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Abstract

The linewidths of optical transitions associated with shallow impurities have been

shown in recent studies to be much narrower in isotopically enriched 28Si as compared

to natural Si. This is true of the no-phonon P donor bound exciton transition in 28Si,

and using photoluminescence excitation spectroscopy, fine structure previously not

seen in natural Si is revealed. Under a small external magnetic field, the P bound

exciton transition shows a complicated structure consisting of six sets of doublets,

with the doublet splitting being due to the splitting of the donor ground state by

the hyperfine interaction between the spin of the donor electron and that of the 31P

nucleus. The electron spin populations and the 31P nuclear spin populations can

be determined by measuring the relative intensities of the hyperfine components in

the photoluminescence excitation spectrum. Additionally, the predominant Auger

recombination channel of these bound excitons is used to observe the same resolved

hyperfine components in the photocurrent spectrum. By selectively ionizing donors

in a specific hyperfine state via optical pumping of a specific hyperfine component,

large polarizations of the electron and nuclear spins of 31P donors can be achieved

at low field. Electron and nuclear polarizations of 90% and 76%, respectively, are

obtained in less than a second, providing an initialization mechanism for qubits based

on these spins, and enabling further ESR and NMR studies on dilute 31P in 28Si. A

measurement of the homogeneous linewidth of the transitions associated with the 31P

bound exciton, determined by spectral hole burning, is also presented. The observed

10 neV linewidth is only four times the limit set by the bound exciton lifetime.
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Chapter 1

Introduction

1.1 Isotopically enriched silicon

The elemental semiconductors carbon (diamond), germanium, and silicon in their

natural form consist of mixtures of two or more stable isotopes. This is also seen in

almost all compound semiconductors, where one or more of the constituent elements

have similar isotopic mixtures. Silicon (Si), the most well-known semiconductor,

consists of three stable isotopes: 28Si, 29Si, and 30Si, with natural abundances of

92.23%, 4.67%, and 3.10%, respectively. The effects of isotopic composition on the

vibrational, thermal, and electronic properties of semiconductors is a subject that

has led to numerous recent studies, the results of which have been summarized in

several comprehensive reviews [1–6]. The first isotopically purified semiconductors to

be available in the form of bulk single crystals of reasonable purity were germanium

(Ge) and diamond (C). Their availability allowed for the investigation of isotope

effects on thermal conductivity, phonon energies and lifetimes, and electronic band

gaps [1–19]. The isotope effect on band gap energy was first reported [7] for the

case of 13C vs. 12C diamond, where it was shown that the band gap energy Eg has

a dependence on the average isotopic mass M̄ . This is due to two separate effects:

first, the renormalization of Eg by the electron-phonon interaction, and second, the

dependence of the lattice constant on M̄ , which leads to a change in Eg through

the hydrostatic deformation potential. Both effects vary as M̄−1/2 and the electron-

phonon term, which is dominant, is often treated (approximately) as the only term.

1



CHAPTER 1. INTRODUCTION 2

The isotopic effects on the electronic properties of diamond and Ge were able to be

explained within the virtual crystal approximation (VCA), which considers only the

average isotopic mass, ignoring the effects of randomness. In the VCA, the actual

crystal is approximated by a hypothetical one with identical constituent atoms (for

a given chemical species in compound semiconductors) having the average isotopic

mass.

Until recently, studies on isotope effects in Si had been limited to Raman scatter-

ing [20, 21] and thermal conductivity [22] due to the lack of samples of sufficient purity

to study the isotope effects on indirect band gap transitions. When a high purity bulk

sample of Si (enriched to 99.896% 28Si) finally became available, the first study [23]

using photoluminescence (PL) spectroscopy revealed significantly sharper no-phonon

impurity bound exciton (BE) transition lines compared to those seen in natural Si

(natSi). In natSi, the no-phonon phosphorus (P) donor BE transition has a linewidth

of 0.041 cm−1 (5.1µeV) full width at half maximum (FWHM), whereas the observed

linewidth of the same transition in the highly enriched 28Si sample was 0.014 cm−1

(1.7µeV) FWHM, essentially identical to the maximum available instrumental res-

olution of the Fourier transform spectrometer used in the study. It appeared that

the BE linewidth in natSi was limited by inhomogeneous isotope broadening, an effect

not accounted for within the VCA. This inhomogeneous broadening inherent in natSi

was attributed to local fluctuations in the band gap energy resulting from statistical

fluctuations of the local isotopic composition within the effective volume of the BE

of radius ∼3.5 nm. In the same study, it was found that there exists a 0.92 cm−1

(110µeV) decrease in the indirect band gap energy of the highly enriched 28Si sample

relative to natSi, which was explained as being due mainly to the renormalization of

Eg by the electron-phonon interaction. Shifts of the wave vector conserving phonon

energies were also observed.

A similar dramatic reduction of the linewidths in 28Si was observed for the com-

ponents of the no-phonon boron (B) BE transition, as well as for the no-phonon

transitions of the deeper acceptors aluminum, gallium, and indium [24–26]. In addi-

tion to sharper PL lines, the infrared absorption resulting from transitions between

the electronic ground state of neutral donor and acceptor impurities and their bound

excited states revealed many transitions with reduced linewidths in 28Si as compared
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to natSi [27–29]. Reductions in the linewidths of infrared absorption transitions were

later seen in highly enriched 28Si for the deep donors sulfur and selenium, yielding

some of the narrowest impurity absorption transitions ever seen in any semiconduc-

tor [30, 31]. More recently, PL studies [32–35] on copper-related impurity centres

in 28Si have led to the discovery of four- and five-atom complexes in Si that con-

tain combinations of copper, silver, gold, platinum and lithium atoms, thanks to the

greatly reduced linewidths of the PL transitions associated with these centres in 28Si

as compared to natSi.

As discussed earlier, the BE linewidths in 28Si were narrower than the instrumen-

tal resolution available with a Fourier transform PL apparatus having the highest

resolution available in that spectral region of any commercially available system. The

only solution to this problem was to construct a new apparatus capable of providing

a significant increase in resolution.
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1.2 Photoluminescence excitation spectroscopy of

28Si

The method of photoluminescence excitation (PLE) spectroscopy, using a tunable

single-frequency laser source with sub-MHz linewidth, provides a huge increase in

instrumental resolution compared to the Fourier transform PL method and is more

than adequate to resolve the BE linewidths in 28Si. In PL spectroscopy, above band

gap excitation is used to generate bound excitons, while in PLE spectroscopy, a

resonant laser source is scanned across the no-phonon BE transitions, and the very

weak absorption in which BEs are created is monitored by observing the resulting

PL in the relatively strong transverse-optical wave vector conserving phonon replica,

which is well separated in energy from the no-phonon region.

PLE spectroscopy has previously been applied to the experimental determination

of the band gap dependence on temperature in the limit of T→0 [36]. By measuring

the temperature shift of the remarkably sharp BE transitions in 28Si across the liquid-

He temperature region, the low-T behaviour of the silicon band gap was determined

to vary as T4. PLE spectroscopy has also been used to observe [37] the 10B–11B

isotope splitting in the spectrum of the boron BE in 28Si, and in this same PLE

spectrum, several transition lines not previously resolved in the PL spectroscopy of
28Si [23] were observed.

In this thesis, we present results obtained from the PLE spectroscopy of the P

donor BE in 28Si. We were able to observe the zero-field hyperfine splitting of the

P donor ground state, and this led to an investigation of the P BE transition under

an applied magnetic field, which subsequently resulted in our optical pumping ex-

periments that produced hyperpolarizations of the electron and nuclear spins of 31P

donors. When we first set out to study the P donor BE transition in 28Si using the

new PLE apparatus, our goal was to determine the ultimate linewidth limit of the

P BE transition with the removal of inhomogeneous isotope broadening in 28Si sam-

ples of higher isotopic purity, but as new and surprising results were uncovered along

the way, our goals expanded to include the measurement of quantities relevant for

quantum computing schemes based on the spin states of 31P donors in 28Si [38–40].



Chapter 2

Theoretical Background

The basic concepts of impurities and impurity bound excitons in semiconductors

relevant for this study are discussed in this chapter. Since phosphorus is the only

impurity in silicon studied in this thesis, the discussion in this chapter focuses mainly

on donor impurities and donor bound excitons.

2.1 Silicon

Silicon crystallizes in a diamond structure (shown in FIG. 2.1), where each atom sits

at the centre of a tetrahedron built from its four nearest neighbours [41]. The lattice

is face-centered cubic (fcc) with basis atoms located at (0,0,0) and at one quarter

of the diagonal length along the [111] direction at (a
4
,a
4
,a
4
), where a=5.43 Å [42] is

the lattice constant of silicon. The first Brillouin zone of the fcc lattice has three

high-symmetry directions, along [001], [110], and [111].

The Brillouin zone of the fcc lattice is highly symmetrical and is invariant un-

der various symmetry operations such as rotations about certain axes and reflections

through certain planes. The transformation properties under certain symmetry oper-

ations of the crystal can be determined from group theory, and can be used to classify

wave functions in crystals and deduce the selection rules for operators acting on these

wave functions. Additionally, the symmetry properties at important points in the

electronic energy band structure in the Brillouin zone can be obtained using group

theory. [41, 43]

5
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Si

Figure 2.1: A unit cell of the face-centered cubic lattice with silicon basis atoms at

(0,0,0) and at (a
4
,a
4
,a
4
), where a=5.43 Å [42] is the lattice constant of silicon. [43]

The band structure of the highest valence band and the lowest conduction band

along the [001] direction in silicon is shown schematically in FIG. 2.2. The maximum

of the valence band occurs at the Brillouin zone center (k = 0) and a minimum of

the conduction band is seen to occur at approximately 85% of the distance to the

zone boundary along the [001] direction, so the band gap Eg of silicon is an indirect

one. Since the conduction band minimum lies outside the k = 0 point, symmetry

considerations suggest that a number of equivalent extrema must also be present.

Silicon belongs to the cubic Oh symmetry group, and as a result, has a conduction

band minimum along each of the six equivalent directions: [001], [001̄], [010], [01̄0],

[100], and [1̄00]. This is called the many-valley structure, and near the conduction

band minimum, the surfaces of constant energy are ellipsoids of revolution with a

long axis in each of the six equivalent directions as shown in FIG. 2.3. [41, 43]
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E

Conduction
band

Valence
band

Eg

2p
a

[001]

k = 0

heavy hole band

light hole band

split-off band

Figure 2.2: Schematic band structure for silicon along the [001] direction. Silicon has

an indirect band gap Eg (= 1.17 eV at 4.2K [42]), with the valence band maximum at

the Brillouin zone centre (k = 0) and the conduction band minimum at approximately

85% of the distance to the zone boundary along the [001] direction. The spin-orbit

interaction splits the jh=1/2 valence band (referred to as the split-off band) from the

jh=3/2 bands (referred to as the light hole and heavy hole bands).
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[001]

[100]

[010]

Figure 2.3: The ellipsoids represent surfaces of constant energy near the conduction

band minimum in each of the six equivalent [001] directions.

2.2 Shallow donor impurities in silicon

Phosphorus (P) is a group V substitutional shallow donor in silicon (Si) that has

one extra proton and one extra electron compared to the Si atom. The attractive

Coulomb potential between this extra valence electron and the P nucleus is screened

by the core electrons of the P atom as well as the remaining four valence electrons

and all of the valence electrons of neighbouring Si atoms. The screened Coulomb

potential seen by the extra valence electron can be approximated by that due to a

proton screened by the valence electrons of the Si host, thus the P impurity effectively

behaves like a hydrogen atom embedded in the Si lattice, with the difference being

that the mass of the P nucleus is so much greater than the mass of the proton that

it is assumed to be infinite. Additionally, the Coulomb attraction between the extra

valence electron and the P nucleus is much weaker than the Coulomb attraction in

the hydrogen atom, due to the screening by the large number of valence electrons

in Si, so that the extra valence electron is only loosely bound to the P atom. This

loosely bound electron can be easily ionized by thermal or electrical excitations, and

as a result, the P atom ‘donates’ an electron to the Si conduction band. This is the
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reason why P in Si is referred to as a donor impurity. [43–45]

An exact calculation of the Coulomb attraction between the loosely bound donor

electron and the P donor ion is very difficult since the many-body interactions of

the electrons in the donor atom with the valence electrons in the Si host need to be

considered. This problem can be circumvented by assuming that the positive charge

on the donor ion is screened by the dielectric constant of the host crystal. Using this

approximation, the Coulomb potential of the donor can be expressed as:

VS = +
e

εrr
(2.1)

where εr is the dielectric constant of the host crystal. If the donor electron is assumed

to be not too localized near the donor ion, then the static (i.e., zero frequency)

dielectric constant can be used as εr in Equation 2.1. Since the donor electron is

moving inside a semiconductor crystal, its motion is affected not only by the Coulomb

potential of the donor, but also by the crystal potential, so its Schrödinger equation

is given by:

(H0 + U)Ψ(r) = EΨ(r) (2.2)

where Ψ(r) is the donor electron wave function, H0 is the one-electron Hamiltonian of

the perfect crystal, and U is the potential energy of the donor electron in the screened

Coulomb potential VS, which is given by:

U = −eVS (2.3)

One way to solve the Schrödinger equation is to expand Ψ(r) in terms of the Bloch

functions of the perfect crystal, as they form a complete orthonormal set, but this

approach requires extensive numerical calculations. Since the impurity breaks the

translational symmetry of the crystal, the Bloch theorem cannot be used to simplify

the problem. [43]

The most common approach to solving the Schrödinger equation is to use the

‘effective mass approximation’, which utilizes known electronic band structure pa-

rameters, such as the effective masses for the perfect crystal. Using this approach,

the donor electron wave function, Ψ(r), can be expressed in the form:
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F ( r)

r
–a–2a a 2a

Ψ( r)

φ (r)

Figure 2.4: Schematic diagram of the donor electron wave function in real space.

φ(r) is the Block function part and F (r) is the slowly varying envelope function. a is

the distance between lattice sites. [43]

Ψ(r) =
N
∑

j=1

αjFj(r)φj(r) (2.4)

where N is the number of equivalent conduction band minima (equal to six for Si), αj

are numerical coefficients, φj(r) is the Bloch function at the jth minimum, and Fj(r)

are slowly varying envelope functions. The Bloch functions vary rapidly within each

unit cell and are modulated by the slowly varying function Fj(r) as a consequence

of the weak Coulomb interaction between the donor electron and the donor ion. A

schematic diagram of the donor electron wave function in real space is shown in

FIG. 2.4. [44, 45]

If the lowest conduction band of the semiconductor crystal is assumed to be

isotropic, nondegenerate, and parabolic, with the band minimum (Ec) located at

the Brillouin zone centre, then Equation 2.2 will be of the form:

(

−
~

2

2m∗
∇2 + U

)

F (r) = (E − Ec)F (r) (2.5)

which is equivalent to the Schrödinger equation for a particle with effective mass m∗

moving in a potential U , so that the motion of the donor electron is equivalent to

that of the electron in the hydrogen atom. The net effect of the crystal potential
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on the donor electron is that it changes the mass of the electron from its value in

free space to the effective mass m∗. Equation 2.5 allows the envelope function F (r)

to be calculated, but this function must still be multiplied by the Bloch function to

obtain the donor electron wave function Ψ(r). It should be noted that Si does not

satisfy the assumptions used here since its conduction band minima are degenerate

and do not occur at the zone centre; however, these assumptions are valid in many

semiconductors with the zinc-blende structure. A more detailed analysis of shallow

impurities in silicon using the effective mass approximation can be found in the review

article by Kohn [44].

Discrete and continuous eigenvalues similar to those for the hydrogen atom are

obtained from solving Equation 2.5, with the continuum states being the delocalized

conducting states. In the limit that U approaches zero in Equation 2.5, the donor

electron energy E approaches the conduction band energy Ec, and the donor elec-

tron wave functions become equal to those of the nearest conduction band electrons.

The discrete (or bound) states of the donor electron are classified by their principal

quantum number n, angular momentum L, and spin. These states are denoted as

1s, 2s, 2p, etc. in atomic physics, and similar notations are used to label the bound

states of shallow impurities. A schematic diagram of some of the bound states of a

shallow donor electron near a nondegenerate and parabolic conduction band is shown

in FIG. 2.5. The relative position of the ground state (1s) with respect to the con-

duction band edge gives the donor ionization energy, which is typically of the order

of 50meV for shallow donors in silicon. The energies of the bound states of the donor

electron are given by the Rydberg series:

E − Ec = −
R

n2
= −

(

m∗

m0

)

(

1

ε2
r

)(

e4m0

2~2

1

n2

)

= −
(

m∗

m0

)

(

1

ε2
r

)

RH (2.6)

where R is the Rydberg constant for the donor electron and m0 is the free electron

mass. RH is the Rydberg constant for the hydrogen atom, which has a value of

13.6 eV. The effective mass m∗ of the donor electron reflects the curvature of the

conduction band edge and characterizes the behaviour of electrons that are found in

bound states near the band edge. In silicon, the effective mass is anisotropic, and as

a result the effective mass tensor does not reduce to a scalar value m∗. The electron

effective mass is characterized by a longitudinal and a transverse mass. [43–45]
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Figure 2.5: Schematic diagram of some of the bound states of a shallow donor electron

near a nondegenerate and parabolic conduction band. Eg is the band gap. [43]

The extent of the donor electron wave function in real space is measured in terms

of a donor Bohr radius a∗, which is given by:

a∗ =
(

εrm0

m∗

)

(

~
2

m0e2

)

=
(

εrm0

m∗

)

a∗
H (2.7)

where a∗
H is the Bohr radius of the hydrogen atom, which has a value of 0.53 Å.

As mentioned earlier, the conduction band in silicon has six equivalent minima.

When an impurity atom takes the place of a silicon atom in the lattice, the symmetry

in the vicinity of the impurity is reduced from full cubic Oh symmetry to tetrahedral

Td symmetry, and as a result lifts the six-fold degeneracy of the conduction band

minima. The resulting electron states, which involve different linear combinations of

states near the six conduction band minima, are referred to as ‘valley-orbit’ states

and can have different energies. The size of the ’valley-orbit’ splitting of these states

is dependent on the potential in the immediate vicinity of the impurity ion core,

referred to as the central cell potential. In the absence of external perturbations, the

1s donor electron ground state decomposes into the irreducible representations Γ1,
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Γ3, and Γ5, of the Td symmetry group (in Koster notation [46]). Γ1 is a singlet state,

while Γ3 is two-fold degenerate, and Γ5 is three-fold degenerate (not including spin).

The valence band maximum at the centre of the Brillouin zone (k = 0) is, to

a first approximation, six-fold degenerate. The hole states near the valence band

maxima are classified by their angular momentum jh and can have possible values

of either jh=3/2 or jh=1/2. The jh=3/2 states are split from the jh=1/2 states

by the spin-orbit interaction, and as a result, the six-fold degeneracy of the valence

band maxima is lifted, giving a four-fold degenerate jh=3/2 state belonging to the Γ8

representation, at the top of the valence band, and a lower jh=1/2 state belonging to

the Γ7 representation. [43, 44]

One of the main assumptions used when defining the screened Coulomb potential

in Equation 2.1 was that the impurity was being screened by the dielectric constant

of the host crystal. However, when the donor electron is in the immediate vicinity

of the positively charged donor ion, the unscreened Coulomb attraction to the donor

ion becomes dominant. Therefore, the screened Coulomb potential must be corrected

with a short range potential, and the associated correction term is referred to as the

‘central cell correction’. This correction is more important for the donor electron

ground state than for the excited states, since the ground state has a smaller Bohr

radius.
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2.3 Donor bound excitons in silicon

An exciton is an electron-hole pair bound by the Coulomb interaction between the

electron and the positively charged hole. This electron-hole pair is often referred to

as a free exciton when it occurs in a semiconductor, and it is typically formed when

a photon with above band gap energy excites an electron from the valence band to

the conduction band, leaving behind a hole in the valence band. Typical lifetimes for

excitons are in the range of 10−9–10−3 s, after which the electron and hole recombine

to emit a photon of characteristic energy. In indirect band gap semiconductors such

as silicon, this process is assisted by a wave vector conserving phonon.

There are two types of excitons, which are classified according to the spatial

extent of the exciton relative to the lattice spacing. The first type are known as

Frenkel excitons and describe electron-hole pairs in which the electron and hole are

tightly bound to each other. The radius of a Frenkel exciton is of the order of the

lattice spacing. The second type of excitons are those consisting of a loosely bound

electron-hole pair and have a radius much larger than the lattice spacing. These

excitons, known as Wannier-Mott excitons, are most common in covalent crystals

such as silicon. [43]

The energy of the free exciton EFE is given by:

EFE = Eg − Eb + Eke (2.8)

where Eg is the band gap, Eb is the energy of the ‘bound’ states of the free exciton,

and Eke is the kinetic energy associated with the centre-of-mass motion of the free

exciton.

The electron and hole can be treated as particles with effective masses m∗
e and

m∗
h, respectively, which are defined by the curvature of the local band extrema. The

potential energy of the Coulomb attraction between the electron and hole can be

written as:

U = −
e2

4πε0εrr
(2.9)

where εr is the dielectric constant of the host crystal and r is the particle separation.



CHAPTER 2. THEORETICAL BACKGROUND 15

In the effective mass approximation, the exciton centre-of-mass behaves like a

free particle of mass M = m∗
e + m∗

h, and the exciton wave vector K is given by

ke + kh, where ke is the electron wave vector and kh is the hole wave vector. If

the lowest conduction band of the semiconductor crystal is assumed to be isotropic,

nondegenerate, and parabolic, with the band minimum (Ec) located at the Brillouin

zone centre, the kinetic energy Eke of the exciton can be written in terms of M and

|K| as:

Eke =
~

2 |K|2

2M
(2.10)

Similar to the bound states of the donor electron which were discussed previously,

the free exciton bound states form a hydrogen-like series below the band gap, with:

Eb =
µe4

32π2ε2
0ε

2
r~

2n2
n = 1, 2, 3, ... (2.11)

where µ = ( 1
m∗

e
+ 1

m∗

h

)−1 is the reduced mass, and the value of Eb for n=1 is the exciton

binding energy. Using typcial values of µ = 0.12m0 (where m0 is the electron mass

in free space) [47] and εr (at 4.2K) of 12.1 [42], the exciton binding energy in silicon

is found to be 11meV and the Bohr radius is 53 Å. This shows that the ’orbits’ of

the electron and hole about their centre of mass extend over many unit cells [48], and

since the binding energies are small compared to kBT at room temperature, excitonic

processes must be studied in cryogenic environments.

A free exciton can be attracted to a neutral impurity via the van der Waals

interaction to form a bound exciton. Since this attraction lowers the exciton energy,

neutral impurities are very efficient at trapping free excitons. The existence of excitons

bound to shallow neutral impurities was first proposed by Lampert [49] and later

observed experimentally in silicon by Haynes [50] who noted the presence of sharp

luminescence lines at energies lower than the free exciton energy. Shortly afterward,

bound excitons were observed in many other semiconductors and photoluminescence

(PL) spectroscopy of bound excitons was shown to be a very effective method for

identifying different donor and acceptor impurities. This subsequently led to the

development of a quantitative method for characterizing these impurities in silicon

based on PL spectroscopy of bound excitons [51].
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Since the kinetic energy contribution to the free exciton energy, which is respon-

sible for the broadening of the free exciton luminescence line, is not present in the

bound exciton energy, the PL spectroscopy of bound excitons produces sharp transi-

tion lines. The recombination of a bound exciton emits a photon of energy:

EBE = Eg − Eb − EL (2.12)

where Eg is the band gap, Eb is the free exciton binding energy, and EL is the

localization energy, which is impurity specific.

Since silicon is an indirect band gap semiconductor, when impurity bound excitons

are created or recombine, a wave vector conserving process is involved in addition to

the absorption or emission of a photon. This typically involves the absorption or

emission of a wave vector conserving phonon and results in the observed transitions

being shifted in energy by an amount corresponding to the phonon energy. Another

possibility is that the short range potential near the donor ion, known as the central

cell potential, scatters the electron involved in the recombination to the Brillouin

zone centre. This gives rise to what is referred to as the no-phonon transition. In

the photoluminescence spectrum of the ground state of an impurity bound exciton in

silicon, there is typically a no-phonon transition associated with the bound exciton

as well as phonon-assisted transitions which occur at lower energy. Phonon-assisted

transitions will generally be broader than no-phonon transitions due to the dispersion

in the phonon spectrum, and to phonon lifetime broadening [52].

The donor bound exciton consists of two interacting electrons and one hole, as

well as the fixed positive donor ion. In silicon, it is energetically favourable for the

two electrons to occupy the lowest valley-orbit state Γ1, forming a spin singlet. The

hole wave function of the donor bound exciton belongs to the four-fold degenerate

(jh=3/2)-like Γ8 state. Due to the valley-orbit splitting of the conduction band, the

donor electron has a ground state with Γ1 symmetry and two excited states with

Γ3 and Γ5 symmetries. In the original shell model for bound excitons and bound

multiexciton complexes proposed by Kirczenow [53, 54], the splitting between the

Γ3 and Γ5 levels was considered to be negligible compared to their separations from

the Γ1 level, so the Γ3 and Γ5 levels can be approximated as being a single level –

Γ3,5. As a consequence, there are two possible states of the donor bound exciton:
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Figure 2.6: Energy level diagram showing the possible transitions between the donor

(D0) levels and the donor bound exciton (D0X) levels.

one where both electrons are in the Γ1 state and the hole is in a Γ8 state, or the

other, where one of the electrons is in the excited state Γ3,5. In the first case, the

donor bound exciton (D0X) can be regarded as being in the ground state, which can

be labelled by {2Γ1;Γ8}, and in the second, as being in an excited state labelled by

{Γ1,Γ3,5;Γ8}. From the D0X ground state, radiative electron-hole recombination leads

only to the donor (D0) ground state (Γ1), while from the D0X excited state, radiative

electron-hole recombination can leave D0 in either the Γ1 ground state or a Γ3 or Γ5

excited state. An energy level diagram for the D0X recombination process is shown

in FIG. 2.6.

This model predicts three possible transitions labelled by α, γ, and δ. The α tran-

sition is the one corresponding to the D0X ground state, where a donor bound exciton

in the {2Γ1;Γ8} state recombines, leaving behind a neutral donor in the Γ1 state, while

the γ and δ transitions involve recombination from the {Γ1,Γ3,5;Γ8} excited state of

the donor bound exciton. At pumped liquid helium temperatures (< 4.2K), the D0X

excited state has negligible population, so only the α transition is observed.

In the present study, the α transition associated with the phosphorus donor bound
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exciton is studied in highly enriched 28Si using photoluminescence excitation (PLE)

spectroscopy. In this method, the transition is studied in absorption rather than

in emission, so unlike in PL spectroscopy, where above band gap photons are used

to create free excitons which in turn form bound excitons, resonant excitation is

used to create bound excitons in their ground state from the donor ground state.

The resulting recombination and subsequent photon emission is then observed by

detecting the corresponding transverse-optical phonon assisted transition.

It should be noted that shallow impurity bound excitons have very low radiative

quantum efficiencies in indirect band gap semiconductors due to the dominance of

nonradiative Auger recombination, in which the energy resulting from the recombi-

nation of the electron-hole pair is used to ionize the donor electron, leaving behind an

ionized donor and an energetic free electron. For silicon, the luminescence quantum

efficiency of the phosphorus donor bound exciton is ∼10−4 [55].
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2.4 The phosphorus donor hyperfine interaction

A rather important perturbation to the phosphorus donor ground state energy, which

has not yet been discussed, is the hyperfine interaction between the donor electron and

the phosphorus nucleus. Only the ground state of the donor has a significant hyperfine

interaction since this depends on the amplitude of the donor electron wavefunction

near the donor nucleus. Additionally, a donor impurity such as bismuth, which has a

larger binding energy than phosphorus due to its stronger central cell potential, also

has a stronger hyperfine interaction in its donor ground state compared to phosphorus.

Phosphorus is monoisotopic with 31P being the only stable isotope, and 31P has a

nuclear spin IP of 1
2
, which can couple to the Se = 1

2
spin of the donor electron. This

results in a three-fold degenerate state corresponding to total spin F = 1 and a singlet

state corresponding to F = 0, with the energy separation between the F = 1 and

F = 0 states being the hyperfine constant A, which has been previously measured by

Feher [56] to be equal to 117.53MHz for 31P donors in silicon.

The degeneracy of the F = 1 triplet state can be lifted by the application of

an external magnetic field. The donor ground state, under a static magnetic field

B = Bẑ, can be described by the spin Hamiltonian:

H = γeSe ·B − γP IP · B + ASe · IP

= γeSzB − γP IzB + A
(

SzIz +
S+I− + S−I+

2

) (2.13)

where γe(=geµB) and γP (=gPµn) are the gyromagnetic ratios of the donor electron

and 31P nucleus, respectively. The first and second terms in Equation 2.13 are the

Zeeman energies of the donor electron and the 31P nucleus, respectively, while the

last term represents the contact hyperfine interaction between the donor electron spin

and the 31P nuclear spin. The eigenstates of the spin Hamiltonian can be given in

the (me, mI) representation, where me is the electron spin projection and mI is the
31P nuclear spin projection. There are two parallel spin states, |↑⇑〉 and |↓⇓〉, which

are pure states, and two antiparallel spin states which tend to |↑⇓〉 and |↓⇑〉 at high

field, but always have an admixture of the other component. In the notation used

here, the first arrow indicates the electron spin projection and the second (double)
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arrow indicates the 31P nuclear spin projection, with an ‘up’ arrow denoting a value

of +1
2

and a ‘down’ arrow denoting a value of -1
2
.

The eigenvalues of the spin Hamiltonian give the energies of the four branches of

the 31P donor ground state:

E|↑⇑〉(B) = +
(

γe − γP

2

)

B +
A

4

E|↓⇓〉(B) = −
(

γe − γP

2

)

B +
A

4

E|↑⇓〉(B) = +

√

((

γe + γP

2

)

B
)2

+
(

A

2

)2

−
A

4

E|↓⇑〉(B) = −

√

((

γe + γP

2

)

B
)2

+
(

A

2

)2

−
A

4

(2.14)

The energies of the two parallel spin states (|↑⇑〉 and |↓⇓〉) vary linearly with the

magnetic field, while the energies of the two antiparallel spin states (|↑⇓〉 and |↓⇑〉)

are non-linear functions of the field.
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Experimental Methods

The details of the 28Si samples and the experimental apparatus used for photolumi-

nescence excitation (PLE) spectroscopy in this study are discussed in this chapter.

The final section of this chapter presents the alternative methods that were used to

measure the 31P donor bound exciton (D0X) spectrum.

3.1 28Si Samples

Over the past several years, numerous samples of 28Si have been made available for

various experiments in this lab. The samples used for the experiments presented

in this study are listed in TABLE 3.1, along with their associated isotopic purities,

and phosphorus and boron concentrations. The impurity concentrations listed were

determined from measurements of the bound exciton to free exciton intensity ratios in

the photoluminescence (PL) spectra of the samples. This is a standard technique for

the determination of shallow donor and acceptor concentrations in silicon [51, 57–61].

The n-type 28Si c sample was provided by Prof. Eugene Haller of the University

of California at Berkeley, while all other samples were provided by the group involved

with the Avogadro Project [62], in which an accurate determination of the Avogadro

constant will be made and will lead to a redefinition of the kilogram. The n-type
28Si:P 3.3.1 to 28Si:P 3.3.9 samples, which were specifically grown for the hyperpolar-

ization experiments done in this lab, were produced from the same material used to

grow the 28Si a sample and intentionally doped with phosphorus by adding phos-

21
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Table 3.1: List of 28Si samples. The 28Si isotopic enrichment, 31P concentration, and

B concentration are listed below for each of the samples used in this study. The 28Si

Avo, 28Si a, and 28Si b samples are p-type, while the 28Si:P 3.3.1 to 28Si:P 3.3.9 and
28Si c samples are n-type. The asterisk (∗) in the ‘% 28Si’ column denotes that the

isotopic purity of the 28Si:P 3.3.1 to 28Si:P 3.3.9 may in fact be lower than the value

listed below due to a possible unintentional reduction of the isotopic enrichment

during the growth process.

Sample Name % 28Si 31P Concentration (cm−3) B Concentration (cm−3)
28Si c 99.92 5 × 1014 3 × 1013

28Si b 99.983 2 × 1013 2 × 1014

28Si a 99.991 2 × 1012 5 × 1013

28Si:P 3.3.1 99.991∗ 2 × 1014 1 × 1014

28Si:P 3.3.6 99.991∗ 7 × 1014 1 × 1014

28Si:P 3.3.7 99.991∗ 7 × 1014 1 × 1014

28Si:P 3.3.9 99.991∗ 1 × 1015 1 × 1014

28Si Avo 99.995 5 × 1011 1 × 1013
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phine gas to the growth chamber. The crystal was delivered as a single boule and was

later cut into nine 1.5mm thick discs. The 28Si Avo, 28Si a, and 28Si b samples are

p-type, with a higher concentration of boron than phosphorus. The 28Si Avo sample

(99.995% 28Si) is currently the most isotopically and chemically pure 28Si available.

The samples listed in TABLE 3.1 came from single crystal boules grown along the

[001] direction, and were cut into discs with (001) faces, with the exception of 28Si a,

which is a 1.5 cm by 3 cm rectangle with (001) faces, and the 28Si Avo sample, which

is a quarter disc. The discs are ∼1 cm in diameter and 1 to 1.5mm thick. Before

performing the experiments, the samples were chemically etched in a 10/1 HNO3/HF

solution to remove any damage resulting from the saw cuts and any oxide on the

surface.

All 28Si samples were produced from isotopically purified silane gas which was used

to grow high purity polysilicon. The polysilicon was converted to single crystal silicon

using the float zone (FZ) method, which is based on the zone-melting principle [63].

A polysilicon rod is mounted inside a growth chamber which is under vacuum or

purged with an inert gas. A radio frequency (RF) heating coil melts a narrow region

of the polysilicon rod, establishing a liquid molten zone. As the molten zone is moved

along the polysilicon rod, the molten silicon solidifies into a single crystal. To start

the growth, the 28Si seed crystal at the bottom of the growth chamber is moved up to

make contact with the molten silicon, and a necking process is carried out to establish

dislocation-free growth before the boule is allowed to increase in diameter. The shape

of the molten zone and the diameter of the boule are adjusted by changing the RF

power of the coil and the travel speed, and are monitored by infrared sensors. [64]

The crystal orientation of the boule is the same as that of the seed crystal. The

advantage of the FZ method over the Czochralski method, which is commonly used

in the electronics industry for growing large silicon single crystals (from which large

diameter wafers are obtained), is that in the FZ method, the absence of a container

used to hold the polysilicon melt results in single crystals of much higher chemical

purity. [63] The lower concentrations of carbon and oxygen are especially important

in the optical spectroscopy of silicon, as high concentrations of these impurities have

been shown [65] to contribute to severely broadened optical transitions.
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3.2 The PLE apparatus

The basic PLE apparatus used in this study is shown in FIG. 3.1. It consists of a

distributed feedback Yb-doped fibre laser that is fed into an Yb-doped fibre amplifier

and is locked and scanned with respect to a stabilized reference cavity, providing a

long-term frequency stability of one part in 108, and sub-MHz frequency resolution.

For the hyperpolarization experiments, a second Yb-doped fibre laser is used and is

locked and scanned with respect to the same reference cavity. The amplified beam

is mechanically chopped to allow for lock-in detection of the signal, and focussed

(using a cylindrical lens) onto the edge of the sample, which is loosely mounted (to

avoid strain) in a reflecting cavity to optimize the weak luminescence signals, and

immersed in superfluid He at a temperature of 1.4K. A 3
4
m double monochromator

is used to separate the transverse optical (TO) phonon-assisted luminescence signal

from the scattered excitation radiation. The signal is then detected using a liquid-

nitrogen-cooled germanium photodetector, which is very sensitive in the energy region

of bound exciton transitions in silicon.

3.2.1 Excitation sources

Two tunable single-frequency Yb-doped fibre lasers, both manufactured by Koheras,

were used for the present study. The one used as the PLE probe laser has a tunable

range that spans both the no-phonon 31P and B bound exciton transitions. The fibre

temperature over which it operates is 20◦C to 50◦C, with a corresponding wavelength

range of 1078.118 nm to 1078.795 nm. The laser used as the PLE pump spans only

the no-phonon 31P D0X spectrum and has a wavelength range of 1077.3641 nm to

1078.3842 nm, corresponding to a fibre temperature range of 10◦C to 50◦C.

The PLE probe laser is an original equipment manufacturer part, which requires

an external current supply (providing ∼200mA) to drive it and requires a connection

to a temperature controller to tune the wavelength by varying the fibre temperature.

The PLE pump laser on the other hand, is a turn-key laser system with a built-in

temperature controller, a piezoelectric driver for fine wavelength tuning, and a fibre

optic output to connect to a wavemeter.

In the experimental setup, the output from the PLE probe laser is split using a
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Figure 3.1: The basic PLE apparatus used for all experiments in this study.

50/50 fibre coupler, with 50% of the signal going to the input of an Yb-doped fibre

amplifier (manufactured by Keopsys) and the other 50% being further split using a

second 50/50 fibre coupler so that each output provides 25% of the original signal.

One output goes to a wavemeter (manufactured by Burleigh) for monitoring the

wavelength of the laser, while the other output goes to the reference cavity in the

locking and scanning system. A schematic diagram of the PLE probe laser system is

shown in FIG. 3.2.

The output from the PLE pump laser is split using a 90/10 fibre coupler, with

90% of the signal going to the input of an Yb-doped fibre amplifier (manufactured by

IPG Photonics) and the other 10% going to the reference cavity in the locking and

scanning system, as illustrated in FIG. 3.2. A wavemeter (manufactured by Bristol)

is connected to the PLE probe laser system to monitor the wavelength of its output.

It should be noted that the primary source of background in the Yb-doped lasers

is due to the spontaneous emissions produced by the Yb-doped fibre amplifiers. Most

of this is removed using a 1080 nm band pass filter before the excitation reaches the
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Figure 3.2: Schematic diagram showing the PLE pump and probe systems. The

output from the PLE probe laser is split off using fibre couplers to send the beam

to a fibre amplifier, a wavemeter, and to the locking and scanning system. The PLE

pump laser goes to a fibre amplifier and to the locking and scanning system.
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sample. This filter, however, also reduces the intensity of the resonant laser signal,

by approximately a factor of two.

In addition to the two tunable Yb-doped fibre lasers, a 1047 nm Nd:YLF laser

(manufactured by CrystaLaser) was used in the PLE apparatus. The above band gap

excitation provided by this laser was needed for photoneutralization of ionized 31P in

the p-type 28Si samples.

3.2.2 Locking and scanning system

At the heart of the locking and scanning system used in the PLE apparatus is a

temperature stabilized reference cavity based on a 3m long quartz cylindrical tube.

At one end of the tube, through which the beams enter, is a window with a 4%

reflecting concave inner surface, and at the other end is a mirror with a ∼100%

reflecting concave surface. These are epoxied to the quartz tube at both ends and

the inside of the tube is filled with N2. A heating coil is wound around the quartz

tube and a layer of insulating foam surrounds the tube and coil, which all sits inside

a cylindrical copper tube.

Quartz has a low thermal expansion coefficient, but has a moderate thermal con-

ductivity (1.4W/(m·K)), so as a result, the length of the quartz tube is still fairly

susceptible to change with varying temperature. In order to keep the quartz tube at a

constant length, it is kept at a constant temperature using the heating coil. Whenever

there is a slight change in the ambient temperature, feedback must somehow be pro-

vided to the coil’s power supply to adjust its output and compensate for the change.

This is done by using the 3m long cavity to generate an interference pattern from a

frequency stabilized helium-neon laser. The incoming beam is directed through the

transmitting end of the cavity so that the direct reflection from the window (without

entering the cavity) can be combined with the outgoing beam that has gone through

three reflections inside the cavity and has acquired a path length difference of four

times the length of the cavity, as shown in FIG. 3.3 for the Yb laser beam. The

interference of these two beams results in a pattern of alternating bright and dark

fringes. This pattern is projected onto a split photodiode with the two halves being

straddled by a bright fringe and receiving the same amount of light. This ensures
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Figure 3.3: A schematic diagram of the system used to lock and scan the PLE lasers.

This system is based around a 3m long stabilized reference cavity.

that the difference signal of the split photodiode is zero when the reference cavity

is stable. This signal is fed back to the heating coil power supply. When there is a

slight change in the ambient temperature, the length of the cavity changes slightly

and the interference pattern at the split photodiode drifts, which would make the

difference signal either go positive or negative. The feedback circuit of the heating

coil power supply receives this signal and adjusts the output to re-stabilize the length

of the cavity and drive the difference signal back to zero. The use of a laser that is

frequency stabilized is essential, as it produces a stable interference pattern when the

quartz tube is at constant length.

With the reference cavity stabilized, the Yb-fibre lasers which provide the PLE

pump and probe beams can be frequency locked using the same approach. For each

laser, the direct reflection of the incoming beam off the window (without entering the

cavity) is combined with the outgoing beam that has gone through three reflections

inside the cavity to produce an interference pattern. A bright fringe is centered on a

split photodiode so that the difference signal is zero. This signal is fed to a controller
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circuit that sends feedback to the fibre laser. For both Yb lasers, slow feedback

spanning the tuning range was achieved by temperature control, while fast feedback

over a narrower range was achieved by modulating the pump laser power for the probe

laser, and a piezoelectric tuner for the pump laser. A drift in the laser frequency will

result in a shift of the interference pattern on the split photodiode and produce either

a positive or negative difference signal depending on the direction of the frequency

drift. The controller circuit takes this signal and adjusts the fibre temperature to

send the laser back to its original frequency, at the same time driving the difference

signal of the split photodiode back to zero. A schematic diagram of the locking and

scanning system is shown in FIG. 3.3.

In order to scan the frequency of the laser using this system, there needs to be a

method of shifting the interference pattern in a controlled manner. This was achieved

with the use of a galvanometer-driven rotating mirror to reflect the interference pat-

tern onto the split photodiode. The galvanometer was driven by a 256 step up/down

counter connected to a digital-to-analog converter. Rotating the mirror by one step

causes a small shift of the interference pattern on the split photodiode, resulting in a

positive or negative difference signal, depending on the direction of rotation. In order

to counteract this shift and drive the difference signal back to zero, the controller

circuit adjusts the frequency of the laser. This technique allows the laser frequency

to be changed in a controllable way. The full range of the mirror movement consists

of 256 steps, and the step size is calibrated such that exactly one fringe of the refer-

ence cavity (or one free spectral range) is traversed in 256 steps. This ensures that

whenever the mirror has reached its limit in one direction, it can swing all the way

back to its starting position and continue scanning the laser frequency in the same

direction without any uncontrolled jumps. The mirror swings back to its starting

position faster than the controller’s feedback circuit can realize it has moved, thus

locking onto the next fringe.

The free spectral range can be determined by considering the phase difference

between the two interfering beams. If E1 describes the beam that does not enter the

cavity and E2 describes the beam that acquires a path length difference of four times

the cavity length:
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E1 = A1e
k·x−ωt (3.1)

E2 = A2e
k·x−ω(t+τ) (3.2)

where ωτ is the acquired phase difference and A1 ≈ A2, then the condition for con-

structive interference is given by:

ωτ = 2mπ

⇒ fτ = m

⇒ f = m
c

OPD
(3.3)

where m is an integer and OPD≈ 12m is the optical path difference, so that the free

spectral range is FSR = c
OPD

≈ 25MHz, or ≈ 100 neV. The step size of 1
256

of this

value, or ≈ 0.4 neV, provides a measure of the maximum possible resolution for this

system.

3.2.3 Cryostat, magnet, and monochromator

The cryostat used in the PLE apparatus is a helium-immersion dewar, in which

the sample is directly submerged in the liquid helium bath. The dewar has quartz

windows on three sides of the tail. The sample is mounted loosely (to avoid strain)

inside a slot in a brass holder with gold mirrors on two sides to form a reflecting cavity

and with a sliver of glass placed on the front side to keep it from falling out. The

holder is suspended by a rod at a height inside the cryostat that places the sample

at the centre of the window.

An electromagnet with 4-inch diameter pole faces capable of generating magnetic

fields of up to ∼2000Gauss is used in the PLE apparatus. The tail of the cryostat is

placed between the pole faces and the sample is oriented so that the field is applied

parallel to the [001] axis of the sample. The spectra are collected in Voigt geometry,

with the 1x10mm pump and probe beams illuminating the same edge of the sample

from which the PL is collected. A Gauss probe, placed between the cryostat tail and

one of the pole faces, is used to measure the magnetic field.
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A 3
4
m double monochromator is used to separate the TO phonon-assisted lumi-

nescence signal from the scattered excitation radiation. The 31P D0X TO wave vector

conserving phonon replica is well-separated in energy from the no-phonon 31P D0X

transition (∼58meV lower in energy), as shown in FIG. 3.4, which is a plot of the 31P

D0X PL spectrum for an n-type sample of 28Si. The monochromator is tuned to the

TO region of the 31P D0X spectrum by rotating the diffraction grating to select the

energy band centered at ∼1140 nm. The spectral resolution of ∼2meV is sufficient to

reject both the scattered laser excitation as well as the zone centre optical phonon Ra-

man scattering, but is much wider than the 31P D0X spectrum, so the detection is not

selective. Rejection of the scattered laser excitation could in the future be achieved

using custom filters, which might lead to better throughput and signal-to-noise ratio.

3.2.4 Data collection

Scanning of the PLE pump and probe lasers and recording of the PLE signal is

performed using LABView software, which interfaces with the locking and scanning

system and the lock-in amplifier. This provides a simplified process for automated

collection of spectra and for changing of experimental parameters such as scan range,

scan speed, and resolution. To record a PLE spectrum, the software first needs to

communicate with the lasers and have them scan through the desired energy range.

The lasers are scanned by two stepping motor controller modules interfaced by USB,

which generate the up/down pulses to the counters that drive the galvanometers and

which in turn drive the rotating mirrors (as previously described). This allows the

computer to send one command containing the desired number of steps, scan rate,

and scan direction, for any size of move of the laser energy. The resulting chopped

luminescence signal collected by the germanium detector is measured by a GPIB

controlled lock-in amplifier, which digitizes the signal for recording by the software.
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Figure 3.4: PL spectrum showing the no-phonon and TO phonon-assisted 31P D0X

transitions for an n-type sample of 28Si. The 31P D0X TO wave vector conserving

phonon replica (P BETO) is ∼58meV lower in energy compared to the no-phonon 31P

D0X transition (P BENP).
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3.3 Alternative methods of measuring the 31P D0X

spectrum

3.3.1 Photoconductivity measurement of bound exciton spectra

Due to the dominance of nonradiative Auger recombination in indirect band gap

semiconductors, shallow impurity bound excitons have very low radiative quantum

efficiencies. For silicon, the luminescence quantum efficiency of 31P bound excitons

is ∼10−4 [55]. The near-unity efficiency of the Auger process presents an alternative

method of measuring the D0X spectrum, by detecting the free electrons released in

Auger recombination. Simple electrical contacts were made to opposite ends of the

sample by rubbing on a thin layer of In-Ga eutectic and using fine copper wires to

connect an external 1.5V bias source and a transimpedance current amplifier. A

schematic of this setup is shown in FIG. 3.5. The apparatus used for this photo-

conductivity method is mostly unchanged from the PLE apparatus presented in the

previous section, with the only difference being the removal of the double monochro-

mator and Ge detector, as the output of the amplifier is taken directly to the lock-in

amplifier.

The method for obtaining D0X photoconductivity spectra was later improved

by developing a contactless technique, in which a 180 kHz RF signal is capacitively

coupled through the sample using two Cu foil discs, parallel to but not in contact

with the two faces of the sample. The RF current coupled through the sample is

amplified and measured with a phase sensitive detector. The main advantage of this

capacitive method compared to the previous photocurrent method is that it removes

the need for physical contacts, which tend to strain the sample and broaden the D0X

spectral lines.

In this contactless capacitive method, the sample can be viewed as a combination

of a resistor R in parallel with a capacitor C. An equivalent circuit for the scheme

is shown in FIG. 3.6. In order for there to be a change in current across the sample

as the laser is tuned over a D0X transition, the frequency of the RF signal must be

chosen such that the resistance of R is approximately equal to the reactance of C.

Since the values for R and C were not known a priori, the frequency of the RF signal
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Figure 3.5: A schematic diagram of the photoconductivity method.
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Figure 3.6: A schematic diagram of the contactless capacitive photoconductivity

method.
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was adjusted until there was an optimal change in current while scanning across a

D0X transition. If the frequency is set too high, then the reactance of C is too small

compared to the resistance of R, and the signal shorts out through C, resulting in

no change in current across the sample. If the frequency is set too low, then the

reactance of C ′ is too large compared to the resistance of R, which results in too little

current through C ′ and the capacitive coupling being broken. The load resistor RL

is chosen such that a noticeable change in signal occurs as the laser is tuned over a

D0X transition.

3.3.2 Laser absorption method

Another method of obtaining the 31P D0X spectrum is by measuring the transmission

of the resonant laser through the sample. Since the absorbed laser signal is used

to generate D0X, which subsequently recombine either radiatively to give the D0X

spectrum or nonradiatively via the Auger process, the transmitted laser signal yields

the inverse of the D0X spectrum. A schematic of the laser absorption setup is shown in

FIG. 3.7. For this type of experiment, a slightly modified sample holder with openings

on both the front and back to allow the resonant laser through was used. Another

opening on one side of the holder was required for side illumination of the sample

by the 1047 nm photoneutralizing laser so that only the resonant laser is detected by

the photodiode mounted behind the sample. Since the changes in the transmitted

signal that are produced as the laser is scanned across the 31P D0X transition are very

small, the noise due to the spontaneous emissions generated by the resonant fibre laser

greatly lowers the signal-to-noise observed in the transmission spectrum. In order to

remove this noise, a balanced detector was used. In addition to the photodiode

mounted behind the sample to measure the transmitted signal, a second photodiode

was placed near the front of the sample to detect one of the beams reflected by the

front window of the cryostat so that the unabsorbed signal could be measured. An

output signal proportional to the difference signal from the two photodiodes was then

used to produce a transmission spectrum in which the noise due to the spontaneous

emissions from the resonant laser is absent.
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Figure 3.7: A schematic diagram of the laser absorption method.



Chapter 4

Experimental Results and

Discussion

In this chapter, the photoluminescence excitation (PLE) spectroscopy of the 31P

donor bound exciton (D0X) in 28Si is presented, beginning with the zero magnetic

field and low magnetic field spectra of the no-phonon 31P D0X transition. The ability

to resolve the individual hyperfine components of the 31P D0X transition under an

applied magnetic field led to the possibility of selective optical pumping into specific

donor electron and nuclear spin states. While preliminary attempts at polarizing

the spin states in a p-type sample yielded modest electron and nuclear polarizations

of approximately 50% and 25%, respectively, the electron and nuclear polarizations

achieved in a recently grown n-type 28Si sample were 90% and 76%, respectively. The

nuclear polarization dynamics of this process were captured and it was found that

the polarization builds up in less than a second. In the final section of this chapter,

a study of the spectral hole burning that occurs with optical pumping is presented,

in which the homogeneous linewidth of the 31P D0X transition is determined.

37
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4.1 31P bound exciton spectrum in 28Si

In the shell model of bound exciton and bound multiexciton complex structure in

Si [53, 54], the 31P D0X is expected to have a very simple unsplit ground state

transition, as described previously in Section 2.3. The single line observed [23] for

the no-phonon photoluminescence (PL) transition of the 31P D0X in natSi and 28Si

seemed to validate this prediction, but a higher resolution PLE spectrum of the 31P

D0X in 28Si, as shown in FIG. 4.1 for a 28Si sample with isotopic enrichment of

99.991%, reveals that the 31P D0X is more complicated than expected. The smaller

splitting (indicated by the two small brackets), which is different depending on the
28Si sample being studied, varies with temperature and the amount of above-gap

excitation used to achieve photoneutralization. The 31P D0X transition line is further

split by a larger splitting that remains constant between different 28Si samples. This

sample-independent splitting is approximately equal to 486 neV (or approximately

117MHz in frequency units) and can be identified as the hyperfine splitting [56] of

the 31P neutral donor (D0) ground state.

It should be noted that the addition of above-gap excitation, provided by a

1047 nm Nd:YLF laser, was required to produce the spectrum in FIG. 4.1. The

above-gap excitation has the effect of photoneutralizing the donors, which in this

p-type sample are ionizied due to compensation from the higher boron acceptor con-

centration. Electrons in the valence band are excited to the conduction band by the

above-gap light to produce free electrons and free holes, which can in turn be cap-

tured by the ionized donors and ionized acceptors, respectively, thus forming neutral

impurities.
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Figure 4.1: The PLE spectrum of the no-phonon 31P D0X transition for the p-type
28Si a sample. The smaller sample-dependent splitting, indicated by the two small

brackets, varies with excitation conditions, temperature, and sample purity, while the

larger sample-independent splitting remains constant, and is equal to the zero field

hyperfine splitting of the 31P neutral donor ground state in Si.
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4.1.1 31P bound exciton spectrum at zero magnetic field

The shape of the 31P D0X spectrum has a significant dependence on the amount of

above-gap excitation used, as shown in FIG. 4.2, which shows a comparison of spectra

for various above-gap excitation levels between 0 and 1000mW for a p-type sample

of 28Si enriched to 99.992% (28Si a). At the bottom of FIG. 4.2 is the spectrum

produced with 1000mW of above-gap excitation, in which both the small sample-

dependent splitting and the sample-independent hyperfine splitting are resolved. As

the excitation power is decreased to 300mW, the 31P D0X spectrum becomes broader

and the features on the high energy shoulder are barely resolvable, while at 100mW

they are not resolved at all. Below 100mW of above-gap excitation power, the signal

becomes weaker and the broadening becomes more severe, and essentially only a single

broad feature with a low energy shoulder is resolved. The broadening of the 31P D0X

spectrum at low above-gap excitation levels is likely due to random electric fields

resulting from the presence of ionized donors and acceptors. At higher above-gap

excitation levels, as more ionized donors and acceptors are neutralized, this effect is

reduced and the features in the 31P D0X spectrum become better resolved.

A comparison of the 31P D0X spectra at four different temperatures between

2.0K and 4.2K for a p-type sample of 28Si enriched to 99.983% (28Si b) is shown in

FIG. 4.3. These spectra were collected without the addition of above-gap excitation

and this comparison reveals a thermally activated mechanism which can generate

neutral donors without above-gap excitation. Compared to the spectrum at 4.2K,

the one at 2.0K is approximately 16 times less intense. An activation energy for the

mechanism responsible for this reduction in intensity with decreasing temperature

can be determined by assuming that the intensity I of the 31P D0X spectrum has a

dependence on temperature of the form:

I = Ce−Ea/kBT (4.1)

where Ea is the activation energy and C is a constant.

Using the peak intensity of the largest feature in the 31P D0X spectrum, obtained

from curve fitting, an Arrhenius plot was generated from the data, which was collected

over the temperature range of 1.3 to 4.2K, and is shown in FIG. 4.4. The data
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Figure 4.2: A comparison of the 31P D0X PLE spectra for a p-type sample of 28Si

enriched to 99.992% (28Si a) at seven different levels of above-gap excitation ranging

from 0 to 1000mW. As the above-gap excitation power is reduced, the features become

broader and not as well resolved.
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Figure 4.3: A comparison of the 31P D0X PLE spectra at sample temperatures of

4.2, 3.2, 2.3, and 2.0K for a p-type sample of 28Si enriched to 99.983% (28Si b), in

the absence of any above-gap light to photoneutralize D0. The vertical scales of the

3.2, 2.3, and 2.0K spectra have been expanded by 2.5, 8, and 16 times, respectively.
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deviates from the overall linear trend only at the lowest temperature points. This

is likely the result of significant variations in the actual temperature of the sample

from the He bath temperature in the lowest temperature region due to poor thermal

contact. Therefore, the three lowest temperature data points have been omitted from

the curve fit, which yields a slope of -10.1K. This corresponds to an activation energy

of 0.9meV. The only known energy value in this vicinity is the A+ ionization energy

for boron acceptors in silicon, which is 1.9meV [66]. The ionization energies for

neutral impurities in silicon are at least one order of magnitude larger.

Even though the excitation light is below-gap, low concentrations of free holes

(h+) and free electrons (e−) can be generated via the processes A0 + hν → A− +

h+ and A− + hν → A0 + e−. At low temperature, some of the free holes can bind

to A0 centres to form A+ ions [67], and these A+ ions will compete with ionized

donors (D+) in capturing these free electrons (A+ + e− → A0X). Thus the presence

of A+ ions might be responsible for the significant decrease in D0X PLE intensity with

decreasing temperature in p-type samples in the absence of above-gap illumination.

A comparison of the 31P D0X spectrum for four 28Si samples with different 31P

concentrations ranging from 5 × 1011 cm−3 to 1 × 1015 cm−3 is shown in FIG. 4.5.

The two p-type samples (28Si Avo and 28Si a) have the lowest 31P concentrations,

while the two n-type samples (28Si:P 3.3.1 and 28Si:P 3.3.9) have the highest. When

comparing the bottom two spectra in FIG. 4.5, it is apparent that the smaller sample-

dependent splitting is larger for the sample with higher 31P concentration (28Si a).

This initial observation led to the belief that this splitting was due to interactions

between 31P donors and therefore dependent on 31P concentration. However, when

the newer n-type samples were obtained, the two samples with the lowest and highest
31P concentrations were compared, and their respective 31P D0X spectra looked rather

similar, as seen in the top two spectra of FIG. 4.5. The sample-dependent splitting

that was seen in the two p-type samples are much larger in the n-type samples; in

fact, it is comparable to the hyperfine splitting in the n-type samples, but there is

virtually no difference in the size of the splitting when comparing the 28Si:P 3.3.1

and 28Si:P 3.3.9 samples, which have 31P concentrations of 2 × 1014 cm−3 and 1 ×

1015 cm−3, respectively. This observation suggests that the splitting may not be due

to interactions between 31P donors as initially believed, but that it is more likely
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Figure 4.4: A plot of the natural log of the peak intensity ln(I) of the 31P D0X PLE

spectrum versus 1/T yields a slope of -10.1K, corresponding to an activation energy

of 0.9meV. The data displayed in the plot was collected from a p-type sample of 28Si

enriched to 99.983% (28Si b), in the absence of any above-gap illumination. The data

points for the three lowest temperature spectra were not used in the determination

of the slope.
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Figure 4.5: A comparison of the 31P D0X spectrum at zero field for four different
28Si samples with 31P concentrations ranging from 5 × 1011 cm−3 to 1 × 1015 cm−3.

The bottom two spectra are for p-type samples, while the top two are for n-type

samples. The sample-dependent splitting (indicated by the two small brackets), which

is different for the two p-type samples, is essentially the same in the two n-type

samples where it is much larger.

due to a random splitting of the degenerate light hole and heavy hole bands by the

remaining inhomogeneous broadening, which could result from the small amounts of
29Si and 30Si present in the samples, or from other impurities such as carbon. [65]

The application of a moderate magnetic field dominates over the zero field effects,

and produces spectra for the different samples that differ only in the linewidth of the

Zeeman and hyperfine components.
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4.1.2 31P bound exciton spectrum at low to intermediate

magnetic field

In the presence of a small applied magnetic field parallel to the [001] axis, the resulting

spectrum of the 31P D0X transition becomes even more complex, revealing six sets

of doublets, as shown in FIG. 4.6. This structure can be explained by the Zeeman

level diagram shown in FIG. 4.7. The two electrons in the D0X ground state form

a spin singlet, so only the projection of the hole spin, mh, affects the D0X energy,

which splits into four levels under a magnetic field. The D0 ground state splits into

two levels under a magnetic field as a result of the spin 1
2

donor electron, thus there

are six electric-dipole allowed D0 → D0X transitions. These six main transitions are

further split by the donor hyperfine interaction into doublets, which at intermediate

fields have a splitting of approximately one half of the zero field hyperfine splitting

(the sum of the two donor hyperfine doublet splittings equals the zero field splitting).

It should be noted that at the fields and temperatures used here, all of the splittings

are much less than kBT.

The 12 electric-dipole allowed D0 → D0X transitions are labeled 1 to 12 in order

of increasing energy in FIG. 4.7. The D0 hyperfine states consist of two parallel

spin states |↑⇑〉 and |↓⇓〉 which are not coupled by the hyperfine interaction, and

two anti-parallel states |↑⇓〉 and |↓⇑〉 which are somewhat mixed by the hyperfine

interaction. The D0 → D0X transitions labelled π, corresponding to ∆m = 0, occur

when the polarization of the resonant excitation light is parallel to the magnetic field

direction, while the transitions labelled σ, corresponding to ∆m = ±1, occur when

the polarization is perpendicular to the field.

The electron and hole g factors can be determined from the 31P D0X spectrum by

measuring the energy difference between transition lines that give the corresponding

electron and hole Zeeman splittings according to the energy level diagram in FIG. 4.7.

From FIG. 4.6, the electron and hole g factors are found to be ge =1.97, gh(1/2) =0.83,

and gh(3/2) =1.3, which are in good agreement with earlier studies [68] of the phos-

phorus bound exciton at much higher fields, and the sum of the x and y hyperfine

splittings agrees with the 486 neV (117.53MHz) phosphorus donor hyperfine splitting

determined by EPR [56].



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 47

Figure 4.6: The PLE spectrum of the no-phonon 31P D0 → D0X transitions for

the 28Si a sample with an applied magnetic field of 490G parallel to the [001] axis.

For comparison, a simulated spectrum of the 31P D0 → D0X transitions is shown

for natSi at the same magnetic field. This was generated by convolving 12 transition

lines positioned at the energies of the 12 hyperfine components in 28Si, with each line

having the 5µeV FWHM of the 31P D0X transition in natSi.
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Figure 4.7: An energy level diagram showing the origin of the 31P D0 → D0X

transitions seen in FIG. 4.6. D0 is the neutral donor ground state, which at zero field

is split into a singlet and a triplet by the ∼486 neV 31P hyperfine splitting. When

a magnetic field is applied, the Zeeman splitting (z) resulting from the electron spin

projection, me, grows, and the donor ground state transforms into two doublets, with

splittings x and y which depend on the projection of the nuclear spin, mI . At any

given field, the sum of the x and y splittings is equal to the zero field splitting. The

two electrons in the donor bound exciton ground state, D0X, form a spin singlet,

therefore, only the projection of the hole spin, mh, affects the D0X energy. There

are six electic-dipole allowed transitions between the two D0 Zeeman levels and the

four D0X states, resulting in three x and three y doublets due to the donor hyperfine

splitting. The two ‘forbidden’ transitions with ∆m=±2 are not shown.
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A curve fit of the 12 hyperfine components using Lorentzian lineshapes yields

an average FWHM of 150 neV, and a selectivity of 25 for one hyperfine state over

the other when pumping at the peak of a hyperfine component. To emphasize the

remarkable improvement in spectral resolution resulting from the near-elimination of

the inhomogeneous isotope broadening that is present in natSi, a simulated spectrum

of the 31P D0 → D0X transitions in natSi at the same magnetic field is also shown

in FIG. 4.6. This was generated by convolving 12 transition lines positioned at the

energies of the 12 hyperfine components in 28Si, with each line having the 5µeV

FWHM of the 31P D0X transition in natSi. At the same field, only a broad doublet

would be resolved in natSi, merely revealing an envelope of the underlying structure.

The 272 ns lifetime [55] of the phosphorus D0X sets a lower limit of ∼2.4 neV on the

FWHM.

In FIG. 4.8, one of the hyperfine doublets is compared for three 28Si samples

of different enrichment at 1.4K. The spectrum at 4.2K for the sample of highest

enrichment is also shown, and only a 27% increase in linewidth is observed for an

increase in temperature from 1.4K to 4.2K. This suggests that temperature does play

a role, but it is not a major contributor to the low temperature linewidth. Compared

to the well resolved splittings for the sample enriched to 99.991%, the hyperfine

splitting for the sample with 99.983% enrichment is barely resolved, while for the

sample with 99.92% 28Si it is not resolved. An even more highly resolved spectrum

of the 28Si Avo sample, with enrichment of 99.995%, is shown in Section 4.2.4.

These differences can be explained by a simple argument which assumes that

inhomogeneous isotope broadening remains the dominant mechanism even at the

highest enrichment shown here. Ignoring for simplicity the fact that the proportions of
29Si and 30Si may vary between natSi and the enriched 28Si samples, the inhomogeneous

isotope broadening will vary as the square root of 100% minus the enrichment (which

for natSi is 92.23%). The 5µeV FWHM of the 31P D0X in natSi scales by this simple

argument to widths of 510, 230, and 170 neV for the samples shown in FIG. 4.8, in

order of increasing enrichment, in remarkably good agreement with what is observed.

This suggests that even narrower ensemble linewidths should be achievable in samples

with a higher isotopic enrichment.

It should be noted that the spectra shown with an applied magnetic field have so
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Figure 4.8: Dependence of the 31P D0X PLE line shapes on temperature and isotopic

enrichment. The bottom spectrum shows one of the hyperfine doublets for the sample

enriched to 99.991% (28Si a), as seen in FIG. 4.6, while directly above it is a spectrum

of the same sample at a temperature of 4.2K (shifted up in energy to compensate

for the temperature dependence of the band gap energy). The spectrum labeled b

is for a sample enriched to 99.983% 28Si, and the spectrum labeled c is for a sample

enriched to 99.92% 28Si, both at 1.4K.
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far been produced using an appropriate amount of above-gap excitation so as to give

the best resolved 31P D0X transition lines and a strong PLE signal. A comparison of

the 31P D0X spectrum for the 28Si a sample (99.991% 28Si) with an applied magnetic

field of 490G parallel to the [001] axis is shown in FIG. 4.9 for different above-gap

excitation levels. With 1000mW of above-gap excitation, the hyperfine doublets are

well resolved, similar to those seen in FIG. 4.6, while with only 15mW, they are just

barely resolved. With 5mW, the hyperfine doublets are not resolved, and with no

above-gap excitation, the Zeeman splittings are just barely resolved. As the above-gap

excitation power is decreased, the PLE signal decreases significantly, as can be seen

in the signal-to-noise of the spectra in FIG. 4.9. The above-gap excitation has several

effects: for p-type samples, it photoneutralizes D+ to give D0, which is necessary to

observe any PLE signal, it also reduces the broadening due to the random electric

fields resulting from ionized impurities, and it reduces the saturation effect of the

PLE pump laser by randomly ionizing donors (D0 + free exciton → D0X → D+ +

e−).

Figure 4.10 shows a comparison of the 31P D0X spectrum at different magnetic

fields ranging from 0 to 440G for the n-type 28Si:P 3.3.6 sample. Although the Zee-

man splitting is much smaller at 240G than at 440G, all twelve of the hyperfine

components are still resolved. In the spectrum collected at 190G however, different

components begin to overlap as the Zeeman splitting becomes even smaller and the

hyperfine splittings of the two D0 branches are no longer equal. At fields under 100G,

the 31P D0X spectrum no longer resembles the 440G spectrum that has well-spaced

components, but begins to slowly take the shape of the zero-field spectrum shown at

the top of FIG. 4.10, which is similar to that previously seen in the top two spectra

of FIG. 4.5.

It is also interesting to note that at both ends of each spectrum in FIG. 4.10, a

small feature which appears to grow in intensity as the magnetic field decreases, can

be observed. This feature, which has not been shown explicitly in any of the previous

spectra, is due to the small luminescence signal from the forbidden D0X transitions,

which will be discussed next.
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Figure 4.9: A comparison of the 31P D0X spectra for four different levels of above-

gap excitation ranging from 0 to 1000mW. These spectra for a p-type sample of 28Si

enriched to 99.991% (28Si a) under an applied magnetic field of 490G parallel to the

[001] axis show that at low above-gap excitation levels, the hyperfine doublets are not

resolved.
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Figure 4.10: PLE spectra of the 31P D0X for the n-type 28Si:P 3.3.6 sample at

different magnetic fields ranging from 0 to 440G, parallel to the [001] axis. f labels

the electric-dipole forbidden transitions.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 54

4.1.3 The forbidden transitions

As seen in FIG. 4.10, the electric-dipole forbidden transitions do indeed produce a

small luminescence signal in the 31P D0X spectrum. The two pairs of doublets which

correspond to a change in the projection of the spin angular momentum, ∆m, of ±2

between D0 and D0X can be seen at the low and high energy ends of the spectrum in

FIG. 4.11. This 31P D0X spectrum was collected with a magnetic field of 440G parallel

to the [001] axis for the n-type 28Si:P 3.3.6 sample. The me = +1/2 → mh = −3/2

transition in the D0 → D0X process is responsible for the forbidden doublet at the low

energy end, while the doublet at the high energy end is due to the me =−1/2 → mh =

+3/2 transition. In the spectrum shown in FIG. 4.11, the forbidden transitions have

a relative intensity of only approximately 1% when compared to the strongest allowed

hyperfine doublets at this field. A ten times magnification of the forbidden doublets,

also shown in FIG. 4.11, reveals that in both cases, the higher energy component is

slightly more intense than the one at lower energy.

As shown in FIG. 4.7, the donor hyperfine states consist of two parallel spin states

|↑⇑〉 and |↓⇓〉, which are not coupled by the hyperfine interaction, and two anti-

parallel states |↑⇓〉 and |↓⇑〉, which are somewhat mixed by the hyperfine interaction.

In the notation used here, the first label is used to indicate the electron spin state

(me) and the second label indicates the nuclear spin state (mI). The lower energy

component of the forbidden doublets is due to donors in the |↑⇑〉 and |↓⇓〉 states at

the low and high energy ends of the spectrum, respectively, while the higher energy

component at the low and high energy ends is due to donors in the |↑⇓〉 and |↓⇑〉

states, respectively. This suggests the possibility that the hyperfine mixing present

in the |↑⇓〉 and |↓⇑〉 states is responsible for the higher relative intensities since the

admixtures include states that have electric-dipole allowed transitions.

The forbidden transitions become relatively stronger in intensity as the magnetic

field decreases, as can be seen in FIG. 4.12, which shows the 31P BE spectrum with a

magnetic field of 100G parallel to the [001] axis. A curve fit of the forbidden doublets

reveals the deconvolved components, also shown in FIG. 4.12. Since the hyperfine

splitting of the lower D0 branch becomes larger and that of the upper branch becomes

smaller at lower magnetic field, the forbidden doublet at the high energy end is better



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 55

1149844 1149848 1149852 1149856 1149860

x10

 

 

P
ho

to
lu

m
in

es
ce

nc
e 

In
te

ns
ity

Laser Energy ( eV)

x10

T = 1.4K28Si:P 3.3.6
B = 440 G

Figure 4.11: PLE spectrum of the 31P D0X for the n-type 28Si:P 3.3.6 sample with

a magnetic field of 440G parallel to the [001] axis. At the low and high energy ends

of this spectrum are small doublets resulting from the forbidden transitions. A ten

times magnification of the two doublets is shown for clarity.
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resolved than the doublet at the low energy end.

Comparing with the 440G spectrum in FIG. 4.11, there does not appear to be a

noticeable difference in the relative intensities of the doublet components. At lower

magnetic field, as the hyperfine mixing of the anti-parallel hyperfine states (|↑⇓〉 and

|↓⇑〉) increases, the higher energy (‘mixed’) component would be expected to increase

in intensity relative to the lower energy (‘pure’) component, but the fact that this is

not observed suggests that further investigation in the future is required to determine

the full details of the forbidden transitions.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 57

1149850 1149855

 

 

P
ho

to
lu

m
in

es
ce

nc
e 

In
te

ns
ity

Laser Energy ( eV)

28Si:P 3.3.6
B = 100 G
T = 1.4 K

x5
x5

Figure 4.12: PLE spectrum of the 31P D0X for the n-type 28Si:P 3.3.6 sample with

a magnetic field of 100G parallel to the [001] axis. At this field, there is significant

overlap of the individual hyperfine components, while the forbidden transitions have

increased in intensity as compared to the spectrum at 440G shown in FIG. 4.11.

The forbidden transitions at the low and high energy ends of the spectrum are shown

magnified by five times, and the deconvolved components, obtained from curve fitting,

are also shown.
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4.1.4 Photoconductivity measurement of 31P bound exciton

spectrum

Shallow donor and acceptor bound excitons in silicon and other indirect band gap

semiconductors have very low radiative quantum efficiencies due to the dominance of

nonradiative Auger recombination, which is a drawback for optical detection of bound

excitons as in PL or PLE. For the 31P D0X, the observed 272 ns lifetime is essentially

equal to the Auger lifetime, since the radiative lifetime is ∼2ms. [55] However, it is

possible to make use of the near-unity efficiency of the Auger process by detecting

the free electrons released in Auger recombination. The absorption spectrum of the
31P D0X, as revealed by photocurrent spectroscopy rather than by PLE, is shown

in FIG. 4.13 for conditions similar to those used in FIG. 4.6. Strains generated by

the electrical contacts to the sample are likely responsible for the reduced resolution

of FIG. 4.13 as compared to FIG. 4.6, but the hyperfine splittings are still clearly

resolved. Since the sample used to produce the spectrum in FIG. 4.13 is p-type, the

dominant impurity, boron, produces a large nonresonant hole photocurrent, and the

electrons released from the Auger recombination cause a reduction in the nonresonant

background so that the 31P D0X spectrum appears inverted. Although a significantly

higher signal-to-noise ratio would be expected to be observed in the photocurrent

spectrum compared to the PLE spectrum previously shown in FIG. 4.6, as a result

of the near-unity quantum efficiency of the Auger process, this is in fact not the case

for the spectrum in FIG. 4.13, which suggests that the method used to prepare the

electrical contacts does not yield a good ohmic contact to the sample. A variation of

the photoconductivity method using a contactless capacitive technique is discussed

in Section 4.2.4.
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Figure 4.13: Photocurrent spectrum of the 31P D0X for a p-type 28Si sample en-

riched to 99.991% (28Si a) with a magnetic field of 490G applied parallel to the [001]

axis. The electrons released from the D0X Auger recombination reduce the larger

nonresonant hole photocurrent from the dominant impurity, boron.
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4.1.5 Measurement of 31P bound exciton spectrum by laser

absorption

Another method of measuring the 31P D0X spectrum is by measuring the transmission

of the resonant laser through the sample. The zero field transmittance spectrum of

the 31P D0X transition is shown in FIG. 4.14 for the n-type 28Si:P 3.3.7 sample. The

peak absorbance of 4.3% can be used to determine the absorption coefficient of this

sample. The absorption coefficient is given by:

α =
−ln

(

Itrans

I0

)

t
(4.2)

where I0 is the incident laser intensity, Itrans is the transmitted laser intensity and t

is the distance of material through which the laser travels (i.e., the thickness of the

sample). Using Itrans = (1−0.043)I0 and t = 8.97mm, the peak absorption coefficient

is αpeak = 0.049 /cm. The integrated absorption can be measured approximately by

comparing the integrated area with the area of a triangle of height equal to the peak

absorption of 0.043 and with a base of ∼1.4µeV. This yields an integrated absorption

of ∼ 3.0 × 10−8 eV, and using Itrans = (1 − 3.0 × 10−8)I0, the integrated absorption

coefficient is found to be α =∼ 3.4 × 10−8 /cm. The 28Si:P 3.3.7 sample has a 31P

concentration of ∼ 7 × 1014 cm−3, so that the absorption coefficient per 31P donor is

∼ 5 × 10−23 /cm/cm−3.

The transmittance spectrum of the 31P D0X distribution for the same sample with

an applied magnetic field of 440G parallel to the [001] axis is shown in FIG. 4.14.

In this case, the peak absorbance is only 0.8%. The fact that the two transmittance

spectra shown here are similar in appearance to the PLE spectra shown previously

confirms that PLE and absorption are eqivalent processes for measuring the spectrum

of the 31P D0X transition, but the advantage of PLE over absorption for such a weakly

absorbing transition is obvious from the relative signal-to-noise levels.
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Figure 4.14: Transmittance spectrum of the 31P D0X for the n-type 28Si:P 3.3.7

sample. This zero magnetic field spectrum has a peak absorbance of 4.3%, for a path

length of ∼9mm.
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Figure 4.15: Transmittance spectrum of the 31P D0X for the n-type 28Si:P 3.3.7

sample with a magnetic field of 440G applied parallel to the [001] axis. The peak

absorbance in this spectrum is 0.8%.
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4.1.6 Possible applications in quantum computing

The results presented thus far suggest a number of applications related to silicon-

based quantum computing. Kane’s [38] proposal that the nuclear spins of 31P in Si

could be used as the basis for qubits in quantum computation, led to many subsequent

proposals related to the problem of detecting the nuclear spin state. Many of these

were based on Kane’s [38] original idea of spin-to-charge conversion, while others

suggested approaches such as magnetic resonance force microscopy on single nuclear

spins [69] or on ensembles of identical nuclear spins [70]. Based on the observation [23]

of reduced 31P D0X linewidths in 28Si as compared to natSi, Fu et al. [71] suggested

that it might be possible to detect the state of a single 31P nuclear spin using the

hyperfine splitting of the D0X PL transition. With ensemble linewidths of 150 neV

and well resolved hyperfine splittings it may be possible to adopt an optical readout

scheme for measuring the nuclear spin state.

One drawback of the optical readout scheme is the very low radiative quantum

efficiency of these bound excitons. It was demonstrated in FIG. 4.13 that the near-

unity efficiency Auger recombination can be used to observe the D0X spectrum, via

the photocurrent spectrum, showing well-resolved hyperfine splittings. The ability

to resonantly ionize neutral 31P donors in specific electron and nuclear spin states

suggests a potential readout mechanism for single nuclear spins: the optical-nuclear

spin transistor. In this scheme the spin-selective Auger photoionization of a single

neutral 31P by the resonant creation of a bound exciton would be detected by the

resulting change in current in a nearby narrow channel field-effect transistor (FET)

or single electron transistor.

The spectrum in FIG. 4.6 shows that there is a small degree of polarization of

the nuclear spins, even though the experiment was not optimized to achieve such

polarization. This suggests the possibility of achieving electron and nuclear polar-

izations by dynamic optical pumping using a second tunable single-frequency laser.

Obtaining a highly polarized nuclear spin state is essential for initializing the qubits

in a quantum computer.
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4.2 Hyperpolarization of the electron and nuclear

spin states of 31P donors in 28Si

In most silicon-based quantum computing schemes involving electron or nuclear spins [38–

40, 72, 73], 28Si is used, since the removal of the 29Si nuclear spin results in very long

coherence times [72, 74–76]. Several methods for achieving quantum logic using spin

states of 31P in 28Si have been proposed [38–40] and the manipulation of electron

and nuclear spin coherences have been demonstrated [72], but the problem of the

detection of single spins, and also of the initialization (or polarization) of these spins,

remain largely unsolved.

Electron and nuclear spin polarization in silicon has been studied for decades [77–

86], but the nuclear polarization obtained to date has typically been less than a few

percent, and requires thousands of seconds to establish. Recently, a 31P nuclear po-

larization of 68% has been reported [86] in a high magnetic field, using a variation of a

mechanism first proposed in 1959 [79], and demonstrated in InSb in 1963 [80], but the

time constant was still a relatively long 150 s. The optical pumping method presented

in this section works at low magnetic field, and can simultaneously hyperpolarize both

the electron and nuclear spins of 31P in less than a second.

4.2.1 Preliminary attempts at obtaining electron and nuclear

spin polarizations in p-type 28Si

Prior to the implementation of the locking and scanning mechanism described in

Section 3.2, preliminary attempts were made to achieve electron and nuclear polar-

izations in 28Si by dynamic optical pumping. These attempts however yielded only

relatively small net electron and nuclear polarizations [87] of approximately 50% and

25%, respectively, due to the fact that the available samples of 28Si with sufficiently

high enrichment to resolve the D0X hyperfine transitions were p-type, with residual

boron acceptor concentrations typically ten times the 31P concentration. All donors in

these samples would therefore be ionized (D+) at low temperature, unless above-gap

excitation was used to provide photoneutralization. The addition of above-gap excita-

tion has a strong negative effect on the achievable electron and nuclear polarizations,
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since it acts to equalize the populations in the four D0 hyperfine states.

The PLE spectrum that results when the pump laser is tuned to line 4 (the

me = −1/2, mI = +1/2 → mh = −3/2 transition) is shown in FIG. 4.16. This

spectrum shows that there is an electron polarization of ∼50%, since the electron

spin state alternates for each successive hyperfine doublet. It appears that the nuclear

polarization is also ∼50%, but because the energies of the nuclear spin states of the

hyperfine doublets reverse for the opposite electron spin, the net nuclear polarization

is only ∼25%.

The net electron and nuclear polarizations are determined from the populations

in the four hyperfine states. The net electron polarization Pe is given by:

Pe =

(

ρ|↑⇑〉 + ρ|↑⇓〉

)

−
(

ρ|↓⇑〉 + ρ|↓⇓〉

)

(

ρ|↑⇑〉 + ρ|↑⇓〉

)

+
(

ρ|↓⇑〉 + ρ|↓⇓〉

) (4.3)

where ρ|↑⇑〉, ρ|↑⇓〉, ρ|↓⇑〉, and ρ|↓⇓〉 are the populations in the |↑⇑〉, |↑⇓〉, |↓⇑〉, and |↓⇓〉

states, respectively. A positive value of Pe corresponds to a net electron polarization

in the me = +1
2

spin state, while a negative value corresponds to polarization in the

me = −1
2

spin state.

Since each transition in the PLE spectrum shown in FIG. 4.16 is associated with a

specific electron spin state and nuclear spin state, the populations in the four hyperfine

states can be determined from the relative intensities of these transitions, so that the

net electron polarization Pe is given by:

Pe =
[(I1 + I5 + I9) + (I2 + I6 + I10)] − [(I4 + I8 + I12) + (I3 + I7 + I11)]

12
∑

n=1

In

(4.4)

where In is the integrated intensity found by curve fitting to transition n.

Similarly, the net nuclear polarization Pn is given by:

Pn =

(

ρ|↑⇑〉 + ρ|↓⇑〉

)

−
(

ρ|↑⇓〉 + ρ|↓⇓〉

)

(

ρ|↑⇑〉 + ρ|↓⇑〉

)

+
(

ρ|↑⇓〉 + ρ|↓⇓〉

) (4.5)

and in terms of the integrated intensities of the transitions in the PLE spectrum,

Equation 4.5 can be written as:
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Figure 4.16: PLE spectrum of the 31P D0X for a p-type 28Si sample (28Si a), with

the pump laser tuned to line 4 (the me =−1/2, mI =+1/2 → mh =−3/2 transition),

as indicated by the arrow above the transition. The resulting net electron and nu-

clear polarizations are ∼50% and ∼25%, respectively. The arrows below each of the

doublets indicate the electron spin projection of each corresponding doublet, while

the double arrows beside each of the hyperfine components indicate the 31P nuclear

spin projection of each corresponding component.
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Pn =
[(I1 + I5 + I9) + (I4 + I8 + I12)] − [(I2 + I6 + I10) + (I3 + I7 + I11)]

12
∑

n=1

In

(4.6)

The populations in the four hyperfine states can be determined using the inte-

grated intensities of only four of the transitions in the PLE spectrum which have the

same oscillator strength, for example, lines 5, 6, 7, and 8, so that Pe and Pn can be

expressed simply as:

Pe =
(I5 + I6) − (I7 + I8)

(I5 + I6) + (I7 + I8)
(4.7)

and

Pn =
(I5 + I8) − (I6 + I7)

(I5 + I8) + (I6 + I7)
(4.8)

4.2.2 Hyperpolarization of electron and nuclear spins in n-type

28Si

The results presented here were made possible by a recently grown crystal of 28Si

intentionally doped with 31P. This n-type sample allowed for optical pumping of the

D0 → D0X transitions without any additional above-gap excitation, resulting in dra-

matically larger polarizations than those obtained in the preliminary attempts. An

electron polarization of 90% and nuclear polarization of 76% were obtained simul-

taneously in less than a second, in a magnetic field and temperature regime where

the equilibrium electron polarization was only ∼2%, and the nuclear polarization

∼ 3 × 10−3 %.

The 12 electric-dipole allowed D0 → D0X transitions are shown in FIG. 4.17, and

are labeled 1 to 12 in order of increasing energy. The D0 hyperfine states consist of two

parallel spin states |↑⇑〉 and |↓⇓〉 which are not coupled by the hyperfine interaction,

and two anti-parallel states |↑⇓〉 and |↓⇑〉 which are somewhat mixed by the hyperfine

interaction. The D0 → D0X transitions labelled π, corresponding to ∆m = 0, occur

when the polarization of the resonant excitation light is parallel to the magnetic field
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direction, while the transitions labelled σ, corresponding to ∆m = ±1, occur when

the polarization is perpendicular to the field.

The unpumped spectrum for the n-type 28Si:P 3.3.6 sample is shown at the bottom

of FIG. 4.18, and is very similar to the spectrum for the p-type sample shown in

FIG. 4.6, with the only difference being that the spectral resolution of the hyperfine

transitions is slightly lower, with a FWHM of 220 neV (54MHz) for the n-type sample

as compared to 150 neV (37MHz) for the p-type sample. This small increase in

linewidth is likely due either to concentration broadening from the 31P, or to an

unintentional reduction of the isotopic enrichment. As expected, the populations

in the four D0 hyperfine states are essentially equal under these conditions. It is

important to note that in order to obtain the unpumped spectrum at the bottom

of FIG. 4.18, a small amount of above-gap excitation from a 1047 nm Nd:YLF laser

was required in addition to the PLE probe laser. This is not because of a need for

photoneutralization, as for the p-type samples, but rather because in the absence of

any excitation other than the PLE probe laser, the probe itself strongly polarizes the

D0 hyperfine populations. This pumping effect of the probe laser results in a weak

and distorted PLE spectrum in which the hyperfine doublets are not resolved, as

shown in FIG. 4.19, but these saturation effects can be circumvented by repopulating

the hyperfine states equally with a small amount of above-gap excitation from the

1047 nm laser.

For the other PLE spectra shown in FIG. 4.18, a much stronger pump laser

(∼ 2.8 Wcm−2) was tuned to the desired energy while the PLE probe laser (∼

6.5 × 10−2 Wcm−2) was scanned across the transitions. No above-gap excitation was

necessary for these spectra, since the pump laser held the populations of the hyperfine

states essentially fixed, and any above-gap excitation would act to reduce the electron

and nuclear polarizations. A drawback of not using any above-gap excitation for this

particular n-type sample is that the PLE lines are slightly broadened and develop

a low energy tail. This results from Stark broadening due to the ∼ 1 × 1014 cm−3

of ionized boron and phosphorus that are present in the absence of above-gap exci-

tation. This broadening could be made negligible in a sample with a lower boron

concentration.

A comparison of the resulting 31P D0X spectrum when the PLE pump laser is
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Figure 4.17: The Zeeman splittings of the neutral donor ground state (D0) and

the donor bound exciton (D0X) under an applied magnetic field are shown on the

left, while in the centre, the twelve allowed optical transitions between the four D0

hyperfine states and the four D0X states are shown, numbered from 1 to 12 in order

of increasing energy. On the right is a simplified schematic of the optical polarization

mechanism for the pump laser tuned to line 6.
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Figure 4.18: PLE spectra of the 31P bound exciton in an n-type 28Si sample

(28Si:P 3.3.6), revealing electron and nuclear polarizations obtained by selective op-

tical pumping. At bottom is a spectrum without any resonant pumping, showing

essentially equal populations in the four D0 states. The upper spectra show the PLE

signal when a strong pump field is tuned to either line 6 or line 8, or the half-height

point on the high energy side of line 6, which is indicated as 6′.
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Figure 4.19: PLE spectrum of the 31P D0X for the n-type 28Si:P 3.3.6 sample with

an applied magnetic field of 440G parallel to the [001] axis and with no above-gap

excitation. The negative spikes are detector-related.
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Figure 4.20: A comparison of the 31P D0X spectrum when the PLE pump laser

is tuned to line 5 (as marked by the arrow), with and without above-gap excitation,

under an applied magnetic field of 440G parallel to the [001] axis. Without above-gap

excitation, the electron and nuclear polarizations are much higher than when 200mW

of above-gap excitation is used.
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tuned to line 5 is shown in FIG. 4.20. The bottom spectrum shows the PLE signal

when 200mW of above-gap excitation is used, while the top spectrum, which has

significantly higher electron and nuclear polarizations, shows the PLE signal when no

above-gap excitation is used. The effect is so dramatic that the nuclear polarizations

for the electron population that is not being pumped, are in opposite directions in

the two spectra.

Figure 4.21 shows a comparison of line 7 when the pump laser is tuned to line 5,

with no above-gap excitation and with 200mW. Without above-gap excitation, the

line is noticeably broader, developing a low energy tail due to Stark broadening. In

order to curve fit the Stark broadened PLE lines, a skewed Lorentzian function with

a low energy edge of the following form was used:

L(x) =















1

1+(β(x−x0

γ ))
2 for x < x0

1

1+(x−x0

γ )
2 for x ≥ x0

(4.9)

In Eq. 4.9, x0 is the position of the peak and γ is the half width at half maximum

(HWHM) of the high energy side (x ≥ x0) of the function, while γ
β

is the HWHM of

the low energy side (x < x0) of the function. Values between 0.7 and 0.9 for β were

used for curve fitting the Stark broadened PLE lines. This functional form yielded

good fits of the lines within the signal-to-noise for the pumped spectra in FIG. 4.18.

In FIG. 4.18, the resulting spectra for pumping line 6 and line 8 are shown. These

are the two cases for which the largest (and opposite) electron and nuclear polariza-

tions are observed. These spectra reveal an extremely high electron polarization, with

transitions from D0 states having the same electron spin as the pumped state almost

vanishing from the spectra. A large nuclear polarization in the hyperfine doublets

for the opposite electron spin state is also observed. The top spectrum of FIG. 4.18

shows the result when the pump laser was tuned to the half height point on the high

energy side of line 6, referred to as 6′. At this position, the hyperfine selectivity is

higher than at the peak of line 6, since the contribution from the high energy tail of

line 5 is reduced, while the contribution from the low energy tail of line 7, which is

much further away, remains negligible. The results under the conditions of FIG. 4.18

are summarized in TABLE 4.1, which gives the observed populations of the four D0
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Figure 4.21: A comparison of line 7 in the 31P D0X spectrum when the PLE pump

laser is tuned to line 5, with and without above-gap excitation, under an applied

magnetic field of 440G parallel to the [001] axis. Without above-gap excitation, the

lines are broader and develop a low energy tail due to Stark broadening. The vertical

axes of both spectra have been scaled to align the peaks of line 7 for comparison.
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Table 4.1: D0 populations and net electron and nuclear polarizations for optical

pumping in n-type 28Si with no above-gap excitation.

Pump Populations (%) Polarization(%)

line |↑⇑〉 |↑⇓〉 |↓⇓〉 |↓⇑〉 Elec. Nucl.

3 |↓⇓〉 44 38 4 14 64 16

4 |↓⇑〉 63 22 7 8 70 42

5 |↑⇑〉 1 8 75 16 -82 -66

6 |↑⇓〉 1 4 84 11 -90 -76

6′ |↑⇓〉 2 11 64 23 -74 -50

7 |↓⇓〉 64 26 1 9 80 46

8 |↓⇑〉 76 18 2 4 88 60

9 |↑⇑〉 3 15 43 39 -64 -16

10 |↑⇓〉 4 5 70 21 -82 -50

hyperfine states obtained by curve fitting to the spectra, and the resulting net electron

and nuclear polarizations, when pumping at the peaks of lines 3 through 10 (pumping

lines 1, 2, 11 and 12 give results very similar to lines 5, 6, 7 and 8, respectively). Re-

sults identical to these were obtained when the pump and probe intensities were both

reduced by a factor of one hundred, indicating that high intensity is not needed to

obtain high polarization. Also, when the magnetic field was doubled and quadrupled,

essentially identical results were obtained (except of course for the energies of the

transitions).

The basic mechanism responsible for these polarizations is outlined on the right

hand side of FIG. 4.17 for the case of pumping line 6. Only D0 in the |↑⇓〉 hyperfine

state are converted into D0X, which decay with high probability to ionized donors

(D+) plus free electrons (e−), due to the dominance of Auger recombination [55] for

D0X in silicon. Subsequent electron capture may then populate the opposite donor

electron spin state. The pure nuclear relaxation rate is assumed to be negligible and

therefore not shown, and the pump rate is assumed to be much higher than either

the optically enhanced electron relaxation rate W , or the cross relaxation rate R.

Population is therefore removed directly from |↑⇓〉, and also from |↑⇑〉 and |↓⇑〉,
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since these are coupled to |↑⇓〉 via R and W relaxation, and builds up in |↓⇓〉 to the

extent that the effective pump rate exceeds W .

This mechanism is consistent with the results presented in TABLE 4.1, where

it is seen that for a given hyperfine doublet, pumping the higher energy (i.e., even-

numbered) component results in higher net electron and nuclear polarizations as

compared to the lower energy (i.e., odd-numbered) component. For example, when

pumping line 6, as in FIG. 4.17, population builds up in the |↓⇓〉 state due to the

direct capture of free electrons into this state following Auger recombination and also

due to the removal of population from the three other hyperfine states via W and

R relaxation processes. On the other hand, when pumping line 5, only the removal

of population from the other hyperfine states is responsible for the buildup in the

|↓⇓〉 state. The absence of a pathway for populating the |↓⇓〉 state directly from the

recombination of D0X, as in the case of pumping line 5, results in a lower final |↓⇓〉

population as compared to that seen for pumping line 6.

For the n-type sample from which the spectra shown in FIG. 4.18 were generated,

the low energy tail that the hyperfine components develop due to Stark broadening

contributes to a reduction of the net electron and nuclear polarizations when pumping

one hyperfine component compared to another. This is why pumping line 8, for

example, results in lower net polarizations than when pumping line 6. The low energy

Stark-broadened tail of line 9 underlies line 8, whereas for line 6 there is no nearby

line at higher energy.

When the pump laser is tuned off a peak, the electron and nuclear polarizations

are significantly reduced, as seen for 6′ in FIG. 4.18 and TABLE 4.1. The achiev-

able polarization is therefore likely limited by nonselective photoionization of D0 in

all four hyperfine states by the pump laser due to the tail of the D0 photoionization

continuum. Thus even larger hyperpolarizations could be achieved if the inhomoge-

neous broadening present in this sample could be reduced, as the sharper (and more

intense) lines would mitigate the effects of the nonselective photoionization. At the

same time, there would be higher selectivity for one hyperfine state over the other

when pumping at the peak of a hyperfine component.
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4.2.3 Nuclear polarization dynamics

To be useful for quantum computing and magnetic resonance, spin polarization must

occur on a reasonably fast timescale. The detector used in the PLE apparatus is too

slow to capture the electron polarization dynamics, but it is still capable of follow-

ing the time dependence of the nuclear polarization. FIG. 4.22 shows the transient

populations of the four D0 hyperfine states with the pump laser tuned to line 6. The

transient when pump and probe are turned on simultaneously is shown for both a

fully polarized and a fully depolarized initial state. The transient from a polarized

initial state is a fast step function, but from the fully depolarized state FIG. 4.22a,

b and c all show an initial overshoot followed by a decay to the steady-state value,

due to the transfer of the hyperfine populations to the dominant |↓⇓〉 state. On the

other hand, FIG. 4.22d shows that the population in the |↓⇓〉 state has a buildup

following the initial fast transient, with a ∼100ms time scale. FIG. 4.22c also shows

the transient behaviour for line 4 when the fully saturated sample is allowed to recover

in the dark for 20min. The partial recovery of the unpolarized population indicates

that the nuclear spin relaxation time under these conditions is 35min.

The polarization time and recovery time were measured at double and quadruple

the original magnetic field to determine their dependencies on the field. This was done

for the case of monitoring line 4 and pumping line 6 as in FIG. 4.22c. The results,

summarized in TABLE 4.2, suggest that the polarization time goes as B2 while the

recovery time scales linearly with B. Since this data was collected within a limited

magnetic field regime, it is not known over how wide a range these relationships hold.

An attempt was made at measuring the time constants at one half of the original field,

but signal-to-noise issues were encountered which made the data unreliable. This is

possibly related to the reduced resolution of the Zeeman splittings at that field. It

should be noted that the experimental conditions were not exactly the same as for

the previous measurements, which produced the data shown in FIG. 4.22, so the

time constants are slightly different, but nevertheless should be consistent amongst

themselves.
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Figure 4.22: The transient behaviour of lines revealing the four D0 populations

are shown, with the pump laser tuned to line 6 in all cases. Pump and probe are

switched on simultaneously at t = 0. The dashed curves show the transients with

the populations in the fully polarized state, while the solid curves show the transients

when the populations have been fully equilibrated. The middle curve in c shows the

transient after the fully polarized sample has recovered in the dark for 20min.

Table 4.2: Polarization time and recovery time at different magnetic fields for moni-

toring line 4 and pumping line 6.

B (G) Polarization Time (s) Recovery Time (min.)

425 0.29 28

850 1.2 54

1700 4.5 125
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4.2.4 Polarization of electron and nuclear spins in p-type

28Si measured using the capacitive photoconductivity

method

A contactless capacitive photoconductivity method (as described in Section 3.3.1)

was used to measure the electron and nuclear polarizations obtained by dynamic

optical pumping using a p-type sample with 99.995% enrichment (28Si Avo), which

was the most highly enriched 28Si sample available. At the bottom of FIG. 4.23, is

the unpumped spectrum, which shows extremely well resolved hyperfine components,

with an average FWHM of 100 neV. The two upper spectra show the photocapacitance

signal when either line 6 or line 8 is pumped – the two cases that resulted in the

highest polarizations in the n-type sample, as shown in FIG. 4.18 and TABLE 4.1.

The polarizations for these two cases are much lower for this p-type sample, with

electron polarizations of around 30% and nuclear polarizations of around 15%. This

reduced polarization is a result of the use of above-gap excitation that is required to

obtain any signal for this p-type sample.

When comparing the pumped spectra for the n-type and p-type 28Si samples in

FIG. 4.18 and FIG. 4.23, respectively, it is apparent that for transitions from D0

states having the same electron spin as the pumped state, the nuclear polarization

observed for the p-type sample is in the opposite direction from that seen for the n-

type sample, in agreement with the PLE results for the p-type 28Si sample discussed

in Section 4.2.1. The resulting net electron and nuclear polarizations, when pumping

at the peaks of lines 3 through 10, are summarized in TABLE 4.3.
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Figure 4.23: Photoconductance spectra of the 31P D0X in a p-type 28Si sample with

99.995% enrichment (28Si Avo) measured using the contactless capacitive coupling

method, revealing electron and nuclear polarizations obtained by selective optical

pumping. At the bottom is the spectrum without any resonant pumping, while the

two upper spectra result when a strong pump field is tuned to either line 6 or line 8

(as in FIG. 4.18).
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Table 4.3: Net electron and nuclear polarizations for optical pumping in p-type 28Si.

Pump Polarization(%)

line Elec. Nucl.

3 |↓⇓〉 26 24

4 |↓⇑〉 37 4

5 |↑⇑〉 -28 -20

6 |↑⇓〉 -29 13

7 |↓⇓〉 25 19

8 |↓⇑〉 26 -15

9 |↑⇑〉 -27 -25

10 |↑⇓〉 -38 -6
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4.3 Homogeneous linewidth of the 31P D0X tran-

sition in silicon

A feature that is present in the optical pumping spectra shown in the previous section

and which has not yet been discussed, is the spectral hole created at the pump laser

energy. The observation of a spectral hole in those spectra is significant since it allows

for a measurement of the homogeneous linewidth of the 31P D0X transition, which is

important for single centre studies as it gives the bound exciton linewidth that would

be observed for a single 31P donor, even in natSi.

The homogeneous linewidths of bound exciton transitions in bulk and epitaxial

semiconductors has in the past been measured in materials such as nitrogen-doped

GaP [88] and for donor bound excitons in GaAs [89] using spectral hole burning,

but no such measurements have previously been made for bound excitons in bulk

Si. While the narrowest linewidth obtained for those other materials is 70MHz

(∼300 neV), the homogeneous linewidth presented in this section for Si is more than

one order of magnitude narrower, as might be expected given the longer exciton

lifetimes in Si.

4.3.1 Hole burning in natSi

Before presenting the results for 28Si, it is useful to begin with a discussion of the

simpler case of burning a spectral hole into the no-phonon 31P D0X transition in natSi

at zero field. The bottom spectrum in FIG. 4.24 is the unperturbed PLE spectrum of

the 31P D0X transition in natSi, which appears as a single broad line with a FWHM

of 4.7µeV. Directly above it is a spectrum of the same transition, with a 1W pump

beam (∼40 times the PLE probe power) tuned to the centre of the transition. In this

case, a spectral hole with a FWHM of ∼70 neV appears at the pump laser energy,

and two ‘antiholes’ (denoted by ∗) – one on either side of the hole – are observed in

the PLE spectrum. It is important to realize that the 31P D0X spectrum observed

in FIG. 4.24 is really the superposition of two transitions due to the 31P zero-field

hyperfine splitting. This 486 neV (117.53MHz [56]) splitting is not resolved due to

the dominance of inhomogeneous isotope broadening in natSi [23], but can be observed
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Figure 4.24: PLE spectra of the 31P D0X in an n-type sample of natSi with zero

external magnetic field. The lower spectrum shows the PLE signal when no pump

laser is present, while directly above it is the resulting PLE spectrum when a strong

pump laser is tuned to the centre of the transition, revealing a spectral hole at the

pump laser energy and two ‘antiholes’ (denoted by ∗).

indirectly in the pumped spectrum, where the separation between the hole and either

‘antihole’ is equal to the zero field hyperfine splitting. The hole burning process is

thus the creation of a bound exciton from a donor in either hyperfine state, followed

by ionization due to the dominance of Auger decay in silicon, and eventual recapture

of a free electron, sometimes resulting in the opposite donor hyperfine state.

In FIG. 4.24, it appears that there is additional structure present on the ‘antiholes’,

making them wider than the spectral hole at the centre of the transition. This is likely

due to a residual splitting of the light and heavy hole bands by the inhomogeneous

broadening present in the natSi sample.
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4.3.2 Hole burning in 28Si under an applied magnetic field

The spectrum that results from burning a spectral hole into the 31P D0X distribution

becomes more complex in the presence of an applied magnetic field. For this exper-

iment, an n-type sample of 28Si enriched to 99.92% was used. For this particular

sample, the 31P hyperfine splitting is not resolved in the PLE spectrum, but only the

six main Zeeman transitions are observed, as this makes any fine structure result-

ing from the presence of the pump laser more clearly distinguishable. The bottom

spectrum in FIG. 4.25 shows the PLE signal for this 28Si sample under an applied

magnetic field of 440G parallel to the [001] axis when no pump laser is present. The

electron spin state corresponding to each main transition alternates for successive

transitions, while the energies of the nuclear spin states for each underlying hyperfine

doublet reverse for sucessive main transitions.

When one of these transitions is pumped, a spectral hole appears at the pump laser

energy and additional structure, similar to that seen in the zero field natSi pumped

spectrum in FIG. 4.24, is observed in some of the other transitions. The top spectrum

in FIG. 4.25 shows the PLE signal when the pump laser is tuned to the centre of the

(5,6) transition so that both hyperfine components are being pumped simultaneously

– the high energy shoulder of component 5 and the low energy shoulder of component

6. An image of the spectral hole (denoted by †) appears at the centre of the (1,2)

transition, whose initial state originates from the same electron spin population as the

pumped transition. On the other hand, the (7,8) and (11,12) transitions, which have

initial states originating from the opposite electron spin population, each exhibit a

pair of ‘antiholes’ (denoted by ∗). Because the energies of the nuclear spin states of the

hyperfine doublets reverse for the opposite electron spin, an ‘antihole’ appears at the

low energy shoulder of the lower energy hyperfine component and another appears

at the high energy shoulder of the higher energy component, with the separation

between the two ‘antiholes’ being equal to the 31P zero field hyperfine splitting. In

this spectrum, the only transitions that exhibit fine structure are those with a D0X

final state that belong to the same hole manifold as the pumped (5,6) transition,

which has a mh =+1/2 D0X final state. This is likely due to the random splitting

and broadening of the states in the mh =±1/2 and mh =±3/2 hole manifolds by
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Figure 4.25: PLE spectra of the 31P D0X in an n-type sample of 28Si with 99.92%

enrichment (28Si c), under an applied magnetic field of 440G parallel to the [001]

axis. At the bottom is the spectrum with no optical pumping, showing the six main

Zeeman transitions. The hyperfine doublets are not resolved in this sample, but

the same 1–12 labels that were used in the previous section to label the resolved

transitions in more highly enriched 28Si samples are used here. The middle spectrum

shows the resulting PLE signal when the pump laser, indicated by the vertical arrow,

is tuned to the centre of the (3,4) transition. The PLE spectrum at the top is for the

case when the pump laser, indicated by the vertical arrow, is tuned to the centre of

the (5,6) transition. Some of the transitions show images of the spectral hole (†), or

‘antiholes’ (∗).
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the remaining inhomogeneous isotope broadening, which would result in any fine

structure present in one hole manifold being smeared out in the other hole manifold.

The scenario resulting from pumping the (5,6) transition is further illustrated in

FIG. 4.26.

The middle spectrum in FIG. 4.25 shows the PLE signal when the pump laser is

tuned to the centre of the (3,4) transition, which has a mh =−3/2 D0X final state. An

‘antihole’ pair appears on the (9,10) transition, whose initial state originates from the

electron spin population that is not being pumped, while no structure is observed on

any of the other transitions, all of which have D0X final states belonging to the other

(mh =±1/2) hole manifold. In both of the pumped spectra in FIG. 4.25, a significant

overall electron polarization is observed, but due to the large inhomogeneous width

it is much smaller than that seen in more highly enriched samples [90].

It should be noted that a small amount of above-gap excitation, provided by a 1047

nm Nd:YLF laser, was required to produce the spectra in FIG. 4.25. This above-gap

excitation was used to moderate the large spin polarizations and saturation effects

produced by the PLE pump and probe lasers.

The homogeneous linewidth of the 31P D0X transition can be determined from

the hole burning spectra at pump powers sufficiently low to eliminate any power

broadening or saturation effects. The set of spectra in the inset of FIG. 4.27 shows

that both the width and depth of the hole increase dramatically with increasing pump

power. The observed hole width can be described by a square root dependence on

the pump power [91–93]:

∆E = ∆E0

(

1 +
P

P0

)1/2

(4.10)

In Equation 4.10, ∆E is the observed FWHM of the spectral hole, ∆E0 is the FWHM

of the hole in the low power limit (and is also equal to twice the homogeneous

linewidth), P is the pump power, and P0 is the saturation pump power. Note that

P0 is not a fundamental property of the 31P D0X, but depends on the experimental

conditions, especially on the amount of above-gap excitation, which acts to ‘heal’ the

spectral hole. The solid line in FIG. 4.27 represents a fit of the data to Equation 4.10,

yielding ∆E0 =20±3 neV, and a homogeneous linewidth of 10 neV, which is ten times

as narrow as the best resolved ensemble linewidths observed [94, 95] in 28Si, and is
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Figure 4.26: When the pump laser is tuned to the centre of the (5,6) transition,

a spectral hole appears at the pump laser energy. An image of the hole appears at

the centre of the (1,2) transition, while a pair of ‘antiholes’, separated by the 31P

zero field hyperfine splitting, appears on both the (7,8) and the (11,12) transitions.

The double arrows beside the transition lines indicate the corresponding nuclear spin

states of the lines.
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only four times the lifetime limited linewidth set by the 31P D0X lifetime of 272 ns [55].

For a single centre with a linewidth of 10 neV, the selectivity for one hyperfine state

over the other when pumping at the peak of a hyperfine component would be 25000.

It is possible that the homogeneous linewidth for transitions to certain 31P D0X states

will become even narrower at higher magnetic fields, as the likelihood of relaxation

between different hole states of the 31P D0X decreases.
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Figure 4.27: The full width at half maximum (FWHM) of the spectral hole, ∆E,

with the pump laser at the centre of the (5,6) transition, as at the top of FIG. 4.25, is

plotted against the pump laser power, P , for six different power levels ranging from 5

mW to 1000 mW. A fit of this data to Equation 4.10 is represented by the solid line

and yields a saturation power of P0 = 125± 15 mW and a hole FWHM of 20± 3 neV

in the low power limit. The PLE spectra of the hole at the six different power levels

are shown in the inset, shifted vertically for clarity, with the lowest power spectrum

at the top and the highest power one at the bottom (the inset spans 1.2µeV).



Chapter 5

Conclusions

In this thesis, we have presented results obtained from the PLE spectroscopy of the
31P donor bound exciton in highly enriched 28Si. The PLE spectrum of the 31P

D0X ground state transition in the absence of an applied magnetic field revealed a

sample-independent splitting approximately equal to 486 neV which was identified as

the zero field hyperfine splitting [56] of the 31P D0 ground state. In this spectrum,

we also observed a smaller sample-dependent splitting, which we believe could be due

to a random splitting of the normally degenerate light hole and heavy hole bands by

the remaining inhomogeneous broadening resulting from the small amounts of 29Si

and 30Si present in the samples, or from other impurities such as carbon. Under a

small magnetic field (∼500G) applied parallel to the [001] axis, the PLE spectrum

of the 31P D0X transition revealed a more complex structure consisting of six sets of

doublets. The six main transitions are the electric-dipole allowed transitions between

the two D0 Zeeman levels and the four D0X Zeeman levels while the doublet splitting

is due to the 31P donor hyperfine interaction. At intermediate fields this splitting is

approximately one half of the zero field hyperfine splitting. The 31P D0X PLE spec-

trum was first observed for p-type samples of 28Si, where the use of above band gap

excitation was required to produce spectra with well-resolved features. The presence

of above-gap excitation (provided by a 1047 nm laser) has the effect of photoneu-

tralizing the 31P donors, which in p-type samples are ionized due to compensation

from the higher boron acceptor concentration. Without sufficient above-gap excita-

tion, the transitions become significantly broader and the hyperfine splitting becomes
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unresolvable.

The ability to observe the hyperfine splittings in the 31P D0X spectrum and thus

the populations of the four donor hyperfine states, led to the polarization of the

electron and nuclear spins of 31P donors by selectively ionizing donors in a specific

hyperfine state via optical pumping of a specific hyperfine component in the 31P D0X

spectrum. In our preliminary experiments using p-type 28Si, we were able to achieve

net electron and nuclear polarizations of only approximately 50% and 25%, respec-

tively. The above-gap excitation in these experiments, needed to photoneutralize the

donors, limited the achievable degree of polarization since it acts to equalize the popu-

lations in the four donor hyperfine states. However, an n-type crystal intententionally

doped with 31P was grown specifically for our polarization experiments. The use of an

n-type sample allowed for optical pumping of the D0 → D0X transitions without any

additional above-gap excitation, resulting in dramatically larger polarizations than

those obtained in the preliminary attempts. Indeed, an electron polarization of 90%

and a nuclear polarization of 76% were obtained using the new n-type sample. We

also studied the nuclear polarization dynamics for this process and found that un-

der the same conditions the nuclear spin polarization occurs with a time constant of

∼100ms and the relaxation time of the nuclear spins is approximately 35 min.

The 31P D0X spectrum was also observed by detecting the photoconductivity re-

sulting from the nonradiative Auger recombination. This method takes advantage

of the low radiative quantum efficiencies of bound excitons in silicon by making use

of the near-unity efficiency of the Auger process and detecting the free electrons re-

leased in Auger recombination. A variation of the photoconductivity method utilizing

a contactless capacitive technique was used to observe the 31P D0X spectrum in our

most highly enriched sample of (p-type) 28Si revealing extremely well resolved hy-

perfine components with an average linewidth of 100 neV FWHM. This method was

also used to measure the electron and nuclear spin polarizations for the same p-type

sample. In more highly enriched samples of 28Si, we would expect to see even sharper

D0X transition lines and to achieve even higher electron and nuclear spin polarizations

of the 31P donors, provided that the samples are n-type.

The work presented here has potential applications in quantum computing schemes

based on the spin states of 31P donors in 28Si [38–40]. The ability to optically hyper-
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polarize the electron and nuclear spins simultaneously in less than a second satisfies

the requirement of initialization of the spins in a reasonably fast timescale, and the

detection of the spin states using the photoconductivity method could potentially be

useful as a readout mechanism for single nuclear spins.

We also measured the homogeneous linewidth of the 31P D0X transition using

spectral hole burning and found it to be only four times the limit set by the bound

exciton lifetime. This quantity is important for single centre studies as it gives the

bound exciton linewidth that would be observed for a single 31P donor, even in natSi.

It would be interesting to extend the PLE spectroscopy of the 31P D0X to higher

magnetic fields where the Zeeman splittings of the D0 and D0X states become larger

than kBT, and the electron spins are highly polarized at thermal equilibrium. This

may result in even higher nuclear spin polarizations with optical pumping than those

observed at the intermediate fields used in this study. Going beyond the PLE spec-

troscopy, we have started investigating hyperpolarized 31P nuclear spins using op-

tically detected NMR. We have recently performed a two-pulse Ramsey fringe ex-

periment to measure the 31P hyperfine constant with a precision of 10 significant

figures, improving upon the previous value [56], which is precise to 5 significant fig-

ures. Additionally, a three-pulse experiment using the Hahn-echo method allowed for

a measurement of the nuclear spin coherence time T2 of 250ms at a magnetic field

of 845G. In the near future, this currently ongoing optically detected NMR study

will be extended to magnetic fields of over 1 Tesla to measure T2 times which can be

compared with those reported in other studies.

Another direction would be the study of optical transitions of bound excitons

associated with shallow donors other than 31P. This has already begun [96], in natSi,

for the bismuth donor. Bismuth, the deepest group V donor in Si, is an interesting

case since it has a hyperfine coupling more than ten times that of 31P, and an I = 9/2

nuclear spin, resulting in a rich hyperfine structure.
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[16] J. M. Zhang, M. Giehler, A. Göbel, T. Ruf, and M. Cardona. Optical phonons

in isotopic Ge studied by Raman scattering. Phys. Rev. B, 57:1348, 1998.

[17] H. D. Fuchs, C. H. Grein, M. Bauer, and M. Cardona. Infrared absorption in
76Ge and natural Ge crystals: Effects of isotopic disorder on q6=0 phonons. Phys.

Rev. B, 45:4065, 1992.
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