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Fourier transform photoluminescence spectroscopy 

interferometer has been applied to the study of donor 

exciton complexes in silicon. This technique can be 

using a Michelson 

and acceptor bound 

used to collect 

very high resolution spectra with a high signal to noise ratio, and has 

thus allowed us to probe the fine structure of the bound exciton 

spectral lines more thoroughly than 

resolution spectra of bound exciton 

the donors phosphorous and arsenic, 

previous researchers. Ultra high 

transitions in silicon, containing 

and the acceptors aluminum, gallium, 

indium, and boron, have been collected. While the lack of structure in 

the donor bound exciton spectra can be explained in the framework of the 

existing model of bound excitons, the additional fine structure seen in 

the acceptor bound exciton spectra can not be reconciled with it. The 

effect of uniaxial stress on the spectrum of the boron bound exciton has 

been investigated in an attempt to determine the interactions 

responsible for the zero stress fine structure. The results of this 

investigation have been used to test a new, recently proposed, model of 

the boron bound exciton. 
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1.1 INTRODUCTION 

Since their discovery in 1960 [60HI, the study of boUPld exciton 

complexes associated with donor and acceptor impurities in silicon has 

been of interest to the scientific community. Aside from the 

technologically important aspect of characterizing impurities in 

silicon, the study of impurity bound excitons is of some fundamental 

significance. 

In early studies, the bound exciton photoluminescence spectral line 

was observed as an unsplit line lying at an energy characteristic of the 

impurity to which the exciton was bound [60Hl. As technology improved, 

conventional dispersive spectrometers were able to resolve fine 

structure on some of the acceptor bound exciton lines [67Dl. In 1977 

the Kirczenow She11 Model for bound excitons, which was able to 

completely explain all the structure seen up to that time, was proposed 

[77K1 [77Til [77T21. Since then however, advancements in spectroscopic 

technique have shown additional fine structure in the luminescence 



resolution spectra of photoluminescence from silicon doped with 

acceptors aluminum, gallium, indium, and boron and donors phosphorous 

and arsenic collected to date. 

This first chapter discusses excitons and photoluminescence in 

silicon. The discussion includes the behavior of shallow impurities and 

impurity bound excitons in silicon, plus an introduction to the Shell 

model and recent modifications to it. The experimental apparatus and 

techniques used to perform the experiments are described in chapter two. 

Chapter three presents high resolution spectra of the donor and acceptor 

bound exciton luminescence at zero stress, and interprets the structure 

in terms of the conventional shell model. The last chapter discusses 
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energy levels as a function of various directions in k-space, including 

<Ill>, <001> and <110>. A minimum of the conduction band occurs along 

the <001> directions at 85 % of the way to the zone boundary [89L1. The 

constant energy surface near the bottom of this conduction band valley 

is an ellipsoid of revolution which has its long axis along the <o01> 

direction. The cubic symmetry of the lattice implies that a conduction 

band minimum occurs along each of the six equivalent [I001 directions 

and thus the constant energy surface in k-space will consists of six 

equivalent ellipsoids, as depicted in Fig. l.Z(b). For convenient 

reference, the minima along [1001, [TOO], [0101, [O~OI, /0011, and I O D ~ I  
- 

are labelled X, E, Y, 7, 2, and 2 valleys respectively. 

The valence band maximum occurs at k = 0 in the first Rrillwuin 

zone and is two fold degenerate (four-fold counting spin). The constant 

energy surface near the top of the valence band is thus somewhat 

complicated and consists of two concentric warped spheres I8ZS1. 

We define uniaxial stress as a force applied along a single 

crystallographic axis, and it will hereafter be assumed that this force 

is compressive. Application of stress can lift the degeneracies of the 

valence and conduction bands [81R1. The two-fold degeneracy of the 

valence band will be lifted by stress along any direction, splitting it 

into two bands. In the spectroscopic notation, these bands are labelled 

as m = +3/2 and m = +1/2, with the latter being the lowest in energy. 
J J 

The effect of stress on the conduction band degeneracy is illustrated in 

Fig. l . 2 f  c), which sketches the  behavior of the six mialma urlder uniaxial 

stress. When stress is applied along <Ill>, the components of stress in 

all cool> directions are equivalent and there will be no change In the 

6 



energy of the valleys relative to each other, i.e the six-fold 

degeneracy remains. For stress applied along <110> or <001>, the bands 

will shift so that four band minima are at energy E and two are at 
1 

energy E from the zero-stress equilibrium energy position, . In the 
2 Eo 

ease of <110> stress, E < E < E and in the case of <001> stress 
1 0 2 

1.3 SHALLOW IMPURITIES IN SEMICONDUCTORS 

Each atom in a perfect silicon lattice forms four covalent bonds - 
one with each of it's four nearest neighbors. When an impurity is 

introduced, it takes the place of a silicon atom in the lattice, and the 

symmetry in the vicinity of the impurity is reduced from cubic Oh 

symmetry to tetrahedral Td symmetry. Four electrons go towards forming 



hole or electron to the ion core. 

In this thesis, two classes of impurity states are discussed, 

namely donor states and acceptor states. A shallow donor state is 

characterized by an energy slightly below the conduction band, and a 

shallow acceptor state by an energy slightly above the valence Sand. 

The position of the impurity ground state relative to its associated 

band edge determines its ionization energy, which for typical shallow 

impurities in silicon are of the order of 50 meV [89L]. 

In free space, the excess hole or electron would move with a mass 

m. In a solid, however, the periodic potential influences the motion 

4 

and the hole or electron travels instead wikh a mass m known as the 

effective mass, which depends on the direction the hole or electron 

moves in. The effective masses essentially reflect the curvature of the 

valence and conduction band edges and thus characterize the behavior af 

holes and electrons, since these will be found primarily in levels near 

the band edges. In silicon the effective mass is anisotropic and thus 

4 

the effective mass tensor does not simply reduce to a scalar value m . 

For example, the electron effective mass is characterized by a 

transverse and a longitudinal mass which originate from the distinct 

curvature of  the constant energy surface. 

Both donor and acceptor states are analogous in a general way. 

However, donor state wavefunctions are made up primarily of 

wavefunctions chosen from near the conduction band edge whereas acceptor 

state wavefunctions are composed mainly of wavefunctions near the 

valence band edge. Donor and acceptor impurities in semiconductors are 

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

8 



mass theory is used to describe the electronic levels of the single hole 

or electron associated with the impurity ion in the crystal lattice. 

This theory was originally formulated by Kohn and Luttinger f55Kl and 

has since then been reviewed and applied by a number of researchers, 

among them Bassani and Parravicini 175B1, R,undas and Rodrigues [81~1, 

and Lannoo and Bourgoin f 81L.I. 

The most simple application of effective mass theory is to a donor 

state in a lattice having a single non-degenerate conduction band 

minimum. Applying effective mass theory to donors in silicon is more 

complicated due to silicon's six conduction band minima, but it is still 

relatively straightforward once the anisotropic effective mass tensor 

and the presence of multiple extrema are taken into account. Acceptors 

in silicon are more challenging, since their description involves hole 

states from the top of the valence band. Unlike the conduction band, 

the anisotropy of the valence band can not be simply described by a 

longitudinal and transverse effective mass since the curvature of the 

band edge is more complicated [82Sl fS7Kl. 

The Schrodinger equation for the electron or hole associated with 

an impurity ion In a silicon lattice is written as 

eqn. (1.11 

where Ho is the perfect crystal Hamiltonian. V(r) is the perturbation 

introduced by the impurity, air! E is the b u d  stake energy. The bowd 
n 

state wavefunctions @ (rl can be expressed as 
n 

9 



qn(r9 = # n (1-9 xk(r) eqn. (1.2) 

where x !r! is the BImh wave at the minimm located at wavevector k, 
k 

and the # (r) are slowly varying envelope functions which, in the 
n 

simplest case of one non-degenerate extremum and an isotropic effective 

mass m , satisfy the effective mass equation 

fa2 
2 - - V + V(r9 # Er) = E # Irl I n n 

eqn. (1-3) 

The potential VIr) can be approximated by 

eqn, (1. 4 )  

where c is the dielectric constant 
r 

charge and r is the distance of the 

from the center of the impurity 

of the crystal, e is the electronic 

electron [- sign) or hole (+  sign) 

nucleus which is chosen as the 

coordinate origin. Eqn. (1.3) becomes an equation like the one that 

describes the hydrogen atom, and has solutions 



i.e 8 above the valence band maximum (acceptors) or below the 
n 

conduct ion inimum (donors). This solution predicts that all 

donors and all acceptors will have the same ionization energy, which is 

not experimentally observed. Rather, as shown in Table 1, the group I11 

acceptors have Ionization energies ranging from 45 meV to 246 meV and 

the group V donors from 45 meV to 71 meV. This discrepancy arises 

because so far the anisotropy of the effective mass, the presence of 

more than one conduction band minimum, and any deviatims from a simple 

CouIornbic potential have been neglected. 

Consideration of the anisotropy of the effective mass, and the 

degeneracy of the conduction band minima alone leads to a separate 

acceptor ionization energy and a separate donor ionization energy. If 

the band anisotropy in silicon is considered, the effective mass 

equation, eqn. (1.31, becomes 

h2 a2 h2 a2 a2 
n n 

eqn. (1 .6)  



where the D@ are numerical constants characteristic of silicon. A is 
I J' 

the  energy difference between the top valence band and the spin-orbit 

split band below it, and e = O for j = 1,2,3,4 arfd = I for J = 5.6. 
f J 

There are no analytical solutions of these equations, but calculat.ic?ns 

[55Kl [75BI give bound state energies. 

For donors, we consider the six equivalent minima of the conduction 

bandl (X, E, Y, y,  2, 2) and find that the solution of eqn. (1. d l  has s i x  

equivalent electron wavefunctions +'" (r 1, j=1, . . ,6, which are degenerate 
0 

in energy. Using eqn. !1.21, we obtain for the lowest energy state 

Is-like wavefunctions *(')(r) .  However this degeneracy is not permitted 
1 s 

by the symmetry of the lattice, which has been reduced from full Oh by 

the presence of the impurity. These states must therefore 

"valley-orbit" split into states which belong to Irreducible 

representations of the new symmetry group T It has been shown l55KI 
d' 

175Bl that the ground state decomposes into the irreducible 

representations r 
1' 

and r5 which 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 Is-like 



For acceptors, the above considerations do not apply, since we only 

need to consider a single band extremum, namely the valence band maximum 

at k=O. The solutions of the acceptor effective mass equation 

(eW. (1.7) 1 have Ta symmetry, and since rs is an irreducible 

representation of T when the symmetry of the crystal 1s reduced from 
d' 

Oh to Id there will be no splitting of the acceptor ground state. 

The range of both donor and acceptor ionization energies can be 

accounted for in these calculations by considering impurity-specific 

deviations of V ( r 1  from a simple Coulomb potential. One of the main 

assumptions in arriving at eqn. (1.51 was that the potential V(r) varied 

slowly compared with the crystal potential included in Ho. This led to 

the possibility of writing the solution of the Schrudinger equation, 

eqn. ( 1 .1  ), as the product of two wavefunctions, each solving a 

13 



Schrijdinger equation (one involving the potential V(r1, the other just 

the crystal potential yielding the Bloch wavefunction), 

However, in a region where the above assumption is not true, some 

corrections have to be made. This is the case in the vicinity of the 

impurity, where the Coulomb potential varies rapidly (i.e. as l/r for 

r 4 1 .  The associated correction term is therefore known as the 

"central cell correction" and is impurity specific. It becomes 

important when we consider the Is-like wavefunctions associated with the 

ground states of the electron (in the donor case) or the hole (in the 

acceptor case), since those wavefunctions have maximum probability 

density at r=O. For higher energy states, whose wavefunctions are 

p-like and thus have zero amplitude at r=Q, we expect the central cell 

correction to be negligible. 

Thus at zero stress, we expect a non-split, two-fold degenerate 

(not counting spin) acceptor ground state, and a donor state which is 

valley-orbit-split into a non-degenerate r state, a two-fold degenerate 
i 

r3 state, and a three-fold degenerate r state. The energies of these 
5 

states depend on the impurity being considered. 

4.4 EXCITONS AND PHOTOLUMINESCENCE 

1.4.1 Free excitons 

An exciton is an electron-hole pair bound by an electrostatic 

interaction. It is typically formed when a photcn with above band-gap 



leaving a hole behind. Excitons have lifetimes of nanoseconds to 

milliseconds, after which the electron and hole recombine, emitting a 

photon of characteristic energy. 

The spatial extent of the exciton relative to the atomic spacing 

divides their discussion into two regimes I8lKrl. In the first, the 

electron and hole constituting the exciton are tightly bound to each 

other and the exciton radius is of the order of the lattice spacing. 

These excitons are found primarily in ionic crystals and are known as 

Frenkel excitons. In the second regime, the constituents are loosely 

bound and the exciton radius is much larger than the lattice spacing. 

These are known as Wannier-Mott excitons and are most common in covalent 

crystals such as the elemental sewiconductor silicon. 

The analogy between the exciton and the hydrogen atom is often 

drawn as it was done for neutral impurities in the previous section. 

The electron and hole are treated as two charged particles with 

effective masses me and me that correspond to the curvature of the local 
h 



E = E  -9 
n WE) g b 

n i . ~  e4 E = 
b 

n = 1,2,3,. . . 
2 2 2 2  

eqn. (1.101 
(472~ 1 2h c n 

0 r 

where E is the band gap energy, f the exciton binding energy, and 
g b 
8 0 

p ' (l/m + l/mh)-' is the reduced mass. Choosing typical values for 
e 

silicon - p equal to 0.12m (m being the free space electron mass) L77Rl 
0 0 

and c equal to 12.1 in eqn. (1.10) yield a "Rydberg" , E'~. for the free 
i- 

exciton of about 11 meV, and a "Bohr radius". ad, which is approximately 

53 A. This can be contrasted with the hydrogen atom Rydberg of 13.6 eV 

and Bohr radius of 0.51 A. These excitonic processes must thus be 

studied in cryogenic environments since the binding energies are small 

compared to kT at room temperature. 

1.4.2 Bound excitons 

A free exciton travelling in a crystal can become localized at an 

impurity site, thus lowering it's energy by an amount EL. the 

localization energy. This complex is called a bound exelton (BE) and 

can be viewed as an analogue of the hydrogen molecule in keeping with 

the previous treatment of the impurity and free exciton bound states. 

The energy of the bound exci ton, EBE. is given as 

- 
%E - EFE - EL eqn, ( 1 . 1 1  l 

16 



where Em is the energy of the free exciton. EL (and thus EBE) is 

impurlty specific, due mainly to the central cell correction mentioned 

earlier. The existence of bound excitons was first proposed by Lampert 

158Ll and later observed experimentally by Haynes C60H1 who noted sharp 

luminescence lines at energies lower than the free exciton energy. 

These lines correspond to electron-hole recombination and the observed 

luminescence lines lie at energy E 
BE' 

1.4.3 Bound Multiexciton Complexes 

It is possible for more than one exciton to become bound to an 

impurity site to form a bound multiexciton complex (BMEC). In 1970, a 

series of luminescence lines at energies below those of the bound 

exciton were observed [70K1, 70b, 70P1 and it was proposed that they 

originated from electron-hole recombination in complexes made up of more 

than one exciton bound to a neutral impurity. The proposed modeling 



recombination of electrons and holes in excitonic complexes. When an 

electron-hole pair recombines, a photon characteristic of the complex is 

emitted. Since silicon is an indirect gap semiconductor-, a k-vector 

conserving process, in addition to the absorption or emission of a 

photon, is typically involved when electron-hole pairs are created or 

recombined. Usually a phonon fulfills the conservation of k-vector 

requirements and the observed excitonic transitions are shifted i n  

energy by an amount corresponding to the phonon energy. However, i n  

doped silicon, it is possible to see no-phonon as well as 

phonon-assisted transitions since spatial localization of an exciton to 

an impurity site in real space leads to a greater diffuseness of the 

electron and hole wavefunctians in k-space. This allows greater 

overlap of electron and hole wavefunctions in k-space and thus permits 

electron-hole transitions which conserve k-vector. The intensity of 

no-phonon transitions will the~efore increase with increasing exciton 

localization energy (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 

spectrum. This broadening mechanism is known as phonon-broadening and 

is discussed in ref. [63Kl. 

1.5 THE SHUL MODEL 



on the aspects of the model which pertain to acceptor and donor bound 

excitone and neglect the aspects of tke model which deal with bound 

multiexcitsn complexes. A thorough review of this mode1 and its 

numerous applications can be found in refs.I77K1 [77Tl f79Tl and [82T1. 

In the general shell model, the impurity bound exciton or bound 

multiexciton complex is seen as an ionized core plus a collection of 

electrons and holes, with all the electrons and all the holes being 

treated on equal footing. The wavefunction of the electrons and the 

wavefunction of the holes are the properly antisymmetrized products of 

the corresponding single particle wavefwctions, each of which is 

characterized by its transformation properties under the Td point group. 

The "shell-ness" of this model lies in the way the single particle 

states fill up with electrons and holes. All transitions are assumed to 

be single-electron into single-hole transitions, which is to say that 

one electron-hole pair recombines without affecting the other single 

particle states. A collective wave function formed by a product of 

single particle irreducible Td representations will in general be 

reducible. It is thus necessary to examine the effect that particle 

interactions have on wavefunction degeneracies. 

Our treatment of the neutral donor involved 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 



splitting between fl and r 1- 
3,5 

Similarly, in the ground state, the two electrons in the donor 

bound exciton are in r symmetric states and there are two empty excited 
1 

states. The hole in the donor bound exciton has the symmetry of the 

valence band maimurn, namely T 
8' 

The donor Bound exciton thus has a 

ground state configuration 42rl:f8> (two rl electrons and one Ts hole) 

and an excited state configuration (T ,T s f  } (one TI electron, one T 
1 3,s' 8 3 

or r electron and one fa hole). This model thus predicts the level 
5 

scheme shown in Fig. l.3(a) for the donor bound exciton (the donor and 

acceptor bound excitons are labeled, respectively, as DOX and A%, while 

the neutral donors and acceptors are labelled Do and AOI. The 

recombination of single electrons with single holes in the bound exciton 

leads to the transitions shown, i.e. a TaSS or a I" electron can 
1 

recombine with the rB hole in the (r1,r3,5;f8) state to give, 

respectively, a 6 transition to the {Ti} state or a 7 transition to the 

{r } state. One of the two f1 electrons in the {2T1;1P81 state can 
3,5 

recombine with the fa hole to give a a transition to the {r ) state. 
1 

The bound exciton is labelled as an m=l bound multiexciton complex. 

An m=2 donor bound multiexciton complex will be seen as a positively 

ionized core plus two holes and three electrons, an m-3 has three holes 

and four electrons, etc. The hole shell is four fold degenerate and 

will not be fllled until m=4. The lowest electron shell is 2 fold 

degenerate and will be filled at m=l. For m=2 the third electron will 

ga into a r shell. 
3P5 

We have so far only considered structure due to electron states, 

i.e. valley-orbit splitting, and neglected possible structure due to the 
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acceptor 
bound 
exci ton 

neutral 
acceptor 

Fig.l.3 Transition scheme for (a) the donor k m d  excfton and (b) the 

acceptor bound exciton 

2 1 



hole states. Since the hole in the donor bound exciton is repelled by 

the positive core, this is a fair consideration, given that the hole 

wavefunction will thus have a small amplitude near the core whore the 

local strains, Stark fields and central cell potential due to the 

impurity will be largest. However, splitting of the hole states must be 

included in a description of acceptor bound excitons. 

In contrast to the donor bound exciton, we visualize the acceptor 

bound exciton as a negatively ionized core plus one electron and two 

holes. In this case, the negative core repels the electron and a t t r a c t s  

the holes. Thus for the acceptor bound exciton we expect a much reduced 

valley-orbit splitting of the electron states and we expect some 

structure due to splitting of hole states. As before, the holes start 

filling up a quartet of r states. Valley-orbit splitting is considered 
8 

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 [77T11 [77T23 I77L1 [76Vl indicated 

a triplet structure of the acceptor bound exciton luminescence and an 

electron - hole j - j  coupling scheme was originally adopted to describe 

this splitting [76Vl [7?Ll. However, the observed intensities I77T21 

[?6Vl i77LJ of the bound exciton transitions did not agree with those 

predicted under such a scheme [73W] [?7Ml. In his presentation of the 

shell model, Kirczenow assumes that the splitting of the levels of the 

acceptor bound exciton is due to the interaction of two holes in the 

tetrahedral field of the impurity. ITa x Tsl contains three 

antisymmetric representations - r1.T3, r and thus the observed 
5 

three fold splitting is explained without considering e-e and e-h 



coupling. The scheme shown in Fig. l.3(b) was proposed 177123 to explain 

acceptor bound exciton lureinescence. 

In this model, we think of the bound exciton wavefunction as 

composed of individual non-interacting single particle states. Most 

splittings due to particle interactions and correlations are assumed to 

be sisaller than the available resolution. To refine the shell. model, it 

is necessary to consider all these possible couplings between the single 

particle states, and to take into account the small but perhaps not 

negligible splitting of the r3 and r5 electron states. Advancements in 

spectroscopic techniques render such refinement necessary if today's new 

higher resolutfon results are to be explained. 

1.6 REVISIONS TO THE SHELL MODEL 

The first approximation shell model discussed 

section has recently been revised for the case 

in in the previous 

of acceptor bound 

excitons (90K1 f92'11 to include valley-orbit-splitting, and intra 

particle interactions more fully. This new model also includes terms to 

describe the erfect of uniaxial stress on electron and hole 

wavefunctions. While the details are beyond the scope of this thesis, 

an attempt will be made here to present the essence of the theory. Its 

application to experimental results will be explored at the end of 

chapter four. A thorough discussion can be found in ref.t92Kzl. 

A perturbation Hamiltonian describing the effects of stress, 

valley-orbit splitting, and particle interactions is constructed as a 
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function of several phenomenological parameters, using the symmetry o f  

single particle states. The total Hamiltonian has the form 

H = W  + H  + H h , + H M +  He&. 
vo 0s 

eqn, (1.121 

The first term, H is expressed in terms of parameters A and A3 which 
VO I 

characterize the difference in energy between the I' and F and the r3 
1 5' 

and r valley-orbit states, respectively. H describes the effect of 
5 88 

uniaxial stress on electron states. H is diagonal, for <I113 stress, 
88 

but for both <110> and <001> it is expressed in terms of the deformation 

potential constant of the conduction band. H represents the effects 
ha 

of stress on hole states and involves the deformation potential 

parameters for the bound exciton. The last two terms Hhh. and H ah 

describe intra-particle interactions. 

The energy eigenvalues of the Hamiltonian yield the positions of 

the bound exciton energy levels. Constants dl and A can be determined 
3 

directly from experimental spectra, while values for the remainirlg 

parameters are obtained by bl energles ?st-fit comparison of the predicted 

to the observed energies. 



In the case of stress studies, a mechanism of applying stress must also 

be included. Sample preparation varies depending on the specifics of 

the investigation - for studies which involve stress it can be a rather 

involved process. 

Ultrahigh resolution spectra were collected from unstressed samples 

and from samples which were under uniaxial stress, at a resolution up to 

2 . 5  peV (0 .02  cm-'1. This high resolution was possible primarily due to 

the use of a Michelssn interferometer rather than a conventional 

dispersive instrument as the spectral analyzer. In the case of the 

stress study, full utilization of the high resolution afforded by the 

interferometer is possible only if the line broadening due to applied 

stress does not exceed the resolvable linewidth. Thus while the use of 

the interferometer was crucial to attaining high resolution spectra, a 

novel technique for sample fabrication and a specially built stress rig, 

which allowed us to iaAc samples and stress them more uniformly than 

previous researchers, also contrihted greatly. 
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2.2 FOWiER TRANSFORM SPECTROSCOPY 

A conventional spectrometer coflects a spectrum by scanning the 

wavelengths one after the other. In a Fourier transform spectrometer, 

however, spectra are collected by s%multaneously samplfng all 

wavelengths. For this yurpose, a Hichelson interferometer is utilized, 

Fig. 2.1 shows the basic Michelson set-up. 

Light from a source S Ps divided by a beamsplitter into two beams, 

which are then reflected by the mirrors Hi and M2. The reflected beams 

interfere at the beamsplitter and are then incident on the detector D. 

Mirror M is fixed and mirror M is free to move, thus creating a 
t 2 

difference x in the optical path Length of the two split beams. The 

measured intensity Iout at the detector is then related to the incoming 





integral must be restricted to a finite region, resulting in an observed. 

linewidth that is broader than the actual width of a spectral component. 

This broadening is expressed in terms of the so-called "instrumental 

linewidth" and must be taken into account, if one attempts to determine 

the actual width of a measured feature. 

The fact that we can sample all wavelengths simultaneously leads tn 

the so-called multiplex or Fellgett advantage f86Gl: N times as much 

time is spent at each wavenumber interval [A-l, A-'+ dh-'I as would be 

the case for the conventional dispersive spectrometer, when there are N 

such wavenumber intervals present. If the system noise is dominated by 

the noise of detector, i. e. the noise of the incoming intensity i s  

negligible, this multiplex advantage enhances the signal-to-noise ratio 

by a factor of a. How this advantage is maintained in our experiment 
will be described later. 

Another benefit of interferometry is the so-called throughput or 

Jacquinot advantage [86Gl, which is due to the fact that the apertures 

used in an interferometer allow a much larger throughput of radiation 

than those of a dispersive instrument, i.e. the long narrow entrmce 

slit of a conventional dispersive instrument has a smaller area than an 

interferometer's circular apertures. This benefit Is especially 

valuable in experiments such as ours which require high resolution. 

The interferometer used in these studies was a Bomem DA3.01 model. 

This model has intrinsic characteristics of its own that set It apart 

from some other commercially available interferometers. - ine most 

inportat one for our pwpuse is its dynamic aligment system, which 

maintains mirror alignment ( M 1 1 ~ 2 )  over a large scanning range and 
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Preparing and mounting the samples used in the zero stress studies 

was relatively straightforward. The samples were pieces of wafers 

previously 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 nun3. Before being mounted the samples 

were cleaned with acetone, then ethanol, and etched in a 5 :  1 mixture of 

concentrated HNO and HF to remove any surface damage or oxide layers. 
3 

Samples were mounted in a stress-free manner by using teflon tape to 

attach them flat to a piece of aluminum that was suspended in the dewar 

by a rigid rod. 

2 . 3 . 2  Stress Samples 

Samples were prepared front single crystals of high purity silicon 

15 -1 having a boron concentration of 3x10 crn and some low phosphorous 

coocentratloa. =e silicon was first cut i n  the shape of a roughly 

rectangular parallelepiped with one side along a known (from x-ray 



diffraction) crystallographic direction. To bring the sample 

finished form shown in Fig. 2.2, the other three sides had 

adjusted, so that all sides had equal widths and met at right 

The ends were pyramids with points axial to the M y  of the 

to the 

to be 

angles. 

sample, 

requiring the use of a special polishing jig which is shown in Fig .2 .3 .  

The samples were attached to the rig using a wax-like substance 

Mounting the sample involved heating the jig, melting the adhesive, 

positioning the sample, then cooling the apparatus. To remove the 

sample, the jig was heated, the samples was removed and both the jig and 

the sample were thoroughly cleaned with acetone. 

Once mounted, polishing the sample involved manually moving the 

polishing face of the jig (labelled in Fig.2.31 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 opposite side extended just past the 

polishing face of the jig, as shown in Fig.2.3(a). A 400 grit sandpaper 

was used to bring the sample edge almost flush with the polishing face, 

then the sample was turned 90' and the procedure was repeated, then 

turned 180' and the last face polished. At this point the body was 

close to having the desired shape. A lp diamond paste was employed to 

bring the sides flush with the polishing face and remove the surface 

damage caused by the sandpaper. The final dimensions were approximately 

2 x 2 x 20 mm3. 

3.e opposite end of the polishing jig was ased to put the pyramids 

on the sample. h e  end of the sample uas pressed against the stage and 

the other overhung the angled polishing face, as shown in Fig, 2 . 3 ( b ) .  
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As illustrated in Fig.2.4, this geometry put four faces on each end. 

Each face was polished with 600 grit sandpaper to bring it into shape, 

then 1pm diamond paste was again used to finish the surfaces. The stage 

was fixed throughout this process and the polishing angle remained 

constant, thus ensuring that the four faces met at a single point. 

While this method was fairly straightforward, a number of factors 

slowed down the process and often led to less than ideal samples. The 

main setback laid in the difficulty in ensuring that the sample rested 

flat against the jig each time it was mounted, and that each side was 

polished flush (or at least flush to the same extent) with the polishing 

face. In addition, 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 

surface quality. The samples were etched in a 5 : l  HNO :HF solution to 
3 

remove surface damage before being mounted in the stress rig. 

2.3.3 Stress Rig 

The stress rig consists of two parts, as shown in Fig.2.5. The top 

part is about 100 cm long and is basically a cylindrical shell with an 

inner centered "stress rod" which can be pushed on from above by placing 

weight an a platform in contact with it. This top portion is rather 

unremarkable - t t  is the bsttsan that is essential to obtaining good 

stress. 
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Two cylindrical pistons, an adjustable set screw, and a cylindrical 

shell make up the bottom piece, as shown in Fig. 2.5, The sample is 

mounted between the two pistons and stress is applied to it by pressing 

the stress rod against the top piston. Fig.2.5 also shows the design of 

a piston. One end is flat with a dimple stamped in the center and the 

other end is conical. The points of the sample fit into the dimples 

such that the sample is held vertically in the center of the rig. Easy 

mounting of the sample is facilitated by the set screw which can be used 

to raise or lower the bottom piston and thus vary the space available 

for the sample. The point of the top piston is in contact with the 

stress rod and the point sf the lower piston rests against the set 

screw. Provided that the point of each cone is axial with the body of 

each piston, and the pistons are snugly centered inside the shell, the 

cone-head design should ensure that the stress is applied uniformly. 

Since both the dimples in the pistons and the points of the sample are 

axially aligned, this mounting geometry should permit uniform uniaxial 

stress to be applied, especially in the center of the sample. 

The main difficulty in using this stress rig lies in its tendency 

to "seize up". Gas trapped in the movable parts can freeze and often 

make the rig unusable until it can be warmed up - a tedious task when 

working in liquid helium, As well, the r ig  can freeze but go unnoticed 

as additional weight is added to the stress rod. The extra weight can 

often loosen the "ice" with the consequence of the entire mass crashing 



I 

2.4 PROCEDURE 

F i g . 2 . 6  shows the experimental setup. The mounted samples were 

placed in a standard immersion dewar. The sample chamber was filled 

with llquid helium and pmped to below the lambda point (2.18 K). The 

pumping was done primarily to reduce the noise caused by light 

scattering off bubbling helium, thus maintaining our multiplex 

advantage. Excitation was provided by a stabilized 500 mW argon ion 

laser or by a 500 mW titanium sapphire laser tuned to -900 m (1 .4  eV). 

1 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 directed it into the interferometer through a 

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

directed back through the interferometer and onto the sample to enable 

alignment of the sample with the optics. The white light reference 

beam, and stray excitation laser light were removed after leaving the 





This project began with an ultra-high resolution study of the zero 

stress bound exciton spectra of the donors phosphorous and arsenic and 

the acceptors boron, aluminum, gallium, and indium, in silicon. 

Photoluminescence spectra were collected in the no-phonon region with 

unparalleled resolution (up to 2.5 peV) and single-to-noise ratio. 

The donor bound exciton spectra, presented in Sec.3.2, consist of a 

single feature whereas the acceptor bound exciton spectra, presented in 

See. 3,3, all have extensive fine structure. In both these sections, the 

spectra are discussed in terms of the conventional shell model. 

3.2 OONOR BOUND EXCITONS 

The bound exclton spectra of the two donors studied, phosphorous 

and arsenic, have no fine structure and can be completely explained 



degenerate T1 level, a four-fold degenerate r3 level or a s ix  fold 

degenerate T level, where TI is the ground state and T3 and T5 are 
5 

excited levels. The P3 and TS levels are separated from the ground 

state by a few meV and thus are unpopulated at liquid helium 

temperatures. Since the hole in the bound exciton is in a fa state, the 

bound exciton will have a configuration 2 ;  while the neutral 

donor which has no hole will have configuration { T I ) .  

No extra splittings due to interparticle interactions are 

=ticipated in this case. In the initial state, the two TI electrons 

form a spin singlet which does not cause any splitting when it interacts 

with the T3 hole, while in the final state the electron is in a TI level 

whose only degeneracy is due to spin. The unpopulated f stakes are 
3,s 

ignored as possible initial states of a transition, although the excited 

levels can act as final states of transitions from higher order BMECs, 

This model thus predicts a single transition, a, from the initial 

{2TI;Ta)  state (the bound exciton) to the {TI)  final state (the neutral 

acceptor 1, as indicated in Fig. 3.1. 

The observed full-width-at-half-maximum (FIJMM) for the phosphorous 

bound exciton, taken at an instrumental linewidth of 2.5 peV, was 

5 . 7  peV which corresponds to a actual FCIHM of 5.1 peV, This compares 

well with the previous estimate ~f S peV f8lK2l. The observed I."WHM for 

the arsenic bound exciton fine, taken at an instrumental linewidth of 

6.2 peV, was 1'1.4 peV which corresponds to an actual FWE4M of 9,9 peV. 



F i g . 3 . i  (a1 Phosphorous and ibi arsenic bound exciton luminescence at 

zero stress. The diagram on the right shows the predicted 

energy levels and the possible transitions. 
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3.3 ACCEPTOR BOUND EXClTONS 

The acceptors boron, aluminum, zallium, and indium all have 

extensive bound exciton fine structure, most of which can not be 

explained by the conventional shell model. As discussed earlier, the 

neutral acceptor has one hole in a r8 shell. The electron in the BE is 

in a six-fold degenerate (twelve-fold counting spin) shell and the two 

holes occupy a T8 shell. The two r8 holes couple and the level splits 

into TI, , and T5 states ({fa  x T8) = T I  + T 3 + T S ) .  r is lowest in 

energy and forms a two hole-state ground state which does not produce 

any additional fine structure when it interacts with the electron. This 

scheme allows three transitions, a, f 3 ,  and p., one from each of the three 

states in the bound exciton to the single neutral acceptor state (at 

liquid helium temperatures, only the ground state transition, a, is 

observed for acceptors gallium, aluminum, and indium, since the 

splitting between levels is large compared to kT). This was the 

proposal of the original shell model and it was sufficient to explain 

the experimental results of the time. Since then, however, additional 

fine structure on the a line has been reported I78E31, (83K1, [88Gl. 

The most recent studies prior to ours had revealed three fine 

structure components for Al, two for Ga, and two for In (E(8CI. This 

structure was explained in terms of valley orbit splitting of electron 

states together with the r two-hole state [88Gl. Our spectra of the 
1 

aluminum, gallium, indium and boron bound excitons, are shown in 

Figs.3.2 and 3.3. Tfne alphabetical labels are arbitrary and refer to 

the energies quoted in Table 2 for the positions of the fine structure 



1 1 49.44 1 149.56 1 1 49.68 

Energy (meV) 

Energy (meV) 

Fig .  3.2 (a)  Aluminum and (b) Gallium bound exciton luminescence 

zero stress. 
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1 140.73 1 140.88 1 1 41 .O1 
Energy   me^) 

Energy (meV) 

F i g . 3 . 3  (a) Indium and (b) boron bound exciton luminescence at zerc 

stress. 
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Impur i t y Labe 1 Energy (meV) t 

Boron a 
b 
C 

d 
e 
f 
l3 
h 
i 

Aluminum a 
b 
C 

d 
e 
f 

Gallium a 9267.10 2 0.03 1148.974 2 0.004 
b 9267.00 1148.962 
c 9266.90 1148.949 
d 9266.71 1148.926 
e 9266.60 1148.912 

Indium a 9202,03 + 0.03 1140.906 2 0.004 
b 9201.84 1140.883 
c 9201.58 1140.851 
d 9201.20 1140.803 

Phosphorus 9275.10 t 0.03 1149.966 t 0.004 

Arsenic 9269.08 + 0.05 1149.219 2 0.006 

recently determined 

and e [ref.91C1) 



1 ines. 

The aluminum bound exciton displays the coarse triplet structure 

ofthe previous study [88Gl, but in addition each triplet component is 

split into an identical doublet. The structure of the gallium bound 

exciton displays a coarse doublet splitting, but there is at least a 

two-fold splitting associated with one of the lines and possibly a three 

fold splitting with the other. Our spectrum for indium displays five 

components which is irreconcilable with the previous study [88GI. No 

explanation of this fine structure can be reasonably attempted until 

further studies are undertaken. 

Boron has been the least studied of these acceptors, due most 

likely to the low intensity of boron related photolumInescence in the 

no-phonon region which makes conventional spectroscopy very difficult* 

One of the few boron bound exciton studies using conventional 

spectroscopy revealed three barely resolvable fine structure components 

[78E31, while a more recent study in which a dispersive instrument was 

coupled to a Fabry-Perot interferometer [83K1 has revealed a more 

complicated structure. Our study reveals at least nine well resolved 

components. An interpretation of this structure in light o f  our stress 

study is presented in the following chapter. Our zero-stress spectrum 

of the boron bound exciton is shown in Fig. 3.3(bf. Again, the Labels 

are for reference with Table 2. 



I in silicon have been collected for the first time. The linewidth and 

I position of both the phosphorous and arsenic bound exciton line have 

been determined. Positions of the fine structure components of the 

bound exciton lines of the acceptors boron, aluminum, gallium, and 

indium have been tabulated. 

The donor spectra can be explained by the existing shell model 

while the acceptors all show structure which currently can not be 

understood in that context. Further discussion of the boron bound 

exciton spectrum is the subject of the following chapter. 



As discussed in Sec. 1 2, applying stress along the crystallographic 

axes <Ill>, €110>, and Cool> will remove degeneracies from the 

conduction and valence bands in a predictable way. Since the collective 

electron and hole wavefunctions which describe the bound exciton are 

chosen from near the band edges, the removal of conduction and valence 

band degeneracies will in turn split the bound exciton energy levels. 

The next section will describe the method for calibrating the 

applied stress. The results of the stress experiments along with some 

interpretation will be presented in Sec.4.3. In the last section, a 

comparison sf these results with those predicted by the new model of the 

acceptor bound excitoc will be made and some conclusions will be drawn. 

4.2 CALIBRATION OF STRESS 

The stress, S, on the sample is given as 

F 
s = -  eqn. ( 4 . 1 1  

A 
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where F is the effective force applied to the sample and A is the cross 

sectkanal area of the sample. However, referring back to Fig.2.5, it is 

clear that the weight, Hg, applied to the top of the stress rig is not 

equal to F .  Rather, the mass of the rod, the mass of the upper piston, 

friction between the different components, etc., will contribute to a 

force f which must be added to the weight Mg to give the total force 

F = H g + P  eqn. (4.21 

An estimate of the stress can be made by approximating the size of 

f in eqn.fB.2). However this is not always convenient, since f can vary 

from spectrum to spectrum. Instead, in these experiments S was 

determined by measuring the splitting, AP, of the phosphorous bound 

exciton line in the spectrum (recall that there is a low concentration 

of phosphorous in the samples). Since we know from the literature I78K1 

that the phosphorous bound exciton line splits linearly with stress 

( S  = U P ) ,  we can calibrate 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 M, we can determine the constant of proportionality as 

g 
K = -  eqn. (8 .3 )  

m A  

where g and P. are defined a b v e  a 3  a is the s l o p  of the line in 

Fig.4.1, obtained by a linear regression. F Q ~  stress along the < I l l >  

direction m = 0.085 aev-kB-', and so if the cross sectional area of the 
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slope = 0.085 meV/kg 

0 1 2 3 4 5 6 7 8 9 1 0 1 t  

M (kg) 



2 sample i s  4- , K = 2 . 9 ~ 1 0 ~  pa-rne~". This value is in agreement with a 

previously quoted value [78K1 of K - 3x10~ ~a*rne~-'. 
Me now can measure the magnitude of the stress on the sample by 

looking at the spectrum and measuring 69 (in meV), i.e. 

S = 29AP, eqn. (4.4) 

where S is measured in MPa, The magnitude of K for stress along the 

<110> and <001> directions was determined in the same way and found to 

be K = 2 . 9 ~ 1 0 ~  ~a-mev-', and K = 2 . 7 ~ 1 0 ~  ?a.~ev" respectively. 

4.3 RESULTS AND DlSCUSSiON 

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 

is necessary to distinguish between transitions which terminate at the 

upper level of the neutral acceptor and those which terminate at the 

lower level. As seen in Fig. 4.2, for each bound exci ton energy level, 

we can possibly see two spectral lines. The splitting of the neutral 

acceptor level is labelled Ad, and is linear with applied stress. 

Transitions to the upper, m =+3/2, neutral acceptor level [labelled u) 
II 

f 

are denoted X while those to the lower, m =+1/2, level (labelled are 
?! i 

I 

denoted X., where # indicates the (arbitrarily labelled) bound exciton 

5 1  



(b) Stress (a) No Stress 

Fig .4 .2  Possible transitions from the baron bound exciton energy 

levels to the neutral acceptor levels when ( a )  no stress is 

applied and (b) s tres s  is applied, Ad is the splitting of 

the neutral acceptor level. 



energy level 

Fig.4.3 shows the bourd exciton photoluminescence when a stress of 

10.6 MPa is applied along the c l l l >  direction. Transitions which 

originate from the same energy level are identified by determining which 

components are separated by the same energy (a trial and error process). 
I# I H I I1 I 

For example. in Fig. 4.3, components Xl and XI, X2 and X2. x3 %"d x3, 

etc. are all separated by the same am~unt, Ad, and m=present transitions 

from energy levels I, 2, 3, etc. 

Unfortunately, which components can be paired is not always 

obvious. A t  low stress, both the bound excitsn energy levels and the 

neutral acceptor energy levels are closely spaced and so transitions 

between these levels will have very similar energies. In the 

photoluminescence spectrum, this will manifest itself as many closely 

spaced components, nany of which will overlap each other. In addition, 

it is possible that either the transition to the upper or the lower 

neutral acceptor level will be missing from a spectrum and so from a 

single spectrum alone it is impossible to ascertain if the transition is 
H i )  

X o r X .  

So-called "fan diagrams" are created to aid in the pairing of 

components. These diagrams are created by compiling the spectra at 

different stresses to give a plot of spectral line position as a 

function of stress. Fig.4.4 shows the bound exeiton photoluminescence 

spectrum at  three different stresses along the < I l l >  direction, plus the 

associated (111> fan diagram. The points on the fan diagrm at 10.6 MPa 

(marked with the "'"1 indicate the positions of transitions in the 
H 

photoluminescence spectrum shown previously in Fig .4 .3 .  Transitions X1 

53 



Energy   me^) 

Fig.4.3 Boron bound exciton luminescence when a stress of 10.6 MPa is 
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I 

and X from Fig.4.3 are labelled on the fan diagram as well. Put in the 
1 

context of a fan diagram, each spectrum can be interpreted more 

generally. For example, even if in the 13.1 MPa spectrum [marked with 

the "0") the transition from energy level "1" to the lower neutral 

acceptor level did not appear, the transition to the upper energy level 
I1  

could still be identified by tracing the evolution of transition XI i n  

the fan diagram. In conjunction with analyzing the fan diagram, at low 

stress it is also necessary to look closely at the spectra and note 

changes in both line position and intensity with very small increments 

of stress in order to trace each spectral line and thus identify it as 
11 I 

originating from either a X or a X transition.. 

The energy of the bound exciton levels can be obtained by addirtg 
I1 I 

A d / 2  to the X transitions or subtracting Ad/2 from the X transitions 
I1 

(if the transitions have been labelled correctly, (X + Ad/'2) will be 
I 

equal to (X - A d 2  Fig.4.5 is the bound exciton energy level 

diagram as a function of stress along the < I l l >  direction (the lines 

represent the predicted 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 <ill> direction does not affect the degeneracy of 

the conduction barid minima and st the magnitude of the valley-orbit 

splitting (recall from Szc.1.3 that this splittipa is due to the 

six-fold degeneracy of the conduction band) will not be affected either, 



Stress (MPa) 

Fig .4 .5  Energy of the boron bond exciton energy levels as a function 

of stress along the < I l l >  direction. The Iznes represent the 

predicted energy levels and will be discussed in Sec.4.4. 
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On the other hand, any uniaxial stress splits the two fold degenerate 

hole 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 

antisymmetrized product of the two hole states transforms as T . There 
1 

will thus be no splitting due to the hole-hole interaction and in 

addition the two holes will not interact with the electron ( f o r  a more 

thorough explanation see refs [92Kil and [83K1). 

Hence, at high stress, the contribution of electron-hole and 

hole-hole interactions to the splitting of the bound exciton energy 

levels is negligible and the only contribution to the splitting of the 

bound exciton energy levels is from valley-orbit splitting. The 

magnitude of the valley-orbit splittings can be obtained directly from 

the bound exciton luminescence spectrum under high stress along the 

<I l l>  direction. 

Fig.4.6 shows the bound exciton luminescence when a stress of 

24 MPa is applied along the < I l l >  direction, plus a sketch of a 

transition scheme which would produce this spectrum.. The three 

spectral components, labelled a, b, and c thus correspond to transitions 

from the three levels of the bound exciton, labelled r3, r5 and rl (this 

particular ordering of levels was determined elsewhere [ P 2 K z l ) ,  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 ,M?a is 

applied along the <I l l>  direction. The inset shows the  boron 

bound exciton t o  neutral acceptor transition scheme for high 

stress along the  < I l l >  direction. 



exciton energy levels and thus the magnitude of the valley orbit 

splitting. By measuring the splitting between components c and a, and b 

and c, the valley orbit splitting constants are thus assigned the values  

= 32 peV and At = -26 peV, where PI is the energy difference between 

the r and r3 levels and A3 is the energy difference between the r3 and 
1 

rg levels. 

4.3.3 High stress along <Q01> and (110, 

It was important to go to high stress (24 MPa) along the <Ill> 

direction since the goal was to obtain the valley-orbit splitting 

parameters. When the data was collected along the other two directions, 

the maximum stress applied was lower, since data at higher stress was 

not necessary for an energy level diagram and no further quantitative 

information could be gained by going to higher stress. However, the 

evolution of the luminescence with stress can be extrapolated to give a 

picture of the high stress behavior. 

As stress is applied, the bound exciton energy levels move farther 

apart, with some moving up in energy and some moving down. As this 

happens, the population of the levels which move to higher energy will 

decrease, the consequence being an increase in the populatinn of levels 

at lower energy. Transitions from levels which wove 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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Fig.4.7 Boron bound excitvn luminescence when a stress of 11 MPa is 

applied along the <QO1> direction. Tf?e inset shows the boron 

bound exciton to neutral acceptor transition scheme for high 

stress along a <001> direction. 



applied along the cool> direction (the transition scheme shown on the 

right will be explained later). The dotted curve is the spectrum taken 

at 4.2 K and the solid curve is the spectrum at 2 K. '%en the 

temperature is decreased, the intensity of component X increases 
4,5 

while the intensity of all other components decreases, implying that, 

component X is a transition from the lowest energy state. 
495 

Fig. 4.8 shows the bond exci ton luminescence at three different 

stresses along the <001>. Mote that the intensity of component X 
4.5 

increases relative to the other components as the stress increases. 

This combined with the increase in intensity of component X as the 
4.5  

temperature decrease, leads to the conclusion that as stress increases 

further, component X will be the only non-thermalizing component in 
4,s 

the spectrum, i. e. , only one energy level will be populated in the limit 

of high stress along <001>. 

The behavior of the luminescence under high <110> stress is more 

straightforward. Fig.4.9 shows the bound exciton luminescence at three 

different stresses along <110>. Fig.4.10 shows the luminescence at 

18 MPa, the highest stress applied along this direction (again, the 

transition scheme will be explained later). From Fig.4.9. it is seen 

that as stress increases, the intensities of components (1,2) and ( 3 )  

increase relative to the other components. In Fig.4.9, these components 

emerge as the main features and we can infer that as stress increases 

further they will be the only remaining components, i.e. two energy 

levels will be populated at liquid helium temperature, in the limit of 

high stress along <110>. 

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



Fig. 4.8 
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Boron bound exciton luminescence when three 

are applied along the <001> direction. The 

are due to the phosphorous bound exciton. 

different stresses 

lines PI and P2 
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F i g . 4 . 9  Boron bound exciton luminescence when t h r e e  different 

stresses a r e  applied along t h e  <110> direction. 



Fig. 4.10 

Energy   me^) 

Boron bound exciton luminescence when a stress of 18 MPa is 

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

bound exclt~n to neutral acceptor transition scheme for high 

stress along the <110> direction. 
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stress will be dominated by the splitting of the electron states. Thus 

by looking at the behavior of the elect,ron states under stress, the 

Somd exciton lwninescence spectrum at high stress along <@01> and <110> 

can be predicted and compared with the observed spectra, 

Recall that at zero stress the single electron states transform 

according to the irreducible representations TI, r3, and rs 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 (Oh+Td) due to the 

introduction of an impurity into the crystal was taken into account (see 

Sec. 1.3). When uniaxial stress is applied, the crystal symmetry is 

further reduced ( TdX3*, T d X 2 v ,  and Td+DZd for stress along < I l l > ,  

<110>, and <001> respectively) and the electron energy levels will s p l i t  

again. The energies of the single electron levels as a function of 

stress along <001> and <110> [ X K i  I are presented in Fig. 4,11. The 

energy associated with the TI state will be unsplit and will increase 

for stress along both <001> and <110>. For both directions, the r5 I 
energy level will split into tub with one level going up in energy and 

one going down. The T3 energy level will also split into two levels, 
* 

but for stress along <001> one level will go up in energy and one will 

go down, while for stress along <110> both levels will go down in energy 

(although one split r3 level originally goes up before dropping down). 

Only those levels which go down in energy as a function sf stress I 
will be populated at low temperature. Thus for high stress along c110> I 
three energy levels should be populated and for high stress along cool> 

two levels should be populated. The transitions from these bound 



Stress 

Fig.4.11 Splitting of the energy levels associated with the single 

electron valley-orbit states as a function oi stress along 

the <110> and Cool> directions. 



exciton levels to the neutral acceptor (again, transitions will be t o  

the lower neutral acceptor level) are presented for the <110> direction 

in Fig. 4. iO and the <009> direction in Fig. 4 . 7 .  These ti-aiisition 

schemes show three possible transitions for cllQ> and two for <001> 

However, since the energy difference between levels 1 and 2, and between 

4 and 5 is smaller than our available resolution transitions from these 

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

for high <11O> stress would consist of two components while the similar 

spectrum for <801> would have only one component. This agrees with the 

experimental results discussed above. 

High resolution no-phonon photoluminescence spectra of the boron 

bound exciton under uniaxial stress have been presented, These spectra 

consist of up to thirty very narrow lines (less than 10 peV FWHM] and 

reflect the complicated interactions responsible for the zero-stress 

fine structure of the boron bound exciton (nine well resolved lines), 

These results have been used to test the newly formulated theory of 

the acceptor bound exciton [92K11. As mentioned in Sec.l.6, the energy 

eigenvalues of the perturbation Hamiltonian 

eqn, (1.12) 



the valley orbit parameters which were determined from the < I l l >  spectra 

at high stress (Sec. 4.3.2).  The remaining parameters are obtained by a 

best-fit comparison of the predicted energies to those observed - the 

lines in Fig.4.5 represent the predicted energy levels as a function of 

stress along < I l l > .  

Fig.4.12 shows the zero stress bound exciton spectrum plus 

tickmarks which indicate the predicted positions of the fine structure 

lines. The tickmarks on the low-energy end line up well with the 

observed features, but the last tickmark at -9150.78 meV does not. This 

model gives a convincing fit, but clearly it can be improved upon. One 

way of improving things is to model the bound exciton energy levels as a 

function of both uniaxial stress and magnetic field. As is the case 

with stress, by applying a magnetic field, conduction and valence band 

degeneracies are removed in a predictable way and the resulting 

perturbation Hamiltonian (which includes many of the same interaction 

parameters) can be formulated. By simultaneously best-fitting both sets 

of data, a better estimate of the parameters can be made and thus more 

accurate predictions of spectral positions can be given. 

We have obtained the first high-resolution spectra of the boron 

bound exciton under stress. These results allow theoretical modeling of 

the acceptor bound exciton, such as discussed in the previous paragraph, 

to proceed. In addition, we have determined for the first time the 

values of the valley-orbit interaction constants for the boron acceptor. 

The ability to obtain the results presented here was due almost entirely 

to the powerful spectroscopic technique used and the uniformity of the 

applied uniaxial stress. 



Energy (meV) 

Fig.4.12 Boron bound exciton luminescence at zero stress. The tickaarks 

indicate the spectral positions predicted by the model 

described in ref. [92Kil 
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