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Abstract

The chalcogen deep double donor sulfur in natural silicon ("#*Si) has been studied
extensively with optical methods in the past. Recently it was shown that the spectro-
scopic linewidth of shallow impurity absorption transitions is limited by inhomoge-
neous broadening due to a silicon isotope effect which is removed by the use of highly
enriched ?8Si. In this work we extend these results to deep centres. Several different
samples were prepared, allowing for a systematic identification of isotope effects. The
observed isotope effects include the elimination of inhomogeneous broadening, energy
shifts and the removal of satellite peaks. The S* 1s(73) transition exhibits a width
of only 0.008 cm™! for the I'; component — more than one order of magnitude sharper
than in "#Si and less than a quarter the width of the sharpest phosphorus transition

in 28Si. It is the narrowest optical transition ever seen for impurity states in silicon.
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Chapter 1

Introduction

1.1 Isotopically enriched silicon

There has been increasing interest in the properties of materials enriched in the stable
isotopes of silicon. It has been found that photoluminescence and impurity absorption
lines in isotopically enriched silicon are extraordinarily sharp and reveal previously
unseen effects.

In early spectroscopic studies of impurity centres in silicon, the widths of infrared
absorption lines resulting from transitions between the electronic ground state and a
bound excited state of the impurity centre were dominated by inhomogeneous fields
and inter-impurity interactions as a consequence of high impurity concentrations and
imperfect crystals. Progress was made in controlling the crystalline perfection and
the chemical purity of silicon single crystals, reducing the line width of absorption
transitions. The quality of the Si samples came to a point where no significant im-
provement in linewidth was observed. This result suggested that a fundamental life-
time broadening limit had been found and that all inhomogeneous broadening effects
were eliminated. Barrie and Nishikawa [1, 2] proposed that this lifetime broadening
was a result of phonon-assisted transitions from the excited state to other near-lying
states. This mechanism was in reasonable agreement with the observed linewidths in

high quality samples until recently, and was thus assumed to be the limiting factor.
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The advent of isotopically enriched silicon immediately showed that the isotopic com-
position and isotopic randomness of the host material has a strong influence on the
observed linewidth of absorption transitions.

The elimination of inhomogeneous broadening due to isotope effects in silicon was
first observed by Karaiskaj et al. [3] in highly enriched 28Si. It was shown that the
limiting factor of the linewidth of no-phonon bound exciton photoluminescence tran-
sitions in high purity silicon are local fluctuations in the band gap due to isotopic
randomness. The observed photoluminescence linewidths were much narrower than
previously reported [4] and limited by the instrumental resolution. This experimental
limitation has recently been lifted with the introduction of the photoluminescence ex-
citation (PLE) method [5, 6]. Later it was also shown [7] that the isotopic randomness
present in Si produces a significant inhomogeneous broadening of many of the already
thoroughly studied ground state to excited state infrared absorption transitions of
shallow donors and acceptors. Thus, many of these transitions are much sharper in
isotopically pure Si than in natural Si, and many of the homogeneous linewidths are
much narrower than had been previously assumed. It was also shown [8] that the im-
purity binding energy depends on the host isotope mass. Thus, depending on which
isotope is enriched in the host material, absorption lines appear at slightly different
energies. Another consequence is that an impurity centre can have a varying binding
energy whenever the average host isotope mass in its vicinity is different from the av-
erage isotopic composition of the host material. For phosphorus and boron impurity
centres this is believed to cause both broadenings and tails on the absorption lines [9].

Also in [7] it was shown for boron that the isotopic composition of the impurity
can cause an energy splitting of the transition, resulting from a dependence of the
ground state binding energy on the impurity isotopic mass. This splitting is only
visible because of the significantly narrower linewidths of the boron absorption lines
in 28Si. The intensity ratios of the split lines correspond to the abundance of the

different impurity isotopes.
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1.2 The experiment

Much work has been done in the past on the spectroscopy of sulfur doped natural
silicon [10-14]. Absorption spectra are a valuable source of information about such
centres. High quality absorption spectra can reveal details about the microscopic
structure of defect centres. As we know now the advent of isotopically enriched
silicon as a host material promises to give us a deeper, more accurate insight into the
physics of impurity centres.

By using this new host material, isotopically enriched %Si and *°Si together with
two different isotopic compositions of the deep centre sulfur, ™S (essentially 32S) and
345 we expect to observe similar effects as the previously mentioned ones for boron
and phosphorous. First and foremost this will be a reduction of the full width at
half maximum (FWHM) of many (but not all) absorption lines. As a result some
phenomena will be more clearly resolved in the spectra. The random placement of
different isotopes in the close vicinity of the impurity centre causes satellite peaks for
the S* 1s(73) transition [11]. It is expected that these effects will be removed by the
use of a highly enriched 2Si sample. Furthermore we expect to observe an energy
shift depending on the isotopic mass of the dopant sulfur (32S and 3‘S) and the host
isotope (*2Si or 3°Si).

The deep centre sulfur was chosen as a first in a series of experiments on deeper
centres in silicon because of its high diffusivity and the extensive literature available
on sulfur in natural silicon. This facilitates the sample production as compared to
other chalcogens like selenium or tellurium. Much of what is learned with the help
of sulfur can later be applied to experiments with these other chalcogen dopants and
other deep centres in general.

To conduct the experiment a high resolution Fourier transform spectrometer was
used in an infrared absorption spectroscopy configuration. The limited material avail-
ability posed a spectroscopic challenge. To improve the signal strength and quality,
optimizations to illumination conditions and filter combinations had to be done.

In the following parts of this thesis some background information about the sulfur

impurity in silicon and isotope effects will be given. This is followed by a description of
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the sample preparation process and the experimental configuration. The spectroscopic

results are then laid out in the last chapter.



Chapter 2

Theoretical Framework

2.1 The Sulfur Donor in Silicon

The chalcogen sulfur gives rise to a number of different donor centres in silicon [12].
These centres can involve one, two or more sulfur atoms and can be either neutral or
ionized. In thfs work we investigated the centres S°, S* and S9. Here the superscript
of the label denotes the ionization state of the donor, while the subscript indicates the
number of atoms comprising the impurity centre with ‘2’ standing for a sulfur pair.
More complex structures carry the subscript ‘c’, but they are not relevant for this
work. The S° and S* impurity centres are substitutional and occupy a tetrahedral
site in the silicon host lattice as shown in Figure 2.1. The binding energy of the sulfur
impurity centres is relatively large. Figure 2.2 shows that the binding energy of the
S* centre lies roughly in the middle of the silicon band gap. Other centres like S7,
S° and SJ have a smaller binding energy but are still considerably deeper than the
shallow donor phosphorus.

These defect centres in the silicon crystal are helium-like, with sulfur having the
atomic number 16, while silicon has 14. Hence sulfur has two more protons and two
more valence electrons than the surrounding silicon atoms in the crystal. This gives
rise to two different spectral series due to the different ionization states. These include
the S series, where one electron remains in the ground state while the second one

can be involved in a transition, and also the singly ionized S* series, where the one
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Figure 2.1: Tetragonal crystal structure Figure 2.2: Ground state binding energies
of silicon with a substitutional impu- (in ecm™!) of different S and P impurity
rity. The sulfur atom in the centre is centres in Si and their location relative to
surrounded by four nearest neighbour valence band (VB) and conduction band
silicon atoms. (CB). [10]

remaining electron is involved in a transition. Despite this difference they both have
typical ‘hydrogenic’ spectra [10], and thus the excited state binding energies for the
sulfur donors can be calculated by means of the effective-mass theory (EMT). This
has been done by Faulkner in 1969 [15] and earlier by Kohn and Luttinger in 1955 [16]
and Kittel and Mitchell in 1954 [17]. It has been shown [12] that these calculations are
in good agreement with experimentally determined values for p-like states of neutral
donor centres. As required for the effective-mass approximation to be valid, these
p-states have their orbitals in regions away from the donor centre-potential, where
the potential varies only slowly over a unit cell.

Essentially the p-state spectra have features identical to the ones observed for
shallow group V donors in silicon, such as the prototypical phosphorus impurity [9].
In fact, a simple scaling and shifting operation can transform the sulfur transition
energies into the respective phosphorus transition energies.

In contrast to the p-states, the s-states, in particular 1s, show a different behaviour.
Silicon has six equivalent conduction band minima along the [100] directions. The
central part of the potential for s-states causes a considerable interaction between the

six valley states that are degenerate in EMT. Thus they are split into components of



CHAPTER 2. THEORETICAL FRAMEWORK 7

E (2) Iy (2)
1s (6) e T AT . (2 Tl
— @ L@
LM T
VAWM L) .
EMT valley-orbit spin-valley stray field

Figure 2.3: Multivalley splitting of 1s donor states in silicon. Degeneracies are given
(without spin). [13]

lower degeneracy in accordance with the local symmetry of the donor centre [12].

For donor atoms sitting on tetrahedral lattice sites the central cell potential splits
the sixfold degenerate s-state into a singlet (A;), a triplet (73) and a doublet (E) (see
Figure 2.3). Due to the localization of the central cell potential, this so called valley-
orbit splitting is strongest for the 1s-state, weak for higher s-states and negligible for
other higher states like p,d [13].

Including spin in these considerations leads to a further splitting, the spin-valley
splitting. The symmetry representations A; and E change to I's and I's respectively
but the 75 level makes the transition 7, — I'; + I's and is therefore split. The
p-character of the T level makes interaction with the spin possible, with I's corre-
sponding to a “pseudo” ps/; and I'; to a “pseudo” pi/, state [13, 18]. The I's state
is doubly degenerate and thus shifted by less than the nondegenerate I'; level from
the unsplit T3 energy level with a ratio of % The degeneracy of the I's level can be
lifted by stress or electric fields [13]. A summary of the different splittings is given in
Figure 2.3.

Both transitions, 1s(A4;) — 1s(T3) and 1s(A,) — 1s(E) are EMT forbidden since
they are transitions between 1s states, while the T, transition is symmetry allowed.
The E transition is symmetry forbidden. To be an allowed transition, one of the
two states (ground or excited state) has to mix with another state. This could be a

p-state or states from higher lying bands. The magnitude of the mixing depends on
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I shallow

———————— 15 (A,) deep

Figure 2.4: Energy spectrum of a deep substitutional donor in silicon. Symmetry
allowed transitions are marked with arrows. [12]

the binding energy of the donor. For shallow donors no transitions between 1s levels
have been observed in silicon. Deeper centres like chalcogens (sulfur), in contrast,
show those EMT forbidden 1s transitions with an intensity comparable to the ground
state to p-state transitions. Figure 2.4 gives an overview of the allowed transitions of
a substitutional donor like sulfur in silicon.

The p-states of ST and S° resemble each other very much with one major difference.
Due to the fact that in S° the excited electron effectively moves in the field of a
hydrogen core with the second electron shielding the other core charge, whereas it
is in the field of a doubly charged core in S*, the energy spacing between the S+

transitions is four times as large as between S° transitions. The transition energy in
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the hydrogen/Bohr model is proportional to the square of the core charge:

2.2
_meqeqc 2
E,=—75~ 2.
8h2e3n? ¢ (2.1)

2.2 Isotope Broadening

Previous research done on the shallow impurities phosphorus and boron in isotopically
enriched silicon made it clear that the dominant broadening mechanism for many
impurity absorption lines in "2'Si is not the lifetime broadening as had been thought.
The inhomogeneous broadening, rather, is a result of the isotopic randomness present
in natural silicon [3, 6-8|. It has been shown that isotopically enriched silicon is the
key to achieving narrower transition linewidths than before.

The inhomogeneous broadening of impurity absorption transitions due to the iso-
topic randomness of the silicon host material was explained in [7]. The broadening
seen in "'Si or any sample of mixed isotopic composition is dominated by an effect
which is independent of the small shifts in binding energy between pure 2Si, 2°Si
and 30Si. The ground state wave functions of the impurities are fairly compact, and
sample a relatively small volume surrounding the impurity ion. Hence in natural Si
these wave functions are subject to relatively large fluctuations of the actual isotopic
composition within this effective volume. These fluctuations in turn induce shifts of
the ground state energies, which can be related to the known shifts of the conduction
band energies with average isotopic composition. The excited state wave functions, on
the other hand, are much more extended, and therefore sample isotopic compositions
much closer to the average composition than the ground state wave function does.
The difference in the isotopic composition sampled by the ground state and the ex-
cited state leads to an inhomogeneous broadening which is expected to become larger
for deeper, and thus more compact, ground states. This inhomogeneous broadening
leads to a Gaussian line shape.

After removing this inhomogeneous broadening by using isotopically enriched host
material, in our case 2Si, one is then often left with homogeneous broadening due to

the lifetime of the excited state, indicated by a Lorentzian line shape. The lower limit
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to the observed linewidth is dictated by the uncertainty principle AE -7 = i/2. Thus
the line width is given by the lifetime of the excited state. The longer the lifetime 7
is, the smaller is AE and the FWHM.

2.3 Isotope Shifts

Isotope effects give rise to two different kinds of energy shifts. One is the result of the
isotopic composition of the host material while the isotopic mass of the dopant can

introduce an energy shift of the transition line as well.

2.3.1 Host Shift
Electronic Shift

It has been observed for boron impurities in diamond composed of >C and enriched
13C that the host isotopic mass introduces a shift of the transition energies [19]. This
has been explained as a result of the dependence of the binding energy Eg on the
effective mass m* and the static dielectric constant €y [20]. In the case of diamond the
contribution of ¢; to the energy shift was found to be negligible, but for the silicon
host it has to be included in the model, as it has been shown for the shallow donor
phosphorus and acceptor boron [8]. The dependence of ¢y and m* on the isotopic
mass scales the ground state and excited state binding energies by an identical factor,
which means the shift in transition energy increases with the energy of the transition
or with decreasing final state binding energy. Thus the largest shifts are observed for
transitions to the highest excited states.

To estimate this energy shift the equation for the ionization energy of shallow
(hydrogenic) levels in semiconductors Eg = Ry - m*/e2 can be used, where Ry is the
hydrogen Rydberg. Donor and acceptor binding energies are scaled identically by the
influence of the average isotopic mass M on €. Reference [8] shows how the difference
in the dielectric constant ey between 28Si and 3°Si can be estimated from the zero-

point temperature renormalization of €y by the electron-phonon interaction, which is
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proportional to M~1/2, The reference also explains how to obtain the influence of the
zero-point renormalization on the effective mass m* of donors.

We expect to observe a similar behaviour of the transition energy as previously
observed for shallow impurities in isotopically enriched silicon for the deep centre

sulfur.

Local Vibrational Modes

Following Pajot et al. [11], a model for an isotope shift due to mass dependent local
vibrational modes (LVM) can be developed. The term local vibrational mode often
refers to lighter atoms in the crystal with phonon energies above the highest lattice
phonon energy. Here it refers to the fact that every atom is vibrating and contributing
to the vibrational energy of the crystal. Considering the tetrahedral SSi4 cluster in
the valence force approximation and the simplification that the radial force constant is
considerably larger than the transverse force constant, only two vibrational modes are
present. Mode a; is fully symmetric and transforms according to the I'; irreducible
representation of the T; point group. The second one, a triply degenerate asymmetric
mode 73, transforms according to I's. Besides the purely electronic contribution to
the energy E, we are then left with the zero-point energies in the electronic ground
and excited states. The contribution E,;, of the two vibrational modes «; and 7, to
E is then:

By = (w5 — ) + 3(§ — )] (2.2

Here w; and wy are the mode frequencies of the irreducible representations I'; and I's
respectively. The superscript refers to the ground and excited states and the factor
of 3 originates from the degeneracy of the » mode. This describes the case of four
equal silicon atoms in the cluster. When one of them is replaced with a different
isotope *Si, the point group symmetry of this new SSi3*Si cluster changes to Cs,. As
a consequence the 7, mode with its frequency ws splits. The resulting modes transform
according to the T'y (singly degenerate) and I's (doubly degenerate) representations
of the Cs, group, with frequencies of ws; and wss respectively. The frequency w; of

the a; mode shifts to wy;. Thus we obtain a new zero-point energy contribution EZ,
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to the energy E, of the optical transition:
T h’ e g e g e g
vib = 5[(“’11 — wi;) + (w§; — wi;) + 2(wgz — wi3)]. (2.3)

Hence the isotope shift due to the replacement of one 28Si atom in the SSi4 cluster is
the difference AEys, = EZ;, — E.inb between expressions (2.3) and (2.2). To observe this
isotope shift, the mode frequencies in the electronic ground and excited states have
to be different. Those differences in mode frequencies are a result of the difference in
electron density at the impurity site. In the ground state the excess electron is much
more localized, and its presence corresponds to a filling of the antibonding orbitals
of the bonds in the cluster. The result is a softening of the force constants and a
lower mode frequency. In the excited state the electron density is much lower and
thus the bond softening is weaker. Thus we expect to see multiple absorption lines
due to the different local vibrational modes of the differently composed SSi4 clusters.

The isotope shift is then:
h g

AE;, = 5[(‘0:1 - Wf) - (wslll —wi) + (wgl —wg) = (wi — Wi

) (2.4)

="jf’1"‘n[1+ ¢1i—A] (1— z—) (2.5)

where the following substitutions were used: w;; = w11 — K, ws = ws3 = w1V 1+ A,
ws; = wiV1+ A —3k. Here w; = /k/m, kK = Am/4(m + Am) with k < 1 and

A = 4m/3M where m is the mass of a 2Si atom, Am is the mass difference between

28Gi and *Si and M is the mass of the sulfur atom. With the spring constant of the
ground state k, being smaller (softer bond) than k., AEs; is negative. This means
that the expected satellite peaks involving the heavier isotopes 2?Si and 3°Si occur on

the low energy side of the main 28Si peak.

2.3.2 Dopant Shift

Isotope shifts for impurities in semiconductors have been shown and explained before
in [21, 22| and more specific to our experiment in (7, 8] for the shallow impurity boron

in isotopically enriched 28Si. In the case of boron, the heavier isotope !B has a lower



CHAPTER 2. THEORETICAL FRAMEWORK 13

binding energy than the lighter '°B. When observed with high enough resolution,
this results in a 'B/1°B doublet with a constant separation of 0.15cm™! for every
absorption line throughout the p-state spectrum.

The two different B isotopes have slightly different ground state binding energies.
This is a result of a different zero point energy of the local vibrational modes of
the impurity isotopes. When the impurity is ionized or excited, i.e. the electron is
not localized any more, these zero point energies change. The charge distribution of
ground and excited states is not dependent on the impurity mass and thus the spring
constants change by the same amount for each isotope. But the vibrational energy
also depends on the impurity mass, resulting in a different shift for each isotope. The
difference between those LVM-energy shifts is what causes the energy shift between
different impurity isotope absorption lines. The scaling factor is in almost all cases
essentially the same for any excitation level or ionization and thus the shift remains
the same throughout one spectrum.

A similar behaviour has been observed before for sulfur centres in silicon [11]
and thus we expect to see this effect as well for the different sulfur isotopes in our
experiment, mainly %8 and %S. Indeed this is true for the p-states and S° 15(T%),
where the 34S absorption line is observed at lower energy than the 32S transitions. In
strong contrast to this, the ST 1s(T3) absorption line exhibits an opposite behaviour
with the 3¢S transition having a higher binding energy. This effect was explained by
Pajot et al. in [11].



Chapter 3
Experimental Methods

This chapter presents the details about the samples and the experimental setup.
The first section discusses the materials used to prepare the samples and explains
the process of sample preparation. This is then followed by an overview of Fourier
transform spectroscopy and ends with a description of the experimental setup and

technical means utilized to carry out the experiments.

3.1 Samples

3.1.1 Materials

Several samples were prepared to study the isotope dependence of the transition
energies and to observe how the isotopic randomness influences the width of the ab-
sorption lines. Therefore a variety of different host and dopant material compositions
were used. As a host material, specimens with different silicon isotope enrichment
were used. In addition, for natural silicon, samples with different doping levels (ultra
high purity (UHP) Si and Si:B) were available to optimize different aspects of the ex-
periment. This was not feasible with the enriched materials because of their limited
availability.

As far as the natural silicon is concerned, UHP n-type Si was obtained from Topsil

Semiconductor Materials and Si:B (45 Q-cm) produced by Virginia Semiconductor was

14
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Table 3.1: Isotopic composition and impurity concentrations (in cm~3) of the silicon
samples used for sulfur diffusion. From [23] for 28Si and [26] for 3°Si.

23 T 30Gi [P] [B]
Gi | 99.991% 0.0075% 0.0016% | 2 x 1012 5 x 107
0Gi | 250%  7.70% 89.80% | 2.4 x 10'3 -

naiSiB | 92.2%  47%  3.1% - 3 x 107

natSi (UHP) | 92.2%  47%  3.1%|1.3x 102 3.3 x 102

used for p-type samples.

The 28Si material used for this study was obtained from the Avogadro Project [23],
an effort to redefine the kilogram in terms of the Avogadro constant. This material
had previously proven to be of excellent quality [24, 25|, both in terms of isotopic
enrichment as well as chemical purity. It has to be noted that the chemical purity
of isotopically enriched silicon at the present stage does not yet meet that of UHP
natural silicon. The #Si sample is p-type and is a fraction of a larger piece labelled
Si28-9.1Pr11.7. The material is only available in limited amounts and thus we had to
use very small and thin pieces, making it more difficult to achieve a reasonable signal
to noise ratio.

The 3°Si sample has an isotopic enrichment of 89.80% 3°Si. Due to the lower
natural abundance it is more difficult to achieve higher enrichment levels for 3Si and
at the same time keep the level of chemical impurities low. Therefore this material
does not match the enrichment of the 28Si sample and yet is one of the best ones
available at the time. The sample was provided by Eugene E. Haller, UC Berkeley,
California. The material is related to the project described in [26].

A summary of isotopic enrichment and impurity concentrations of the different
silicon samples used for the experiment is given in Table 3.1.

On the sulfur dopant side, two different compositions were used. Natural sulfur was
obtained from Puratronic with a chemical purity of 99.9995 % and isotopic abundances
of 94.93 % 328, 0.76 % 33S, 4.29% 34S and 0.02 % 36S. The enriched 34S was obtained
from ICON Isotopes and has a specified isotopic enrichment of 90 % g, Spectra give

evidence that the actual enrichment is considerably higher than the nominal value
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(see Table 4.6). Sulfur has a high diffusivity of D = 11.6 x 107 m?/s at 1100°C,
following the Arrhenius law in a temperature region that is accessible with our furnace

(1328-1671 K) [27], allowing a relatively quick sample preparation.

3.1.2 Sample preparation

In order to obtain a clear image of the different isotope effects, different host and

impurity isotopic compositions were used to produce five categories of samples:

2SSi:natS, ZSSi:MS
3OSi.natS

natSi.natS natsi.34s
. y :

The samples were all prepared in a similar way as described in the literature [12, 14].
The silicon sample together with a small piece of the dopant sulfur (approximately
5mg), was inserted into a quartz tube that was closed at one end. The tube was
then evacuated and at the same time carefully necked down with a torch flame and
finally closed to form a sealed ampule. Care was taken to avoid overheating and
decomposition of the dopant. To avoid cross contamination the differently composed
hosts (and dopants) had to be diffused separately.

These ampules were then inserted into a preheated furnace. After the heat treat-
ment they were removed from the hot furnace and quenched rapidly in methanol.
The ampule as well as the samples themselves survived the quench process without
breaking. The samples were taken out of their ampules and were reheated to 1100°C
for several minutes before requenching them in methanol. This is necessary to reduce
the sulfur pair formation to a minimum and to keep the sulfur at substitutional lattice
sites rather than interstitial sites [28], since the interest in this study mainly lies in
isolated sulfur rather than in S, pairs.

The approximate concentration of sulfur in the silicon sample can be calculated.
Assuming that the surface concentration is at its solid solubility limit of ¢® = 3 x
10'° cm™3 [29, chap. 4.2 Silicon] at 1100°C together with the mentioned diffusivity of
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D =116 x 1013 m?/s at 1100°C, the impurity concentration N(z,t) is given by [30]:

N(z,t) = c** x erfc (3.1)

T
2vDt
Our samples have a thickness of approximately 1 mm. Diffusion takes place on both
sides of the sample, hence we can calculate the concentration at x = 0.5mm to
obtain a lower boundary. With ¢ = 20h the error function evaluates to 0.22 so that
we obtain N(0.5mm,20h) =~ 6.6 x 10*cm™3. Effectively the concentration at the
centre of a 1 mm thick sample is twice as high. However, we did not verify the sulfur
concentration experimentally.

During their time in the furnace all samples eroded. Vapour transport within the
ampule to cooler portions occurred and polycrystalline silicon was deposited at the
cooler end of the ampule. The samples were mechanically polished to remove the
erosion features and etched in a hydrofluoric acid/nitric acid solution (HF + HNOj3)
to remove surface damage. After this process is carried out carefully and thoroughly

the samples are usually strain free. Any residual strain would degrade the quality of

the spectra.

The "tSj:"2tS sample was prepared using a UHP Si substrate. It was kept in
the furnace for 2 hours at 1000°C and another 20 hours at 900 °C. It was found that
the concentration of isolated sulfur centres was not high enough and subsequently
the sample was then quenched into methanol after being reheated to 1100°C for
a duration of 7 minutes. After this treatment the concentration of S, centres was
reduced significantly and the majority of the detected sulfur centres were isolated S.
This made the importance of rapid quenching obvious and thus it was applied to all
subsequently produced samples.

In addition to this an older UHP Si:S sample was used. The spectrum of this
sample was comparable to that of the newly prepared one and no sign of decay or

deterioration due to its age (~10 years) was visible.

The "*Si:34S Samples were made using Si:B and UHP Si for diffusion. The
UHP Si sample was used to observe transitions of neutral centres like S° and S while

the Si:B sample is better suited to observe ionized S* impurity centres due to the
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higher B acceptor concentration. The ampule was kept in the furnace for about 24
hours at 1100°C.

The 2Si:***S and ?8Si:**S samples were each enclosed in a smaller ampule
with an inner diameter of only 7 mm together with ™S or S for diffusion. Both were
then kept in the furnace for 20 hours at 1100 °C. In contrast to the normal procedure,
the ampule with 34S was backfilled with argon (Ar) at a pressure of 250 mmHg. This
technique has proven to successfully reduce vapour transport and thus it reduces
the amount of erosion and potential causes of strain fields. Note that a complete
dataset for the 28Si:34S sample is not available since it was produced at a later time,
mainly to improve on the St 1s(T3) spectrum. The sample is not expected to deliver

fundamentally improved results for other spectral regions, as compared to 28Si:"tS,

The 3°Si:"**S sample was kept in the furnace for 24 hours at 1100°C.

3.2 Fourier transform spectroscopy

Typically, and in our case, a Fourier transform spectrometer is a Michelson inter-
ferometer, originally designed in 1891 [31]. The Michelson interferometer splits the
incoming beam into two and then recombines those again after a path difference has
been introduced to one of them by means of a scanning mirror (see Figure 3.1). The
output signal can then be recorded as a variable of the path difference 4, also called
retardation.

Given this geometry, a monochromatic light source would interfere with itself at
the detector due to the path difference of the two beams resulting in the following
intensity I'(8) [32]:

I'(6) = 0.5I(v)(1 + cos 2mvd), (3.2)

where v = 1/ is the wavenumber and I(v) is the source intensity. The constant
component does not contain any relevant information. The modulated part is referred
to as the interferogram I(4). In a real world spectrometer other factors like the beam

splitter, the detector and the amplifier modify the signal. Those can be modelled with
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f Beamsplitter
Source > <> I Moving Mirror
Detector

Figure 3.1: Schematic of a Michelson interferometer

a single wavenumber dependent factor H(v). Setting B(v) = 0.5H (v)I(v) gives for
the interferogram:
I(8) = B(v) cos 2mvé. (3.3)
I(4) is the cosine Fourier transform (FT) of B(v). To obtain the spectrum B(v) the
FT of the interferogram I(d) has to be calculated. |
When taking (3.3) from a monochromatic to a continuous source, the interferogram

is given by an integral over the wavenumber:

I(0) = /_+°° B(v) cos 24 - dv, (3.4)

o0

with its cosine Fourier transform being

B(v) = /+o° I(8) cos2mvé - dé. (3.5)

—00
Here we see that it is possible to obtain a scan of the entire spectrum over all wavenum-
bers but on the other hand equation (3.5) also shows a limitation of the Fourier trans-
form spectrometer. A real interferometer will always have a limited retardation é and

as we shall see this results in a finite resolution.

The maximum retardation of the interferogram is restricted to a finite length A.
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A simple truncation function D(d), also called the boxcar function, would be

1 if —A<SI<H+A

D(d) = (3.6)
0 ifd>|A|
The spectrum is then modified so that
+o00
B(v) = / 1(6)D(5) cos 2mvs - d6. (3.7)

Hence the spectrum is a convolution of the FT of I(§) and D(§). While the FT of
I(4) results in the true spectrum, the FT of D(§) is

f(v) = 2A - sinc 2mvA, (3.8)

a sinc-function as shown in Figure 3.2.

D(8) Av)

=A A o H y v

Figure 3.2: Plot of the D(§) boxcar function and its Fourier transform f(v) ~ sincwv.

When the true line of infinitessimal width is convoluted with a sinc function it
obtains a finite width. For a boxcar truncation function it is found that the full width
at half maximum (FWHM) imposed by the finite path length is [33]:
1.207

2A

The maximum retardation in the Bomem DAS8 spectrometer used for this study is

FWHM = (3.9)

A = 250 cm, corresponding to a maximum resolution of 0.0024 cm™! using the boxcar

truncation.
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Due to its shape the sinc function introduces “ringing” in the spectrum surround-
ing sharp features that are narrower than the used resolution. Using different trun-
cation functions like Blackman-Harris (in a process called apodization) these can be
reduced at the cost of increased FWHM [32]. The high resolution spectra in this work
are recorded with A = 200cm and a boxcar truncation, corresponding to a resolution

of 0.003cm™!. For all other spectra a Blackman-Harris apodization was used.

3.3 Experimental Setup

3.3.1 Fourier transform spectrometer

In this study a Bomem DAS8 Fourier transform spectrometer was used. It is equipped
with a scanning tube capable of a 250 cm retardation of which 200 cm were used for
the high resolution spectra. The resolution was verified to be better than 0.007 cm™!
with the help of gas lines. Its internal light sources, a globar and a quartz lamp, were
used for our experiments together with appropriate beam splitters (KBr and CaF,
respectively). The cryostat’s tail was placed inside the evacuated spectrometer and
HgCdTe, InSb or InAs detectors (all liquid nitrogen cooled) were used according to
the desired energy range. Figure 3.3 shows a schematic diagram of the spectrometer

and its peripherals.

3.3.2 Cryostat

For this study a continuous flow, variable temperature cryostat was used. This choice
was made mainly due to the windows of this cryostat that are suitable for our exper-
iment and the size restrictions given by the spectrometer. It has ZnSe windows on
the cold side and wedged BaF; windows on the outside. The wedge shape eliminates
interference fringes that are otherwise caused by parallel window surfaces. Almost all
experiments were carried out using this cryostat as an immersion dewar at superfluid
helium temperatures. This was done by filling the sample chamber with liquid helium
from the reservoir through a needle valve. After closing the needle valve, pressures as

low as 2mm Hg in the sample chamber can be achieved with a mechanical vacuum
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Figure 3.3: Experimental setup with Fourier-transform interferometer, Cryostat and
Detector. The light from the source is focused into a circular aperture and then
reflected onto the beamsplitter as a collimated beam. After passing through the
actual interferometer part with its two arms the light is focused onto the sample in
the cryostat. With another mirror it is finally focused onto the detector.

pump. Reducing the He vapour pressure this way allows one to work in superfluid
helium at a temperature of ~ 1.5 K. In this study the main advantage of working with
superfluid helium is an improved signal to noise level as compared to helium at 4.2 K.
In the superfluid state, helium boil-off bubbles disappear and do not interfere with
the light beam any more. In addition, thermally activated excitations in the sample
are reduced to a minimum.

The samples were mounted on a brass sample holder. They were loosely held in
place, with their own weight being the only force on them, to avoid any mechanical
strain. Special care was taken to eliminate light leaks around the samples since those
could potentially lead to a saturation of the detector or shift the background, making
it difficult to calculate the absorbance.

The dewar was positioned in the spectrometer so that the samples were at the

focal point of the light beam.
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Figure 3.4: Spectral region of beamsplitters, detectors and transitions (top to bottom).

3.3.3 Detectors, Filters and Illumination Conditions

Several combinations of detectors and filters were used to record spectra in different
energy regions (Figure 3.4) and to optimize the signal to noise ratio, especially for the
S* 1s(T3) transition. All detectors are liquid nitrogen cooled.

To observe S* (and S§) absorption lines, in general a quartz source together with a
1038 nm long pass filter (LP) was used with no extra white light to reduce the amount
of above-band gap light illuminating the sample. This way the neutralization of the
sulfur centres was avoided, ensuring a high number of St centres. The S* 1s(T3) ab-
sorption line required special attention due to its weakness and several attempts have
been made to improve the signal to noise ratio. It was found that the Quartz-Halogen
source together with the 1038 nm LP filter provide good illumination conditions, and
a 130 nm wide band pass filter centered on 2850 nm (3509 cm~!) between sample and
detector suppresses much of the black body radiation and thus reduces the noise level
of the InAs detector, which has a cut-on energy of ~ 3100cm~!. The St 1s(T3)
transition (~ 3462 cm™1) lies close to the centre of the band pass filter.

For S° transitions an InSb detector (cut on-energy ~ 1800cm™!) was used with
the Quartz-Halogen lamp and some extra white light illumination. The white light
contributes to the neutralization of the impurity centres and thus to a high number of

neutral S? centres and narrower linewidths due to the reduction of the random electric
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fields resulting from ionized impurities. No filters were used for these experiments.
To obtain spectra of SJ transitions, a HgCdTe detector (with a cut on energy of
less than 1000 cm~!) together with a Globar source and extra white light was used,
as these transitions are at lower energy.
A CaF,; beam splitter was used in combination with InAs and InSb detectors
while the experiments involving the HgCdTe detector were conducted with a KBr

beam splitter.



Chapter 4

Experimental Results and

Discussion

This chapter presents the results obtained from the experiment conducted [34], along
with relevant discussions. The main interest in this work lies on the St 1s(73) tran-
sition. Hence the group of S* transitions is discussed in detail first. This is followed
by a discussion of the S° transitions and closed with a look at the S absorption
transitions.

Figure 4.1 summarizes the most interesting part of the spectrum. It shows an
interesting comparison of the 1s(T;) and p-states of S* and S°. The energy axis of
the S* spectrum is compressed by a factor of four and shifted so that the ST p-states
line up with S° p-states. Thus the S* transitions have a separation four times larger
than the SO transitions. As explained in Section 2.1, this is the result of the S* centre

being more helium like as opposed to the hydrogen like S° centre.

4.1 The S* transitions

4.1.1 Isotope effects observed at the St 1s(T3) transition

The composition of our samples is chosen so that we can observe two different ef-

fects due to changes in isotopic mass. With the help of different samples, different

25
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Figure 4.1: S* and S° ground state (1s(A,)) to p-state transitions in ***Si stacked for
better comparison. The upper scale for S* is four times larger than the lower one for
S0, Spectra were recorded at 1.5K.

components and phenomena in the spectra can be identified easily. The S* 1s(T3)
absorption transition exhibits several different isotope effects. These are discussed be-
low for the different samples studied in this work. In this section we will first discuss
satellite peaks due to local vibrational modes in natural silicon, followed by isotope
broadening shown with the example of ?2Si and finally we will take a look at host and

impurity isotope shifts.

LVM satellite peaks

natGj:natg and "atSi:3S  The S* 1s(T3) spectra of natural sulfur (**S or 328) is
shown in Figure 4.2 and the one of enriched S in natural silicon (**Si) in Figure 4.3.

The two absorption lines originate from the 1s(A;) — 1s(T3) transition. The final
state is split into a I'; and a I's representation. In both spectra low energy satellites
Ly, Ly and L3 can be seen (using the labelling scheme of [11]). These satellites are a
silicon isotope effect. The basic principle of this energy shift in local vibrational modes

was laid out in Section 2.3.1. In addition to this, Figure 4.2 also shows high frequency
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Figure 4.2: Fine structure of St 1s(T3) in **Si at a resolution of 0.100cm~! and a
temperature of 1.5 K. Satellites labeled L; are due to Si isotope effects, Hy due to S
isotope effects.

satellites H,, originating from a sulfur isotope effect (explained in Section 2.3.2), to
which we will come back at a later point. As we will see, the order of the satellites is
basically reversed in our 3°Si sample and they are not present in 28Si, confirming that
they are a silicon isotope effect.

Considering that the substitutional impurity sulfur is surrounded by four nearest
neighbour silicon atoms, the shifts in transition energy between the satellites L, Lo
and L3 can be explained by the different isotopic composition of the SSi4 cluster. The
most probable surrounding of the sulfur impurity is of course four 2Si atoms (28Siy,
labelled ‘0’). Then it is possible to substitute one 28Si atom with either 2°Si (%Si;2°Si,
labelled L) or 3°Si (28Si3%°Si, labelled L;). Another possibility is to substitute two 28Si
atoms. Possible combinations are 2Si,2°Si, and 285i,2°Si3°Si. Judging from the figures
and Table 4.2, the energy of the satellites scales linearly with the total mass difference
of the Si4 cluster. Thus the first of these two, with a total mass difference of 2 (with
respect to 28Si4) makes a small contribution to L, while the latter one is labelled Lj.

Any other combinations have very low probabilities and thus are difficult to observe.
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Figure 4.3: Fine structure of S* 1s(T) in ™Si diffused with 3!S at a resolution of
0.100cm™! and a temperature of 1.5 K. Satellites labeled L; are due to Si isotope
effects. Note that H; is not present here.

Using the isotopic abundances of "*'Si given in Table 3.1 the probabilities for the
occurrence of these combinations can be calculated. The probabilities normalized
to 2Si are 0.20, (0.13 + 0.02) and 0.02 for L,, L, and L3, respectively. Comparing
this to our data in Figures 4.2 and 4.3 we find for the ratio L,/‘0’ = 0.21 £+ 0.01
and L,/‘0’ = 0.15 + 0.04. L3 is rather weak and not suitable for a representative
comparison. Using the relative isotopic abundance of 5% 3*S in "#*S and comparing
it to a measured value of H,/0 = 0.050 £ 0.005, H; can be identified as the 1s(T3)
transition of 343 centres. Naturally, this H; satellite peak transforms into the main
peak (‘0’) when enriched 31S is used as shown in Figure 4.3. On the other hand, the
absorption of the residual 32S in this sample is hidden by the stronger L; satellites.
Note that for ST 1s(T3) the binding energy of the heavier isotope 34S is higher than
that of the lighter isotope 32S. This is in contrast to the usual isotope shift that was

observed and described earlier in Section 2.3.2 and [7, 8] and will be discussed later.
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Figure 4.4: Fine structure of St 1s(T3) in 3%Si diffused with "*S at a resolution of
0.050cm™! and a temperature of 1.5 K. Satellites labeled ‘1’, ‘2’ and ‘3’ are due to Si
isotope effects. Satellite 3 of 1s(7T3) I's is too weak to be observed in this spectrum.

308j:natS  Figure 4.4 shows the ST 15(T3) transition of ™S in our *Si sample. As
shown in Table 3.1, the isotopic enrichment of our 3°Si sample is similar to that of
natural silicon with the difference that here 3°Si is enriched to approximately 89.80 %
and it contains roughly as much #°Si and #Si as "#Si contains 2°Si and 3°Si. It is
immediately visible that the order of the satellite peaks is reversed in 3°Si, thus lead-
ing us to conclude that they are indeed the result of a silicon isotope effect which is
reversed here due to the opposite isotope distribution in the 3°Si sample as compared
to "Si. This reversal of masses changes the sign of the energy shift calculated in
Section 2.3.1 and hence we see the satellites at the high energy side of the main peak.
In this sample the majority of lattice sites is occupied by 2°Si atoms. With a small
probability similar to that calculated before, some of the 3°Si atoms in the SSi4 cluster
at ah impurity site can be replaced with a ?°Si or 2Si atom. In Figure 4.4 transitions
corresponding to those clusters have the labels ‘1’ and ‘2’ assigned respectively. The
transition labelled ‘3’ is a result of two 3°Si atoms being replaced by one each of the

lighter species. As before, a 3°Si;?°Si, cluster is contributing to ‘2’. Using the isotopic
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Table 4.1: Positions and FWHM of the components of St 1s(T) I'; and Iy in 3°Si
(in cm™!). Shifts are given with respect to the line labelled ‘0’. Accuracy: 4-0.020.
BOSi:natS
0 1 2 3
St 1s(Ty) 7 | 3462.430 3462.696 3462.952 3463.208
FWHM 0.172 0.131 0.203 -
shift 0.000 +0.266 +0.522 +0.778
St 1s(Ty) I'g | 3465.37 3465.713 3466.007 -
FWHM 0.192 0.219 0.213 -
shift 0.000 +0.343 +0.637 -

enrichment given in Table 3.1 we find that all other combinations are negligible and
that the normalized probabilities for ‘1’, ‘2’ and ‘3’ are 0.34, (0.11 + 0.04) and 0.03,
respectively. This compares reasonably well to the measured values taken from F'ig-
ure 4.4 which are ‘1’/‘0’ = 0.36, 2’/‘0’ = 0.19 and ‘3’/‘0’ = 0.05 (all £0.01). Given
that the sample has a gradient in the enrichment [26], the numbers can be considered

to agree well.

Energy shifts of LVM satellites Tables 4.1 and 4.2 list positions and FWHM as
well as shifts of all observed features in the St 1s(73) spectra discussed here. The
determined shifts can be compared to data given by Pajot et al. in [11] for "#*Si. The
Ls, Ly, Ly, H; shifts given there for ['7 are (in cm~') —0.807, —0.557, —0.274, +0.557
and for 'y —0.968, —0.678, —0.355, +0.476. Within an error of approximately +5 %
these values are comparable to the ones determined with our samples.

As discussed earlier, the 3°Si sample shows a satellite pattern that is opposite to
the ™'Si pattern. As a consequence the shifts are positive. When comparing the
corresponding values for 3°Si and "Si given in Table 4.2 it is apparent that, within

a margin of error, the magnitude of the shift is the same as for "'S.

Isotope broadening

288i:natS and 28Si:3*S Now we will discuss the ST 1s(T3) spectra of two different

samples, 28Si:"2S and 28Si:4S shown in Figures 4.5 and 4.6. Overlays of enriched and
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natural silicon samples are shown in Figures 4.7 and 4.8, impressively exhibiting the
broadening effect. Due to the elimination of isotope broadenings imposed by natural
silicon we are now able to confirm some of the previously made assumptions on the
origin of the absorption lines. We also see a dramatic sharpening of both transitions,
especially in the lower energy I'¢c — I'; transition. The stronger sharpening of the
I'; transition is also responsible for the reversal of the peak intensity ratio of the
two components in 2Sj. The area underneath the transition line remains the same,
causing an increase in intensity for narrow lines at high resolution. This can be easily
seen in the overlay shown in Figure 4.8.

As outlined in Section 2.2 the significant broadening of absorption transition lines
in silicon is due to the isotopic randomness present in "'Si. By using highly enriched
28Gi this random distribution of isotopes can be eliminated and the inhomogeneous
broadening removed. We are then often left with homogeneous broadening due to the
lifetime of the excited state, indicated by a Lorentzian line shape.

It was found that the 28Si:"8*S sample shown in Figure 4.5 is not strain free since the
S* 1s(Ty) T'g transition exhibits a small splitting with a peak separation of 0.006 cm™!
(see Section 2.1 and [13]). This is probably due to the heavy erosion on the specimen’s
surface. Polishing and etching has to be done very carefully not to reduce the sample’s
size even further and it seems that it was not carried out thoroughly enough here.
To clear any doubts about the origin of the splitting, another sample, #5i:34S was
produced. The quality of this sample surpasses the previous one and it is here where
we measure the record linewidth. A high resolution spectrum of S* 15(7T3) of 34S in
28Gi is shown in Figure 4.6. In this spectrum we measure a FWHM of only 0.008 cm™!
for the 1s(T3) 'y line and 0.022 cm™! for the I's absorption line. The I'; transition is,
together with Se in 28Si [35] the narrowest donor or acceptor absorption line observed
in silicon to date — it is 22 times narrower than in previous S spectra [11] and narrower
than P and B absorption transition lines in 28Si by a factor of two [9]. This exceptional
result can be explained by the fact that the 1s(A;) — 1s(T3) transition is EMT
forbidden but symmetry allowed and thus has a long radiative lifetime. At 1.5K
curve fitting indicates that the I'; transition has a 100 % Lorentzian shape. Given the

weakness of the transition line this number has to be considered carefully, nevertheless
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Figure 4.5: Fine structure of S* 1s(T%) in 28Si with a resolution of 0.0024cm~! and
a temperature of 1.5 K. The satellites due to the Si isotope effect are eliminated and

the energy shift between 32S and 34S centres is clearly visible.
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Figure 4.6: Detailed fine structure of 3S* 1s(T3) absorption lines in 28Si with a
resolution of 0.0024cm™! and a temperature of 1.5K. The FWHM of the 1s(T3) I';

absorption line is only 0.008 cm™! and 0.022cm™! for the 1s(7T3) I'g line.
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it shows that the FWHM is lifetime limited. T's is only 88% Lorentzian. In an
experiment at 4.2K the FWHM of I'; increased by 60% but kept its Lorentzian
shape, while I'g increased by only 20 %. At elevated temperatures thermally activated
transitions reduce the lifetime of I'; and thus increase the linewidth.

The energies measured for the 3¢S 1s(T5) absorption line in this sample corre-
spond very well to those found for 3¢S in the sample doped with ™S, given that
the 34S features there are rather weak. This can be seen in Figure 4.6 and also in
Table 4.2.

Isotope shifts

Silicon host isotope shift In the overlay shown in Figure 4.7 it is clearly visible
that a change in the host isotope composition not only gives rise to the satellites
discussed earlier, but also introduces a shift to the binding energy. As discussed in
Section 2.3.1 the impurity binding energy Ep increases with increasing host isotopic
mass and therefore we see the absorption transition of S in 3°Si above the one in "!Si
and 285i.

With the transition energies given in Tables 4.1 and 4.2 we can determine the
energy shifts between the 28Si, "'Si and 3°Si samples. For the ‘0’ line of 32S we find
the values listed in Table 4.3. In principle we would expect a larger shift for the higher
excited state, but since I'; and I'g are rather close together the energy shifts should

be nearly identical like in our measurements.

Sulfur impurity isotope shift In Section 2.3.2 the impurity mass dependent en-
ergy shift was introduced. This impurity isotope shift has been shown in [21, 22], in
particular in [7] for boron. In the case of the acceptor boron, the heavier isotope !'B
has a lower binding energy than the lighter 1°B, thus we see the absorption lines of 'B
at a lower energy than those of 1°B. However, for the St 15(73) transition we observe
that the 32S-associated absorption line is at lower energy than the one of 3*S. The
difference 34S — 323 in Table 4.2 is thus positive (+0.555cm ™! and +0.495cm™!). As
explained we would normally expect this shift to be the same for both transitions, I'7

and I's. However we measure a difference of approximately 10 % in between the shifts.
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Table 4.2: Positions and FWHM of the components of St 1s(T;) I'; and I's in various
samples (in cm™!). See Table 4.1 for *Si. Shifts are given with respect to ‘0’ of the
same spectrum, except ¥, which is with respect to ‘0’("*S) in 2Si. Accuracy: £0.020,
* denotes transitions with > 90 % Lorentzian lineshape, ! indicates reduced accuracy.

7
Ls L, L, 0 H,
~ ZBgj;natg - - - *3461.858 3462.413
FWHM - - - 0.010 0.012
shift - - - 0.000  +0.555
28g;j.34g - - - *3462.409 -
FWHM - - - 0.008 -
shift - - - 140551 -
natGi:natg | 3461.184 3461.445 3461.709 3461.986 3462.555
FWHM - 0.157 0.134 0.157 0.197
shift —0.802 -0.541  —0.277 0.000 +0.569
natGi:34g | 13461.730 3462.014 3462.266  3462.555 -
FWHM - 0.196 0.155 0.196 -
shift -0.825 0541  —0.289 0.000 -

Ig
Ls L, L 0 H;
- 2Bgjmatg - - - 3464.819 3465.314
FWHM - - - 0.030 0.030
shift - - - 0.000  +0.495
28gi:348 - - - *3465.308 -
FWHM - - - 0.022 -
shift - - - 140.489 -
natGi.natg [ 73464.014 3464.275 3464.500 3464.948 3465.465
FWHM - 0.164 0.184 0.172 0.164
shift -0934 -0673 —0.358 0.000  +0.517
natG;.34g - 3464.795 3465.110  3465.457 -
FWHM - 0.220 0.242 0.208 -
shift - —0662 —0.347 0.000 -
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Table 4.3: Silicon isotope shifts of the ‘0’-line of the S* 1s(73) transition All numbers

in cm™!.

2SSi_natSi BOSi_natSi BOSi_2BSi
S* 1s(Ty) I'7 | —0.128cm~! 0.444cm~! 0.572cm™!
S* 1s(T3) I'g | =0.129cm~! 0.422cm~! 0.551cm™!

This could be related to the unusual sulfur isotope shift of the S* 1s(T3) transition,
as explained by Pajot et al. [11].

For shallow impurities like boron, only the ground state undergoes an impurity
mass dependent isotope shift, while the excited states all remain at the same energy.
The sulfur p-states and S° 1s(73) show the same sign of the shift as shallow impurities
do. In contrast, the St 1s(T3) state is very deep and strongly localized. As explained
in [11] this can lead to a reversed isotope shift of the 1s(T3) excited state. This is not
the case for S* p-states (Section 4.1.2) and also not for S° 1s(75) (Section 4.2.1).

4.1.2 ST p-states

In our samples the St p-states are barely observed. One reason is that our samples
have a relatively low boron concentration. A higher boron acceptor concentration
would increase the degree of ionization of the sulfur impurity centres. Addition-
ally the sulfur concentration in our samples is low, to ensure that the much sharper
1s(T>) transitions do not saturate. We did not work extensively towards improving
the S* p-state spectrum since the main attention was focused on the more than two
orders of magnitude sharper 1s(73) transition. Besides the 2p, absorption transi-
tion shown in Figure 4.9 for four different samples, only the 22tSi:***S sample shows
some of the weaker features. Those are the S* transitions 2p, (4581.52cm™!), 2s(T3)
(4622.23 cm™!), 3py, 4po, 3ps, 4p+ and 5py. In [11] we find the values 4581.47cm™!
for 2p, and 4622.68cm™! for 2s(T,). Given the signal to noise ratio in our spectrum
these numbers agree well with our results. Table 4.4 gives a summary of the posi-

tions, FWHMSs and respective Si or S isotope shifts of the ST 2p. absorption line in
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Figure 4.7: Energy shifts of S* 1s(T3) due to different Si host isotope compositions.
Due to the stronger sharpening of the 1s(T2) I'; transition, the I';/T's intensity ratio is
reversed in 22Si. All spectra were recorded at a temperature of 1.5 K with a resolution

of 0.004cm™! (?8Si), 0.050cm™! (*°Si) and 0.100cm™~! ("2¢Si).
S"1s(T)

T

Absorbance

"G4S

1 N i i —

3461 3462 3463 3464 3465 3466

Photon energy (cm™)

Figure 4.8: Energy shifts of S* 1s(T3) due to different S dopant isotope compositions.
The main peak of the 3¢S spectrum superimposes with H; of the 32S spectrum. All
spectra were recorded at a temperature of 1.5 K with a resolution of 0.100cm™}.
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our different samples. In all samples the absorption lines have a Lorentzian broaden-
ing, indicating that their FWHM is lifetime limited. In fact no significant difference
in the FWHM in between the ?2Si and "'Si samples can be determined. As described
earlier, the impurity isotope shift has the sign as predicted for S* p-states with the 34S
binding energy being lower than the one of the 32S centre. This confirms a previously
published result [14]. It should also be noted that the three S* 2p. lines in "Si and
30Gi shown in Figure 4.9 appear to have some unresolved structure on the high energy

side. We also observe this for the Set 2p. transition where the splitting is clearly

resolved [35].

Absorbance

4736 4738 4740 4742 4744 4746 4748

Photon energy (cm™)

Figure 4.9: S* 2p. in four different samples. Both the host (Si) and impurity (S)
isotope shift are present. All spectra were recorded at a temperature of 1.5 K with a

resolution of 0.500cm™"! or better.
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Table 4.4: Positions, FWHM and respective isotope shift of the S* 2p, absorption

line (with respect to "**Si:***S) in four different samples. All numbers in cm™!.

St 2py pos. FWHM Si-shift 3S—328
natGi.natS | 4742.687 2.02 0 -
8Gj:natS | 4742.499 216 -0.19 -
30Gj:matS | 4745.296 237 4261 -
natGj.34G | 4741.276 2.29 - —1.41

4.2 The S transitions

In the case of S° transitions one of the excess electrons of the sulfur centre remains in
the ground state while the other one is involved in an absorption transition. In the
following the 1s(A;) grouns state to 1s(7T3) and p-state transitions of S° centres are

discussed.

4.2.1 8% 13(T2) isotope effects

In Figure 4.10 the S° 1s(T3) transition is shown for various samples. The spectra
again show both effects, the silicon host isotope shift as well as the sulfur impurity
isotope shift. The strong shoulders in "'Si and 3°Si suggest that the absorption lines
might have unresolved satellites due to local vibrational modes comparable to those
of S* 1s(T3). Table 4.5 lists the relevant numbers of transition energies, FWHM and
isotope shifts. Within a small margin of error the silicon isotope shifts are (—0.147 +
0.001) cm™! for ™2*Si — 28Sj and (1.665 + 0.013) cm™! for 3°Si — "!Si. The sulfur shift
between **S and 32S in "**Si and ?®Si is (—0.606 +0.002) cm~!. The *Si sample shows
a slightly smaller separation of —0.59 cm~! but the low signal to noise ratio for S in
38i does not allow for any further conclusions here. It is expected that the shifts are
the same (Section 2.3.2).

The isotope broadening effect is clearly visible and the linewidths are significantly
narrower in 2Si. The absorption line of 3¢S in %Si:3*S has a width of 0.024 cm™!
and the fitting routine indicates that its shape is 100% Lorentzian, reflecting that
the FWHM is dominated by homogeneous lifetime broadening. The FWHM of S*
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Table 4.5: Positions, FWHM and isotope shifts of S® 15(73) in various samples (in
em~!). Silicon isotope shifts are given with respect to the "2Si:"#'S sample; sulfur
isotope shifts are measured within the sample. Accuracy: £0.020, * denotes transitions
with ~ 100 % Lorentzian lineshape.

SO IS(Tg) 34S 33S 32S 348_328
28Gj:ratg [ 2287.632 - *2288.240 —0.608
FWHM 0.05 - 0.047 -
Si-shift —0.147 - —0.145 -
28Gi:345 | *2287.631 2287.926 2288.238 —0.607
FWHM 0.024 0.027 0.03 -
Si-shift ~0.148 - —0.147 -
natGj-ratg | 2987.779 - 2288385 —0.606
FWHM 0.15 - 0.210 -
Si-shift 0.000 - 0.000 -
natQ;.34G [ 2287.774 - 2288377 —0.60
FWHM 0.143 - 0.16 -
Si-shift - - - -
30Gj.matg [ 2289.453 - 2290.041 —0.59
FWHM 0.31 - 0.227 -
Si-shift 1.674 - 1.656 -

1s(T3) I'7 is only one third of this value. Due to the strong shoulders in many of these
absorption lines a side peak had to be used to achieve a reasonable fit function and
the given FWHM thus shows the width of the main peak.

Figure 4.11 shows in greater detail ?8Si diffused either with "**S or with 34S. The
observed small peak due to 33S in the 2Si:3!S sample lies half-way in between the
343 and 32S peaks, within the given accuracy. It is also interesting to see that the
enrichment of 34S obviously also led to an enrichment of the other heavier isotopes,
especially of 3S. This isotope has a natural abundance of only 0.02% and thus most
likely would not be observable for natural silicon. Even though the feature in the
spectrum attributed to 36S is extremely weak it allows us to estimate the isotopic
abundance of 3¢S in this sample. With the help of the peak areas determined using
a fit function we obtain the isotopic distribution shown in Table 4.6. Hence we are

able to verify that the ~95% enrichment of 3¢S exceeds the supplier’s specification
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Figure 4.10: S° 15(T3) in four different samples. Both, the host (Si) and impurity (S)
isotope shift are present. All spectra were recorded at a temperature of 1.5 K with

resolutions of less than 0.100 cm™! (0.020 cm™* for 28Si).

Figure 4.11: S° 1s5(7T3) in 28Si:"**S and 28Si:32S showing increased detail.
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enriched 34S sample the isotopes 33S and even 3®S are present. Both spectra were

recorded at a temperature of 1.5K with a resolution of 0.020 cm™1.
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and that 36S has a concentration of about 0.8 %.

Table 4.6: Determined isotope enrichment of the 2Si:34S sample

3ﬁs 34S 33S 3ZS

S0 1s(T3) position in 288i (cm™') | 2287.074 2287.631 2287.926 2288.238
enrichment 08% 94.6% 1.4% 3.1%

4.2.2 S° p-states

Much has been reported about S° p-states in the past [10-12]. The essential features
of the S p-states are very similar to those observed for shallow group V donors like
P [10, 36]. We will compare our numbers with the ones published and have a closer
look at the S° 2p. transition. Figure 4.12 shows the p-states of "Si and 2Si. The
chemical purity of "'Si is superior and thus we see more highly excited states in these
samples. Figure 4.13 shows the high energy end of the "#Si spectrum in greater detail
starting at 4p, and the highest observed transition is 7Thy. That is two highly excited
state transitions more than shown in previously published results for S° [10-12, 37].
Absorption transitions up to 6py can be observed in the ?Si sample. In both samples
the S isotope splitting is visible for the 2p, and 2p. transitions. Labels were assigned
with the help of data given in [12] for S° and in [10] for S9 (this data had to be scaled
to low energy S® transitions). Table 4.7 gives an overview of absorption line positions
and FWHM in four different samples, while Table 4.8 lists the energy shifts due to the
sulfur and silicon isotope effects. The sulfur isotope shift between the samples doped
with ™S and 34S fluctuates around (0.646+0.020) cm~!. As described in Section 2.3.2
a constant shift throughout a spectrum in between the absorption lines of different
impurity isotopes is expected.

In contrast to this we observe an increasing shift in energy in between the different
silicon isotopes for higher excited states, similar to B and P absorption transitions |8,
9]. As outlined in Section 2.3.1, the dependence of €5 and m* on the isotopic mass
scales the ground state and excited state binding energies by an identical factor, and

thus the largest shifts are observed for transitions to the highest excited states.
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Figure 4.12: S° p-states for ™Si (bottom) and #Si (top) diffused with "*'S. Labels
are attached to the transition lines present in 2Si. The arrows indicate absorption
lines due to 3*S impurity centres wherever they are strong enough to be observed.
The high-energy end of the "**Si spectrum can be seen in more detail in Figure 4.13.
All spectra were recorded at a temperature of 1.5 K with a resolution of 0.050 cm~?.
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Figure 4.13: High energy S° p-states in "*Si diffused with "S at a temperature of
1.5 K with a resolution of 0.050 cm~!. The arrows indicate absorption lines due to 34S
impurity centres wherever they are strong enough to be observed.
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Table 4.7: Positions (first line) and FWHM (second line) of S° p-states in various

samples (in cm™1).

racy: £0.020, ! indicates reduced accuracy.

Corresponding isotope shifts are in listed in Table 4.8. Accu-

natSi:natS ZSSi:natS SOSi:"atS natSi:34S

32S 34S 32S 34S 32S 34S 32S 34S

2pp |2475.123 2474.473|2474.967 2474.319|2477.019 -12475.091 2474.463
0.174 0.168 0.112 -l 0.261 -l 0118 0.202

2s(Ty) | 12492.40 - - - - - - -
2p+ [2516.039 2515.423|2515.870 2515.243(2517.979 -12516.019 2515.397
0.182 0.277| 0.125 0.194| 0.276 -l 0.160 0.205

3pp  |2523.466 -12523.315 -12525.392 - - 2522.827
0.289 - 0.172 - - - - 0.259

4po  |2540.971 -12540.819 -12542.931 - - 2540.322
0.262 - 0.150 -|  0.269 - - 0.252

3pr  [2542.506 2541.869|2542.338 12541.70(2544.448 12543.84|72542.48 2541.843
0.175 0.193 0.147 0.265 - - 0.206

5p0  |2549.596 - - - - - - 2549.912
0.260 - - - - - - t0.25

4py [2549.998 2549.370(2549.833 2549.400|2551.942 -12549.997 2549.351
0.161 - 0.112 0.197|  0.282 - - 0.162

4f.  |2552.362 -12552.199 -12554.304 - - 2551.721
0.206 - 0.168 -l 0.169 - - 0.182

5fo |2554.388 - - - - - - 2553.755
0.274 - - - - - - 0.237

5p: |2555.888 2555.245(2555.719 -12557.836 - - 2555.241
0.199 0.317| 0.151 -l 0.288 - - 0.168

5f+ |2557.454 - - - - - - 2556.846
0.320 - - - - - - 0.197

6p+ |[2558.913 -2558.744 -12560.923 - - 2558.271
0.171 - 0.117 - - - - 0.158

6fr |2559.633 - - - - - - -
6hy |2560.426 - - - - - - 2559.765
Tpy |2560.913 - - - - - - 2560.289
Tf+ |2561.468 - - - - - - 12560.86
Thy |[2562.055 - - - - - - 2561.407
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Table 4.8: Isotope shifts of S? p-states in various samples (in cm~!). Corresponding
energies are listed in Table 4.7. Accuracy: +0.020, ! indicates reduced accuracy.

SO ZBSi_natSi SOSi_natSi 34s_3ZS
2pg —0.156 1.896 —0.660
2p. -0.169 1.940 -0.642
3po -0.151 1.926 —-0.639
4pg —0.152 1.960 —0.649
3p+ —0.168 1.942 —-0.663
5po - - —0.684
4dpy —0.165 1944 —-0.647
4fy —0.163 1.942 -0.641
5fo - - —0.633
o9p+ —0.169 1.948 —0.647
5f+ - - —0.608
6p+ —0.169 2.010 -0.642
61+ - - -
6h+ - - —0.661
Tp+ - - —0.624
Tfs - - T-0.61
Thy - - —0.648

In Table 4.9 our experimentally determined transition energies for the "2tSi:"S
sample are compared to previous publications. Published listings are not complete
and thus not all values could be matched. For reference [10], energies from the S
transition had to be scaled to align with their values for S° and in the case of ref-
erence [12] some values were taken from the publication’s list of theoretical EMT
values. With few exceptions the deviation in general is only on the order of a tenth
of a wavenumber with no significant trend. Those deviations can easily be caused by
different sample qualities or degraded resolution. As discussed before, some of our
peaks show relatively strong asymmetries that can contribute to a minor shift in the
determined peak energy.

The S° 2p. transition is the strongest one in this p-state spectrum and clearly
present in every sample. We use this transition to have a closer look at the energy

shifts due to sulfur and silicon isotope effects in Figure 4.14. We can see that the
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respective 32S and 34S peaks in natural silicon superimpose. The 32S peak in #Si
is shifted to lower energy, while the one in *Si is shifted to higher energy. The
sharpening is not as strong as observed for the 1s(73) transitions but it is clearly
visible. The "*Si and 3Si samples also exhibit a tail on the low energy side for the
first and on the high energy side for the latter. This is similar to the tails observed

for phosphorus transitions in natural silicon [9].

Table 4.9: Comparison of the measured S® transition energies of the "tSi:"**S sample
to experimentally determined literature values. All energies are given in cm~!. Values
marked with @ are taken from the SJ spectrum in [10] and scaled while values with ®
are taken from the EMT calculation in [12]. ' indicates reduced accuracy.

S° This Work Ref. [10] Ref. [12]
1s(Ty) | 2288.385 - 2288.61
2P0 2475.123 - 247512
25(T3) 12492 4 - 2493.34
2p+ 2516.039 - 2516.15
3po 2523.466 - 2523.73
3s - - 2528.32
4pg 2540.971 - 2540.97
3p. 2542.506 2542.42 2542.51
5pg 2549.596  2549.63 -
4p, 2549.998 2549.92  2550.00
4fy 2552.362  2552.25  2552.26
5fo 2554.388  2554.37  2554.35
5p4 2555.888  2555.78  2555.89
5fy 2557.454 - 2557.34
6ho - - b2558.77
60 2558.913 2558.82  2558.95
6fs 2559.633 - 12559.58
6hy 2560.426 2560.36 12560.51
D+ 2560.913 - 2561.04
7fs 2561.468 22561.43 -
Thy 2562.055 22561.99 -
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Figure 4.14: S° 2p, in four different samples. Both the host (Si) and impurity (S)
isotope shift are present. All spectra were recorded at a temperature of 1.5K with a

resolution of 0.100 cm™1.
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4.3 The S) transitions

Our samples were prepared in a way to keep the amount of S; pair formation to a
minimum. Hence we generally do not observe strong absorption lines due to sulfur
pairs. Nevertheless the 2p. transition is strong enough in all samples to obtain values
for position and width of the absorption line (Table 4.10). The data shown here is the
first available information on isotope effects on the S2 transition. Figure 4.15 shows
the 2p. lines in our samples. It is apparent that the host isotope enrichment has a
fairly small influence on the linewidth, which must be limited by lifetime broadening.
The sharpening is by far less dramatic than for the 1s(75) transitions, but comparable

to that of the S* and S° 2p, transitions.

Table 4.10: Position (first line), FWHM (second line) and respective isotope shift of

the S) 2p, absorption line in four different samples. Si shift with respect to "2¢Si:"2tS,

All numbers in cm™!.

SO 2p, 3g 25 Sishift **S—%2S
nat g natg - 1461.809 ; -
- 0280 ; -

WBGimatS | 1460.98 1461.736 —0.073 —0.756
- 0180 ; :

051 - 1462.607 —0.888 -
- 0.304 - ]

natGj: 33 | 1461.211 - ; :
0.303 i ; -
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Figure 4.15: S 2p. in four different samples. Both, the host (Si) and impurity (S)
isotope shift are present. All spectra were recorded at a temperature of 1.5K with a

resolution of 0.100 cm 1.



Chapter 5
Conclusions

In this thesis spectroscopy on the deep double donor sulfur in isotopically enriched
and natural silicon was done. Special samples were prepared for this purpose. Here we
present new results regarding isotope effects in enriched 28Si and 3°Si, showing several
different isotope effects. We can identify satellite peaks at the S* 1s(7T3) transition
as a result of different local vibrational modes of the Siy cluster surrounding the
impurity centre, confirming published literature [11]. We observe the impurity isotope
dependent energy shift due to the shift in zero point energy of the local vibrational
mode of the sulfur impurity centre, verifying previous publications regarding S* p-
states [14] and the S* 1s(7T3) transition [11]. The samples also exhibit an energy shift
depending on the host isotope enrichment. The quality of the samples allowed us
to measure the sharpest absorption transition line ever seen in a semiconductor, the
S* 1s(Tz) I'y transition, where we measured a full width at half maximum of only
0.008cm™!, a factor of 22 narrower than in "#Si. In addition to that we report on
host and impurity isotope shifts of the S absorption transitions for the first time and
we observe two more highly excited S° p-states in "*Si than reported before.

While our experiment was focussed on this 1s(7%) transition, it also improves upon
previously published literature in other aspects. The obtained data was compared to

literature values and found to be in excellent agreement.
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