(APD). To reflect the laser radiation, we used a holographic rejection filter 

with a cut-off wavelength of 990 nm. These filters can be tuned to a 

slightly shorter wavelength by tilting. The typical resolution obtained in 

our experiments was 0.03-0.07 em-'. The signal was collimated by a lens 

and directed toward the beamsplitter by a set of flat mirrors. 



Chapter 4. Experimental results and discussion. 

4.1 Excitons bound to Al acceptors. 

4.1.1 Experiment. 

We begin our studies with APX because A1 is the isocoric impurity 

in Si, thus it should have the smallest chemical shift and other central 

cell effects [32]. As well, the PL spectra of AlOX have a convenient 

component separation. 

The Al% in crystalline Si was studied in magnetic fields up to 12T 

parallel to crystallographic axes <00 1>, < 1 lo>, < 1 1 1 >. At zero magnetic 

field, the aluminum BE I?? PL spectrum consists of three well resolved 

doublets, with the sane splitting in each of the doublets (fig. 3). This 

suggests that there are three initial and two final states or vice versa. 

The origin of the threefold splitting was investigated and determined in 

this study. 

We neglected the recently discovered A0 ground state splitting, 

which is responsible for the doublets, in our analysis, since it is small 

[O.lcm-') relative to other splittings, and consider the final state as a 

fourfold-degenerate Ts state. For information about A' ground state 

studies see ref. (381. 

The analysis of our data for A1 in Si shows that the order of the 

valley-orbit states in zero magnetic field is as follows: TI is highest in 

energy then Ts and r3. Fig. 4 illustrates, schematically, the possible 

evolution of the valley-orbit (VO) electronic states in a magnetic field. In 
22 



Photon  ene rgy  (cm-') 
fig.3 The spectra of no-phonon PL : a) NOX, b) GaOX, c) In0X in zero 

magnetic field. 



a magnetic field along <001> and <110> directions the diamagnetic 

respond of the z conduction band minima is different from x and y ones. 

Thus three initial VO states (see fig. 4a) split into five due to the 

diamagnetic interaction (see fig. 4c). If a magnetic field is along the 

< I l l >  direction than all conduction band minima are in equivalent 

positions and conduction band does not split. In every VO state the 

electron can have one of the two projections of the spin on the direction 

of a magnetic field (m, =kt). The A' ground state splits into four in a 

magnetic field. Taking into account the AL=-1;O; 1 selection rule there are 

six possible transitions between some VO AOX state and the A0 ground 

state in a magnetic field. Thus one would expect in a perfectly resolved 

spectrum to have six groups containing five/three (five for <001> and 

<110> and three for el 1 1>) peaks each if all levels were populated. 

The spectra were collected in Voigt configuration when the 

direction of magnetic field is perpendicular to the direction of a magnetic 

field. Upon increasing the magnetic field the components thennalize very 

quickly. As a result, the transitions from the states with the spin 

m,=+1/2 cannot be observed in magnetic fields of moderate or high 

intensity (Fig. 5(B-3T A1 <00 1>, 1 10, 1 1 1)) . In a strong magnetic field (fig 

6) one can iden* three groups containing four for 4 0  13 & < i 103) or 

three (for < l ib )  peaks each. Each group corresponds to recombination 

between an electron in the lower paramagnetic state (m,=- 1 /2) and a hole 

in the states (mf=-3/2; - 1/2; 1/2) (fig. 4b). The transitions to the m,=3/2 
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fig.4 a) schematic representation of AOX and A0 energy levels in the EMA on the 

left, and EMA plus tetrahedral correction on the right, b) possible optical 

transitions between AoX and AO in magnetic field based on the Am=1;0;-1 

selection rule, where Ti is the AOX VO state, m, is the electron spin projection 

on the direction of magnetic field, mj is the hole angular momentum projection 

on the direction of magnetic field c) the expected evolution of the valley-orbit 

states in magnetic field along <001> and <110> crystallographic directions. 
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Photon energv (ern-') 
f ig5 Si: A m  NP PL spectrum collected ig the\voigt col;figuration at T=2K 

in magnetic field B-3T for < 1 1 1 >, < 1 lo>, <00 1 > orientations. 



- - 

Photon energ (cm-') 
fig. 6 Si: Al% NP PL spectrum col 7 ected in the Voigt configuration at 

T=2K in magnetic field E=?T for <? 1 I > ,  ~ 1 1 0 3  & <001> orientations. 

letters mark the allowed transitions according fig. 4b . the subscripts 

label the A% valley-orbit states according fig.4~ 
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Photon energy (cm-') 

fig7 Si: MUX. Experimental (circles) and theoretical (solid lines) positions 

of the PL peaks as a function of magnetic field with a) cool> , b] <110> 

and c) c 1 I 1 > orientations for Al%. 



state are prohibited by the selection rule Am=- 1 ;O: 1. Different peaks in 

each group correspond to different VO states of the electron in AOX. The 

optical transitions in fig.6 have been labelled according to the following 

scheme. Letters correspond to transitions involving diflerent 

combinations of angular momentum projections m,.' and m," (fig. 4b). 

Subscripts correspond to transitions from different valley orbit states of 

the electron in AOX (fig. 4c). We were not able to detect the 3-2 

components (see fig.3) for <001> and <110> directions which is 

consistent with selection rules calculated by Kaminskii et a1 [22] and 

Karasuyk (to be published). 

Transition energies of the components versus magnetic field B for 

the three main orientations <00 1>, < 1 lo>, < 1 1 1 > are shown on Fig. 6 

with circles. The solid lines represent the theoretical predictions 

discussed later, 

4.1.2 Results of calculations. 

We have used the same Harniltonian to describe all AOX studied 

here because they are all shallow and the holes in all AoX form spin 

singlet in the ground A% state. The VOS was measured frorn the zero 

field spectrum and the ordering of the VO states was determined from 

the pattern of the VOS's in a magnetic field. The energy levels of the A' 

for the <001> direction and 
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(2 1). The parameters g l ,  9 2 ,  41, q 2  and q 3  were determined from the best 

fit to the experiment for the directions <00 1. > and < 1 1 1 >. The energy 

levels for the <110> direction were calculated without any adjustable 

parameters according to Bhachattarje and Rodriguez f8 eq.56 (a-d)]. The 

AOX energy levels were found using the Hamiltonian (14). 

The electron &-factor was fixed at  a value of 2 (we have performed fitting 

with &, as an adjustable parameter, and found that it's value is 2 within 

1% of accuracy). In a matrix form the Hamiltonian of VOS in a magnetic 

field for the <001> direction can be represented in the TI, r3 and T5 wave 

function basis (see chap.2.2, 9- 12) as 

ff one considers the upper T5 level in magnetic field as  a zero level. Here 

A, is equal to E r, - E I-, and A2 is equal to E r, - E r, in zero field while cf,,, 

and q"rr are the diamagnetic shift coefficients. The energy levels of the AOX 

in a magnetic field are equal to eigenvalues of this matrix which can be 

found as the roots of the secular equation 



d e t ( H - a Q = O  (2.2) 

where a is an eigenvalue, and 1 is the unit math-ix. The Ts states do not 

mix with the r3, r, states since the corresponding sub~natriu has n 

diagonal form. The submatrix for the TS level has a diagonal form 

because in this approximation the T5 wave functions are the 

combinations of x or y or z valleys only. The eigenvalues for the r5 level 

are equal to the diagonal elements of the corresponding submatrix. Onc 

of the r3 states also has only a diagonal element because this rl state can 

be chosen as a combination of X, -X, Y, -Y valleys only. This state will not 

be altered by magnetic fields with the <OOl>orientations. The remaining 

r3 state will be mixed with the Tr state in the <001> and <110> 

orientations of magnetic field. The energy levels for these slates for- the 

<001> direction can be found from the diagonalization of the 2x2 matrix. 

- 
2 - ; d i f + ~ ~  7 d i f  - 

2 1 where dif = (q $ - q&)B 
-dif 3 - fd i f+A2  

The eigenvalues of this matrix are 

E 1,2 = [3(dif+ A, + A2) + 9dzp + 6difAl- 6dgA2 + 9(A 1 - A2)2 ]/2; (25) 

The theoretical transition energies equal to the differences of AOX 

and A0 energy levels are shown by the solid curves on fig.6 and the 

parameters are listed in Table 1. In Table 1 the parameter q,,,,, equals to 

q- = qhh + qe -qh (26) 



Photon energy (cm-') 
fig. 8 GaOX PL spectra collected in the Voigt configuration at T=2K in 

magnetic field B= 1 OT for c 1 1 1 > & <00 1 > orientations. letters mark the 

allowed transition according fig. 4b, the subscripts label the AOX 

valley-orbit states according fig.4~. POX is a neutral phosphorus bound 

exciton. Ga02X is a neutral galluim bound bi-exciton. 
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Photon ener 
fig3 Si: Ga-. Experimental (circles) an lines) positions 

of the PL peaks as a function of magnetic field with a) < 1 1 1 >  b) <001> 

orientations for Ga%. 



here qtkh equals to the isotropic diamagnetic shift of the two-hole T, state, 

.;'I is the isotropic diamagnetic skit of the electron and qh is the isotropic 

diamagnetic shift of the final single hole state. Good agreement between 

the experimental data and the theory validates our initial assumptions 

about the ordering of the VO states. 

4.2 Excitons bound to Ga acceptors. 

In the case of the Ga AOX, the measurement of the VOS was more 

complicated than for Al because the linewidth was comparable to the 

valley-orbit splitting between the r3 and T5 states and the splitting in the 

ground state of A0 (see fig. 3). From PL polarization measurements for 

GaOX in a magnetic field (to be published) we determined that the order 

of the VO states increasing in energy is r3, r5 and Ti. The rl level is lying 

deeper than in the AlOX case and separated from the TS level by only 

A,=O.lOcm". The VOS between the r5 and r3 VO states of As=0.30cm-' is 

almost the same as for the AIOX case. We used the same labelling scheme 

as for the Al acceptor to classify transition energies in high magnetic 

fields (fig. 8). We have determined g-factors, VOS and diamagnetic shift 

constants from the best fit between experimental and theoretical energy 

transitions in magnetic fields with <00 1 > and < 1 1 1 > directions. The 

results are shown in fig. 9 and presented in Table 1. On fig. 9 the solid 

curves represent the results of the theoretical prediction. Good 



agreement between the experimental data and the theoretical prediction 

proved that our assumptions were correct. 

4.3 Excitons bound to In acceptors. 

As was previously mentioned, we used the same Hanliltonian to 

describe all AOX. The order of the VO states had to be determined from 

the pattern of the Zeeman spectra and the zero field spectrum. The zero 

field In0X spectrum has four clearly resolved peaks (fig. 3). The extra 

peak can not be explained in terms of the A0 ground state splitting 

neglected in this study ( for details see ref. 3 1). To explain the In0X zero 

field spectrum we had to take into account the electron spin-orbit 

interaction. Components of the electron spin transform according to the 

Ts irreducible representation of the T,I group. Since the antisynlmet.ric 

products {rIw6)=r6 and (r3&6)=rR contain only one irreducible 

representation, the spin-orbit coupling does not split these VO states. On 

the other hand, (rN6)=r7+r8 thus the spin-orbit coupling can split the r n  

valley-orbit state into a doublet. The originally six-fold degenerate r5 state 

(including spin) is split into the two-fold degenerate I?, state and the 

four-fold degenerate T8 state. The spin-orbit coupling can be described by 

the Hamiltonian 1361 
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Photon energy (cm-') 

fig. 10 In0X PL spectra collected in the Voigt configuration at  T=2K in 

magnetic field B= 1 OT for < 1 1 1 >, < 1 10> and <00 1 > orientations. Letters 

mark the allowed transition acording fig. 4b. the subscripts label the AOX 

valley-orbit states, according fig.4~ 



+ 
where S is the spin operator. V is the potential energy and j? is the 

electronic quasi-momentum. The matrix of this Hamiltonian can be built 

using the method of invariants [71 in the basis 

cp,=Ylla; cp2=Y~'P; q3=Y10a; q4=Yl0P; (p5=Y1-'a; (p6=Y~-'P; (27) 

here Yll, YlO, Y have the same symmetry properties as the 

wavefunctions of the L=1 angular momentum; a and p are the basis 

functions of the spin s=1/2. Based on the symmetry properties the 

following Harniltonian can be used to describe the spin-orbit interaction 

in Td symmetry: 

H = h (1x0, +IYoy + IZoz) 

where I,, I,, I, are the 3x3 matrixes of the I=1 angular momentum, ox, cry, 

o, are the Pauli matrixes and h is the interaction constant. The 

wavefunctions of I=1 can be formed as  linear combinations of rs basis 

wavefunctions. If the magnetic field is parallel to the <001> direction 

then the wavefunctions of I=1 can be written as  

1 Y: = ~(ly-lyiy-iyOyO); (29) 

Y! = f (0,0,0,0, 1,-1); and 

Yil = $(I,-1,-i,iY0,0); 

The spin-orbit coupling mixes the T5 VO states and the T(, spin 

states from the two states that can be described as the 11=3/2 ( T8) state 

and the 12=1/2 (r7) state with the energy separation of 3 /2h  in zero field. 

Our analysis shows that the order of the valley-orbit states decreasing in 
38 



Wavenumber (cm-') 
fig. 11 Si: InOX. Expeiimental (circles) and theoretical (solid lines) positions of 

the PL peaks a s  a function of magnetic field with a) cool> . b) <110> and C )  

< 1 1 1 > orientations for lnOX. 



energy is the following: T,, r3 and TI. Unlike the case for AlOX and CaC'X, 

the thennalization of the In0X energy levels is very weak due to the very 

short In0X lifetime (-3 ns). So. in magnetic fields of high (fig. 10) intensity 

one can clearly observe all the components (six groups of three/five 

peaks for the <111>/c001> & <110> directions). The same labelling 

scheme as for the A1 acceptor was used to classify the PL peaks. 

Positions of the peaks versus magnetic field for the three main 

crystallographic axes and the results of the numerical sirnulation are 

shown on Fig. 11. Figure 4c shows schematically the expected evolution 

of the valley-orbit levels in magnetic field. The theoretical parameters are 

listed in Table 1. 

Indium is the only acceptor in which we have detected the 

spin-orbit interaction, with the interaction constant h=O. 1 1 cm-'. 

4.4 Exciton bound to the T1 acceptor. 

The Tl acceptor is the deepest amongst the group 111 acceptors. 

Since it's binding energy is comparable to the Si energy gap, 

approximately one quarter, T1 was considered to be a different type of 

impurity than the shallow group I11 acceptors. This perception w a s .  

supported by the earlier studies of TlOX in PL and near-infrared 

absorption 1331. Elliot, McGill et. a1 resoived four peaks in the N P  PL and 

absorption spectra. The VOS of the AOX was neglected at this time and 

the widely accepted the j-j coupling model was not able to explain the 
40 



8912 Photon energy  (cm-l )  9033 

fig. 12 The spectra of no-phonon PL of TIOX in zero magentic field a t  

temperatures T= 1.4K and T=25K 



spectra. The essence of j-j coupling model is that the two-hole 

wavefunction for AOX can be written as an antiswimeific product of the 

single-hole wavefunctions. In this case, the an tisynlme tz-ic product 

(TS8}=T,+T3+Tj. The Ti state is associated with the jl"'=O and the T: and Ts 

states with the jN'=2. In this work we demonstrate that the TloX spectra 

can be explained in terms of the model developed for the shallow group 

111 acceptors. 

The previous TlOX spectrum by Elliot et al. can be explained if VOS 

is taken into account. Two higher energy transitions are associated with 

the j"=2 state (see fig. 12). The other two states can be explained as the 

jh=O state is split further into Ti and ( r3, Tc) states by taking into account 

the VOS in Tl%. Our analysis based on the stress and Zeeman effect 

measurements shows that the order of the VO states increasing in energy 

is TI, fs and r3 with the and r7 states lying 8.9cm ' and 9.6crn ' higher 

then the r, state. The T3 and Ts states are present in the spectrum even 

at  2K (8cm-' - 14K) because the lifetime of Tl0X is too short, and the 

inter-valley scattering is too slow for the VO states to thermalize. The TI 

and rg components undergo dramatic thermal broadening with increasing 

temperature up to 25K so the components can no longer be resolved and 

the resulting spectrum is very similar to one observed by Elliot et a!. (see 

fig. 12). 



8952 Photon  energy (cm-l)  8976 

fig. 13 Si: T1% PL spectra collected in Faraday and Voigt configurations 

at T=2K in magnetic field B=fiT with a) cool>, b) < 1 1 1> and c) < 1 10> 

orientations 
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89s2 Photon  ene rgy  (crn-') 8980 

fig. 14 Si: TIOX Experimental (dots) and theoretical (solid lines) positions 

of PL spectra as a function of magnetic field with a) 11 10> and b) e00 1> 

orientations 



As was mentioned, we have used the same principles for all the 

A% to label the PL peaks {see fig. 13) and to describe the evolution of the 

transition energies in magnetic fields. The parameters of the model listed 

in table 1 were found from the best fit between analytical solutions for 

the equations (13, 14, ref. 8) and experimental results (see fig. 14) for 

<00 1 > and < 1 1 1 > directions in magnetic fields up to 14T. 

The size of the VOS in TIOX is intermediate between the VOS in the 

other group I11 AOX's and the VOS in shallow DOX's. This indicates that 

TIOX can be described as a pseudodonor. The order of the VO states for 

TIOX is similar to the order of the VO states for Do and DOX. 



Chapter 5. Conclusion. 

Studies of the Zeeman effect on excitons bound to Al. Ga and TI neutral 

acceptors in silicon were performed using ultra high resolution 

Fourier-transform magnetospectroscopy in magnetic fields up to 14T at a 

temperature of 2K. Our results confinned that in the ground state of AOX the 

two holes from a spin singlet. We detemined the values of the g-factors with 

high accuracy (within 1%). It is interesting to note that all gl-factors are close 

to 1 for Al, Ga and In, which is the classical value for the gyromagnetic ratio. 

As the impurity becomes deeper the gl-factors responsible for the cubical part 

of the wavefunction are decreasing and the &-factors reflecting the tetrahedral 

correction are growing. This is consistent with the perturbation theoiy; the 

further the energy levels are from the valence and conduction bands the larger 

the Td correction. The diamagnetic shift constants q are proportional to the 

square of the effective radius and can be used to compare the effective radii of 

the AOX for different impurities. From Table 1 it follows that the effective radius 

of the A0 is decreasing but not as much as one would expect knowing the 

ionization energies (see table 1). 

The splitting between the T3 and T5 VO states in AOX is almost the same 

for all group I11 acceptors while the TI valley-orbit state becomes deeper as the 

ionization energy of A* increases (see fig. 15, table 1). This may be due to 

stronger localization of the holes in A% with larger A0 ionization energy. Only 

in the In0X was the spin-orbit interaction strong enough to be detected. The TS 
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fig. 15 Valley-orbit splitting of different impurities as  a function of impurity 

ionization energy. For all AOX the position of the T5 level was taken as  the "zero" 

energy level. For In0X the position of the r, level is defined as  follows. The 

spin-orbit interaction splits the r5 level (six degeneracy, including spin) into the 

lower energy level of double degeneracy and the higher energy level of 

quadruple degeneracy. Thus, to account for the degeneracy effect the position 

of TS level without spin-orbit interaction should be between two peaks at one 

third of the spin-orbit splitting from tf.,e higher energy level. 



level in the In0X is split by 0.16 ern-' due to the spin-orbit coupling. This 

successfuf numerical simulation has proven the validity of the proposed model 

for A%. We have also found that the selection rules calculated theoretically by 

Kaminskii and et at. [22] are in agreement with the observed spectra. 



Table 1. The ionization energies, the parameters of the electronic valley-orbit 

splitting, the hole g-factors and the diamagnetic shift constants for various 

group I11 neutral acceptor bound excitons in Si. The q,, represents the 

summary isotropic diamagnetic shift of the initial and final states. 
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