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ABSTRACT

This thesis dea]s with the electronic and optical properties of
excitons bound to impurities in semiconductors. The first three
chapters are concerned with the electronic structure of bound
exciton states. The fundamental process in which a bound exciton
is formed on a neutral acceptor in si]icon is studied. Three lines
are observed in the absbrption spectra of the acceétors A], Ga, and
In in silicon. Of the various schemes used to explain these 1ines,.it
is determined from the relative oscillator strengths that the correct
scheme is one in which two j=3/2 holes are coupled to form states
with total angular momentumjd=0 and J=2. The cubic environment of the
crystal in the neighborhood of the impurity leads to a splitting of
the J=2 state. In the bound exciton spectra of Si:T1, four lines érev
obsérved in contrast to the three lines observed for the acceptors
Al, Ga, and In. The oscillator strength of the thallium bound exciton
is measured and continues the trend towards large oscillator strengths.
for the deep impurities. The excited state structure of the donor
bound excitons in GaP is also presented. It is established that
excitons bound at these impurities should have a structure which
consists of a D core to which a hole is Toosely bound. Two different
types of excited states have been identified for the donor bound

excitons. Some of these states are excitations of the hole about the
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D™ core of the bound exciton. Other states have been identified which
are due to excitations of the D electron core. These excitations have
different symmetry than the ground state.

The observation of a Tow lying excited state of the neutral
indium acceptor is reported. This state is interesting because
current theories of the electronic states of the acceptor do not
predict it. The state may exist as the result of the Jahn-Teller
effect.

The systematics of the spectroscopy of multiple exciton Com-
plexes bound to donors in silicon are reported. It is found that the
spectroscopy of these complexes changes very little between different
impurities. This suggests that carrier-carrier interactions are more
important than the impurity potential in determining the binding of
- excitons to the complexes. Any model of the structure of the com-
plexes must take this into account.

Measurements of the capture cross-section of a free exciton
on a neutral In acceptor in silicon are reported. In lightly doped
silicon the decay of the 1uminescence associated with In bound excitons
is determined by the rate at which excitons are captured on the indium
site. By measuring the decay time of the luminescence as a function
of indium concentration and temperature, it is possible to obtaih the
capture cross-section of a free exciton on a site. The capture cross-
section is strongly temperature dependent changing by two orders of .

magnitude between 10°K and 30°k.
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INTRODUCTION

I. Background

Impuriiies and defects in semiconductors have an important
effect on the electrical properties of such materials. The presence
of impurities in a semiconductor crystal can change carrier concen-
trations by many orders of magnitude. In addition impurities and
defects can act as recombination centers, scatfering centers, and
traps which can significantly affect the transport properties of
carviers. Thus, it is important to understand the properties of
states associated with these centers, It is also important to develop
methods with which one can measure the presence of impurities and
defects in order to evaluate semiconductor materials.

The optical properties of semiconductors are very sensitive to
the presence of impurities and defects and can be used to study the
states associated with these centers and to measure their presence,
The optical spectrum associated with many impurities is highly detailed,
and it is possible to discriminate betweeﬁ centers with different
opticaTvproperties. This thesis is primarily concerned with char-
acterizing the opti¢a1 properties of known centers and understanding
the physics involved in the optical processes. Such information is
important 1f one plans to use optical techniques to study and detect
these centefs. |

To characterize such centers it is necessary to consider the
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different processes which can occur in a semiconductor (Fig, 1,1
shows schematically some of the states 1nvo1ved in such processes,).
Absorptfon of a photon with sufficient energy in a semiconductor will
excite an electron from the valence band to the cdnduction'band.

Such a process produces an electron hole pair in the semiconductor,
In the absence of interactions between the electron and hole, both
particles are free to propagate throughout the crystal as free
carriers. The inverse process is also possible. A free hole and
free electron can recombine to form a photon. (1)

In the presence of interactions between the electrons and holes
it is possible to form new states. The coulomb attraction between
an electron and hole makes it possible to form a state in which the
two particles are bound to each other. Such a state is known as a
free excifon.

In the presence of impurities, interactions between the electron
hole pair and the impurity can also lead to the formation of new
states. A neutral donor consists of an electron bound to a positively
charged point defect in the semiconductor. The neutral donor will
form a state with an electron-hole pair which consists of two é]ectrons
and a hole bound at the defect. Similarly a neutral acceptor, which
consists of a ho]e bound to a negatively charged point defect, will
form a state with an electron-hole pair which consists of one elec-
tron and two holes bound to the defect. Such states are shown

schematically in Figure 1.1 and are called bound exciton states. More



Figure 1.1. Schematic diagram of some of the states involved in semi-.
conductor recombination. These include free carriers such as an
electron or hole and free excitons which consist of a bound electron-
~hole-pair. Neutral donors and acceptors consist of‘an electron or
hole bound to a charged impurity center. Bound excitons are formed
when free excitons bind to neutral impurities. Bound multiple exciton

complexes are formed when more than one exciton binds to an impurity.
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than one exciton can become bqund to a neutral donor or.neutral
acceptor. These states are known as bound multiple exciton comp]éxes,

When an electron-hole pair in any one of these states recombines,
the energy of the luminescence which is produced is characteristic
of the semiconductor and the impurity states involved in the recom-
bination. In addition one of these states can be formed when a
photon produces an electron-hole pair. Therefore, photoluminescence
and optical absorption‘can be used to study free excitons, bound
excitons and bound mulfip]e exciton complexes. Bound exciton transi-
tions have been observed in most common semiconductors including the

4)

direct semiconductors CdS (2), InP (3), and GaAs ( and the indirect

semiconductors Ge (5), GaP (6), and SiC (7),

Bound multiple exciton
complexes have been reported in Si <8), GaP (9), Ge (10) and SiC (]]).
To understand the spectra obtained from excfton transitions,
it is necessary to understand the structure associated with these
states. If the hole is taken to be a positively charged particle

with effective mass M and the electron to be a negatively charged

particle with mass My then the energy associated with a free exciton

state is
4 2
E=E __ep +(‘h/K)
gap Zﬁ2€2n2 z(me+mh)
Egap is the energy associated with a free electron-hole pajr? e is -

the electronic charge, & is the static dielectric constant, 1 is the

reduced mass of the electron and hole, AK is the momentum associated
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with the propagation of the free exciton through the crystal, and n

is the principal quantum number associated with the state (]).
There has been considerable theoretical interest in undefstanding

the basic structure of the‘bound exciton in recent years (]2_]8){
The structure of the bound exciton is more complex than the.free
exciton sihce there are three particles involved in the binding.
In general, the binding energy depends on the ratio of the electron
to hole mass. The most recent ca1cu1ations(indicate that the exci-
ton will bind to the neutral impurity for all ratios of eTectron‘to
hole mass. When the electron to hole mass ratio approachesvzero, |
the two electrons are much lighter than the hole and the structure
of the bound exciton resembles that of a simple diatomic molecule.
When the electron to ho]é mass ratio approaches infinity, the two
electrons are expected to bind to the neutral impurity with a struc-
ture analogous to that of the atomic H ion. Such a state is referred
to as D state for donors or an at state for acceptors. The coulombic
éttraction between the hole and the D™ state leads to the binding of
the hole in the bound exciton (18). The structure of bound multiple
exciton complexes is not understood in detail at the present time,
The many body nature of the problem has made a theoretical treatment
difficult.

 The simple view of free excitons and bound excitons must be
modified to aécount for the observed optical properties in semi-

conductors. Details observed in the photoluminescence of GaAs (]9),'
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InP (20), Si (21) and GaP (22) cannot be exp]ainedbin the simple model.
To explain these details it is necessary to examine the band structure,
The simple model treats the electrons and holes as particles with
effective masses e and m, - In reality the band structure is more
complicated.

This thesis reports on studies in two common semiconductors,
silicon and gallium phpsphide, Figure 1.2 shows the band structure
for silicon (23). The band structure for ga]]iumbphosphide is not
shown but is similar in many respects to the band structure for
silicon. Silicon 1is an indirect semiconductor with conduction band
minima at points about .85 ko between the T point at the center of
the Brillouin zone and the X point at the edge of the Brillouin
zone. ko is the distance in k—spacé between these two points. The
top of the valence band occurs at the center of the Brillouin zone,
the f point. Gallium phosphide is similar to silicon in that the
conduction band minima occur near the X point. However, in GaP,
these minima occur much closer to the X point and for many purpdses
can be taken to occur at the X point. As in silicon, the top of
the valence band occurs at the I point at the center of the Brillouin

Zone.



Figure 1.2. Band structure of silicon. The X‘point lies at the edge of
the Brillouin zone along the 100 direction. The I point is at the center
of the Brillouin zone. The bottom of the conductibn band occurs at

.85 kO where kO is the wavevector from the T point to the X pointf The
top of the valence band occurs at the T point. This}figure does not
include the spin-orbit sp]itting'of the valence band. The spin-orbit
interaction produces a splitting of the valence band which 1éaves the _
top of the valence band fourfold degenerate with a twofold degenerate
split-off band lying 40 meV below the top of the Va1ence band.

(From D. J. Chadi, Phys. Rev. B16, 3572 (1977).)
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IT. Neutra] Impurities

It is possible to demonstrate the effects of the band structure
by considering the cases of the neutral donor and acceptor in these
semiconductors. In the simple model the energy 1eve1$ for a neutral
(1)

donor or acceptor are given by

4 4
n em, ‘ n _em

e i B et

Edonor = o222 acceptor 2 2 2
where the symbols describe the same quantities as given previously
 for the free exciton. Qualitatively this picture works well for Many
impurity states. To describe donor and acceptor estates in Si and
GaP several modifications are necessary,

Several features in the band structure of silicon make it neces-
sary to modify the simple model for the neutral donors. As étated
previously, the conduction band minima do not occur at the zone
center in either Si or GaP. As a result, there are multiple conduc-
tion band.minima in both of these materials. It is necessary to
modify the simple model to include the effects of the multiple con-
duction band minima. Because the ground state of the impurity is
localized near the impurity site, the amplitude function of the elec-
tron is spread over the full conduction band. Thus the electron can
be in more than one.minima at any given time. In si]icoh there are
six minima and the effect of the short fange impurity potential splits
the six states associated with the minima into three types of states

which are determined from symmetry considerations.. In GaP there are
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effectively three minima and two types of states. The energy split-
ting between these stateé is referred to as the valley-orbit splitting.
Since the short range impurity potential depends to some extent on
the chemical nature of the impurity, the valley-orbit splitting
depends to some extent on the specific impurity (24).

Figure 1.3 shows schematically the experimentafly determined
ordering and classification of states associated with substitutional

25). These states are labeled 1s, 2s, 2p,

phosphorus in silicon (
etc. in analogy to the hydrogenic states which would be associated
with these levels in the absence of other effects. Higher angular
momentum states are split by the anisotropy of the conduction band
into states which can be labeled by the z component of the angular
momentum, Because states associated with different conduction band
minima are mixed by the short range impurity potential, thé 1s state
is split into three levels labeled 15(I}), ]S(FS), and ]s(F3). The
labels F], Iy, and P5 describe the symmetry associated with each of
these states. Of these states only the ]S(T]) state has an amplitude
on the impurity site and thus "feels" the strongest effects from the
short range impurity potential. Normally the short range impurity
potential is attractive and the Iy state has the Towest energy. In
GaP the 1s state is split into two levels which can be labeled 15(?1)
and 1s(1,). |

In the case of the neutral acceptor the simple model must be

modified for different reasons than for the neutral donor. The top of
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Figure 1.3. Schematic diagram of neutral donor and neutral acceptor
states in a semiconductor. The ordering for the neutral donor states
is that of substitutional phosphorus in silicon. The ordering of
states of the neutral acceptor was determined by a calculation for

GaP.
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Figure 1.3
neutral donor _ neutral acceptor

Bp? 3.1 meV
3s ~-4.7 meV Zp]/2 -4.2 meVY
3p0 , -5.46 meV
2p§ -6.4 meV
2s ' | -8.8 meV 2p5/2 ~-11.7 meV
Zpo -11.45 meV ‘ ‘

253/2 -13.7 meV

2p3/2 -19.1 meV
1s( 1) -32.6 meV sy -47.5 meV
]s(IB) -33.9 meV

]S(Iﬁ) -45.5 meV
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the-va1enc¢ band of Si and GaP is fourfold degenerate. If one tries
to use the simple model, it is not apparent what effectiveAmass to
use in describingtthe energies of the acceptor states, Thus it is
necessary to treat the problem in more detail, Recently Baldereschi
and Lipari have performed such a detailed calculation (26), They
have shown that the states of the acceptor can be classified hy
considering the form of the Hamiltonian associated with the top of o
the valence band. This Hamiltonian has the cubic symmetry of the
crystal. Baldereschi and Lipari have shown that this Hamiltonian

can be decomposed into two parts, one with spherical symmetry and
one with the cubic symmetry. The free particle eigenfunctions of the
spherical Hamiltonian have the symmetry of a particle with angular
momentum J=3/2. They found that the states of the neutral acceptor
could be classified in terms of a total angular momentum F=d+L.

In this éase j=3/2 and [ is the angular momentum associated with a
particular envelope function. The cubic term in the Hamiltonian may
be treated in perturbétion theory. Figure 1.3 shows the expected
ordering of such states in GaP as determined by Baldereschi and

Lipari (26),
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ITI. Bound'Excitons |

A large part of this thesis is dedicated to understénding the
properties of bound excitons. The ordering of states in the neutral
impurity is often a good starting point for understanding the ob-
served structure of states associated with bound eXcitons; A simple
example shows that a great deal of structure can be associated With
the bound exciton.

Consider the acéeﬁtor bound exciton in silicon, Schematically

the Hamiltonian for the bound exciton can be expressed as

Tt vimp—h1 ¥ Vimp—h2 * Vinp-e

* Ve—h * Vh -h

where T répresents a kinetic energy term, V represents a potential
energy term, h] and h2 are subscripts describing the two holes, e is
a subscript describing the electron, and imp is a subscript des-
cribing the negatively charged impurity. The degeneracy associated
with the bound exciton can be very large if all the interactions in
this Hamiltonian are not active. For instance the top of the valence
band in silicon is fourfold degenerate. In addition there are

twelve possib1e states associated with the electron. The holes can

* be coupled together in six different ways which obey the Pauli
principle. As a result the bound exciton can have a degeneracy as

high as 72. This degeneracy can be broken if some of the terms in
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the Hamiltonian are large enough. For instance the hole-hole, electron-
hole exchange, and valley-orbit interactions can lower this degeneracy..
It is important to understand how these interactions can play a role
in determining the structure of the bound exciton. |

Hole-hole coupling can split the degeneracy associated with the
valence band when the two holes are coupled together! In a spherical
model the hole can be treated as a particle with‘angular momentum

(26). For a system with two holes the total angular momentum

3=3/2
is a constant. In the absence of interactions between the two holes
in the bound exciton this results in degenerate states with total
angular momentum J=0 and J=2. The coulomb repulsion of thé two holes
splits these states. In addition the kinetic energy terms in the
Hamiltonian do not Have absolutely spherical symmetry. This leads
to a term in the Hamiltonian which can further split the J=2 state
into two states 1éading to a total of three different states.

The electron-hole exchange interaction can also split states in
the bound exciton. Such an interaction becomes important when the
electron and hole occupy the same cell of the crystal lattice. The
exchange interaction occurs because the total wavefunction ofAthé system
must be antisymmetric with respect to interchange of two e]ectrons;
In the absence of the hole there is an exchange energy associated
with the electron in the conduction band and the electrons in the

valence band. This energy is\inc]uded in the band structure of the

semiconductor in a single particle picture of the solid. When a hole



18

is present, the exchange energy is changed and must be taken into
account. Such a term in the Hamiltonian couples an electron with spin
1/2 with a J=3/2 hole in a spherical model. As a result in the bound
exciton, a state with total angular momentum J=2 can be split into
states with J=3/2 and J=5/2 (2%),

The valley-orbit splitting occurs for the electron in the bound
exciton in the same way as in the neutral donor. Such an effect
arises from the multivélleyed conduction band of an indirect semi-
conductor. Since there are six equivalent valleys in the conduction
band, the electron has a degeneracy of six in the absence of the
valley-orbit interaction. The potential associated with the bound
exciton can split this degeneracy into three levels,

In general some of these interactions are more important than
others. Experimental studies can be used to determine which inter-
actions are active and need to be accounted for to explain the ob-
served bound exciton spectra. In this thesis it has been possible to
explain many of the features of bound exciton spectra. As a result
it has been possible to determine which interactions are important

and need to be considered in explaining the binding of these states.
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IV, Outline of Thesis -

~In this thesis I present the results of experimental studies of
various semiconductor systems which have been undertaken to gain more
knowledge about the properties of the excitonic states and the impuri-
ties to which excitons bind. Chapter 2 deals with the fundamental
absorption process in which a bound exciton is formed on a neutral
acceptor in 51i. Three lines are observed in the absorption spectra of
Si:Al, Si:Ga, and Si:Iﬁ. Several different sbhemes had been previously
proposed to explain these lines. By comparing the oscillator strengths
of these lines, it is established that the correct scheme is one in
-which two j=3/2 holes are coupled to form states wfth total éngu]ar
momentum J=0 and J=2. The cubié environment of the crystal in the
neighborhood of the impurity leads to a sp1ittihg of the J=2 state.
Chapter 3 deals with measurements of the Tuminescence and absorption
spectra due to the bound exciton in Si:T1, A1thqugh T1 occurs in
the same row of the periodic table as Al, Ga, and In the bound
exciton spectra is qualitatively different. The results for Si:T]
are compared with those of Si:Al, Si:Ga, ‘and Si:In.

In Chapter 4 the results of a study of the excited states of

bound excitons in GaP:S and GaP:Se are presented. It is established
that excitons bound at these impurities 5hou1d have a structure which
consists of a D core to which a hole is loosely bound. We have
identified two different types of excited states. Some of these states

have been identified as excitations of the hole about the donor bound
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exciton. Other states have been identified which are due to excita-
tions of the electron into D™ states with different symmetry.

Chapter 5 discusses the observation of an excited state in Si:In.
This state is close in energy to the ground state of the In acceptor
“and is interesting because such a state has not been predicted. The
possible explanations for the origin of this state are discussed.
Chapter 6 reports the systematics of the spectroscopy of multiple
exciton complexes bound to donors in silicon. At the present time,
little is known about'the structure of these complexes. By studying
the luminescence associated with these states we have determined
that the observed structure in the spectra does not change appreciably
with the chemical nature of the impurity to which the complexes are
bound. Thus any model for the structure of the complexes must be
able to explain this behavior.

Chapter 7 presents measurements of the capture cross-section of
a free exciton on a neutral In acceptor in silicon. In lightly doped
silicon the decay of the luminescence associated with In bound excitons
is determined by the rate at which excitons are captured on thé In site.
By measuring the decay time of the Tuminescence as a fUnction of In
concentration and temperature, we can obtain the cross-section for
capture of a free exciton. The capture cross-section shows a strongv
temperature dependence changing by two érders of magnitude between
10°K and 30°K. This measurement is the only known measurement of the

free exciton capture cross-section on a neutral impurity in any semi-

conductor,



10.
11.

12.

13.

21

REFERENCES

J. I. Pankove, Optical Properties in_Semiconductors, (Dovey

Publications, Inc., New York, 1971),

D. G. Thomas and J, J. Hopfield, J. Appl. Phys. 33, 3243 (1962).
W. J. Turner and G; D. Pettit; Appl. Phys. Lett, 3, 102 (1963).
M. A. Gilleo, P. T. Bailey, and D, E. Hill, Phys. Rev. 174, 898
(1968).

C. Benoit a Ta Guillaume and 0. Parodi, Int. Conf. on'Physfcs of

Semiconductors, Prague (1961), p. 426.

D. G. Thomas, M. Gershenzon, and J. J. Hopfield, Phys. Rev. 131,
2397 (1963).

W. J. Choyke and L. Patrick, Phys. Rev, 127, 1868 (1962),

A. S. Kaminskii, Y. E. Pokrovskii, and N. V. A1keev,kZh. Eksp.
Teor. Fiz. 59, 1937 (1970) Sov. Phys. JETP, 32, 1048 (1971).

R. Sauer, W. Schmid, J. Weber, and U. Rehbein, to be pub]ished
in Phys. Rev. B, June 15, 1979.

R. W. Martin, Sol. St. Commun. 14, 369 (1974).

P. J. Dean, D. C. Herbert, D. Bimberg, and W. J. Choyke, Phys. |
Rev. Lett. 37, 1635 (1976).

J. J. Hopfield in Proceedings of the 7th International Conference

of Physics of Semiconductors (Edited by Hulin M.), p. 725 ff,

Dunod, Paris (1964).
R. R. Sharma and S. Rodriguez, Phys. Rev. 159, 649 (1967).



14.
15.
16.

17.

18.

19.

20.

21.

22.

23.
24,

25.
26,

22

G. Munschy and C. Carabatos, Phys. Stat. Sol.(b) 57, 523 (1973).
B. Stebe and G. Munschy, Phys. Stat. Solé(b) 88, 713 (1978).

D. S. Pan, D. L. Smith, and T, C. McGill, Sol. State Comm. 18,
1557 (1976). _

D. C. Herbert, J. Phys, C10, 3327 (1977).

Y. C. Chang and T. C. McGill, Sol. St. Commun., in publication.
A. M. White, P. J. Dean and B. Day, J. Phys. C7, 1400 (1974).

M. Schmidt, T. N.‘Morgan, and W. Schairer, Phys. Rev. §1l) 5002
(1975).

P. J. Dean, W. F. Flood and G. Kaminsky, Phys. Rev, 163, 721
(1967).

P. d. Dean, R. A, Faulkner, S. Kimura and M. Ilegems, Phys. Rev.
B14, 1926 (1971).

D. J. Chadi, Phys. Rev. B16, 3572 (1977).

F. Bassani, and G, Pastori Parravincini, Electronic States and

OpticaT Transitions in Solids, (Pergamon Press, Oxford, 1975).

R. L. Aggarwal and A. K. Ramdas, Phys. Rev. 137, A602 (1965).

A. Baldereschi and N. 0. Lipari, Phys. Rev. B8, 2697.



23

Chapter 2
BOUND EXCITON ABSORPTION IN Si:Al, Si:Ga AND Si:In
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I. Introduction
The bound exciton (BE) spectra for acceptors in Si has been pre-

(1-4) (5).

viously studied using both luminescence and absorption
Three emission lines associated with the BE have been observed in
Si:Al (3.4) and SiﬁGa (2’4); in Si:In'(1’4) two emission lines and in
Si:B (1,4) one emission Tine associated with the BE have been seen.
The multiplet structure seen for all acceptors except B'is due to Tow
lying excited states of the BE (6), In Si:A1 and Si:Ga, the energy
sepafation between the two excited states is much less than the energy
separation between the ground state and the first excited state (2’4).
In previous absorption experiments, the two excited states in Si:Al
and Si:Ga had not been resolved, |

Because of the degenerate valence band and multiple valley con-
duction band in Si, fhere are numerous possible ways to construct Tow
lying excited states of the acceptor BE. The first explanation pro-
posed to explain the observed excited states was based on g j-J
coupling scheme for the two holes (5). As stated in Chapter 1 the
holes transform under rotation like particles with angular momentum
j=3/2‘in a model where the valence band has spherical symmetry. In |
the acceptor bound exciton there are two such holes which are coupled
together by their coulombic repulsion. This produces states with
total angular momentum J=0 and J=2, 1In the cubic environment of the

crystal the J=2 state can be further split into two states. In

addition the J=2 state can be split by the electron-hole exchange
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interaction (7_9),
The exchange interaction occurs because the bound excjtqn wave-
function must be antisymmetric with respect to the exchange of the
electron states associated with the electron in the cdnduction band

with those associated with the hole in the valence band (9). This

gives rise to an additional term in the Hamiltonian with the form (25)

H =< (P () [ =E—]0 . (P)e o (r')>
exchange ‘ §ké vk Q IV‘T‘I vkﬁ cké

where wck (r)'is the wavefunction of an electron with wavevectqr ke

in the coiduction band, Vyk is the wavefunction of a hole in the
valence band and ez/]r—r‘] is the coulomb potential. When this term

is included, the electron with spin 1/2 angular momentum is coupled to
the J=2 and J=0 hole states. States with total angular momentum J=1/2
are formed from the J=0 hole state. States with total angular momentum
J=3/2, 5/2 are formed from the J=2 state.

If both the cubic crystal field and the electron hole excﬁange are
active splitting mechanisms, four emission 1ines would be observed.
An.aTternative splitting mechanism which produces three states is the
valley-orbit splitting of the single electron in the acceptor bound
exciton (7). Such a spTitting occurs because the electron can be in
.any one of six valleys and the éffective potential of the two holes
and the impurity center can lead to a splitting in the levels associated

with these valleys,
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When this work was completed, there was no evidence to determine which.
of these three splitting schemes was the correct one for the acceptor in
silicon. The purpose of this work was to determine the splitting scheme
for the acceptor BE in Si by analyzing the relative no-phonon oscillator
strengths for the same three BE lines. In the first part of this
chapter high resolution absorption data are presented for
Si:Al1, Si:Ga and Si:In in the no-phonon region. These data is used to
'determine,the osci]]atér strengths for the thrée BE absorption lines.

It is preferable to determine the relative oscillator strengths from
an absorption experiment rather than a Tuminescence experiment because
it is not necessary to divide out temperature dependent Boltzmann
factors in the absorption experiment. (Sample heating by the excita-
tion source can be a serious problem in the anaTogdus Tuminescence
experiment.) The results of theoretical calculations are presented
for the oscillator strengths of the three BE Tines assuming each of
the three coupling schemes described above, For the j-j coupling
scheme with the J=2 state further split by the crystal field, experié
ment agrees with theory for Si:Al and Si:Ga. For the other two schemes
the experiments do not agree with theory. It is concluded that
electron-hole exchange and valley orbit splitting for the acceptor

BE in Si are small. The data for the sharp J=0 BE line in Si:Al1 (the
Towest energy Tine of the main triplet) show that this Tine is further

split into two components (by 0.07 meV), the ratio of the line inten-
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sities for these components are such that they can be interpreted

as due to the valley orbit splitting effect, In Si:In, both components
of the J=2 BE Tine are observed which had not been seen previously.

Two higher»]ying absorption lines which appear to be highly excited

states of the BE have also been observed,

IT. Experimental Results

The transmission was measured as a function of frequency in the no-
phonon vegion of Si doped with Al, Ga and In. Thevimpurity concen-

tration in each sample was determined by a Hall measurement made at

Hughes Research Laboratories. The doping levels ranged fyom 10]6

Vw3, The sample lengths were between 2 and 3 cm,

cnS
to 10

Light from a tungsten source was focused on the end of the sample
which was immersed in superfluid heljum at 2%k, The transmitted Tight
was collected and focused onto the entrance s1it of a Spex 1400-11
spectrometer. A cooled RCA 7102 photomultiplier was used to detect
the signal at the spectrometer output. The obtainable spectral
resolution was about 0.05 meV.

In Fig. 2.7, the transmission spectrum of Si:Ga in the no-phonon
region is shown. Absorption lines at 1.1490 eV, 1.1504 eV and 1.1508
eV are observed, These 1ines have been seen previously in emissfon
by Thewalt (2) and by Lyohjg;;gl'(4), In earlier absorption measure-

ments, the two higher energy lines were not resolved. The relative
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oscillator strengths for the three lines are listed in Table 2.1,

In Table 2.2 the total oscillator strength for the sum of the three
lines is given. The low energy line in Fig; 2.1 is considerably
narrower than the two higher lying lines, Thus, to determine the
relative oscillator sfrengths,of the three lines, it 1s necessary

to integrate the area under the absorption peaks. If one uses peak
heights, the relative oscillator strength of the Towest enefgy line
will be considerably OVerestimated{ From the theoretical analysis of
the relative oscillator strengths outlined later in the chapter,

it is concluded that the three lines are produced by hole-hole

(10) in the point

coupling, the Jowest energy state is the J=0 (r]
group notation of Ref. (11)) and the higher lying lines are the J=2
state split by the cubic crystal field. These states are labeled T,
and T'g in accordance with their symmetry properties (]1). The
assignment of the I'p and‘l‘3 states :is made by their relative oscil-
lator strengths.

In Fig. 2,2 I show the transmission spectrum of Si:Al in‘the no-
phonon region. The spectrum is very similar to that for 5i:Ga,
Three méin ]ihes are observed at 1.1494 eV, 1.1506 eV and 1.1509 eV.
These 1ines have been seen previously in emission by Lightowlers and
(3) and by Lyon et al (4), The lowest Tying 1ine(labeled I;)

[lai

Henry
is split into two components. The splitting is 0,07 meV. This small
splitting has not been previously observed. This splitting has also

been observed in Tuminescence and in severgl samples with different
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doping Tevels. In Table 2,1 the relative oscillator strengths of the
four absorption lines in Si:Al are listed and in Table 2.2 the
absoTute oscillator strength for the sum of the four Tines is listed.
Based on the relative oscillator strengths; symmetry labels have been
assigned for the three main lines in the same way as for Si:Ga (same
splitting scheme). The small additional splitting of the r, Vine can
be interpreted as due.to valley orbit splitting. Based on relative
oscillator stréngths fdr the two components, the Towest lying com-
ponent would be the electron I'y valley state and the higher lying
component the T valley state, (The Iy valley state has a forbidden
optical transition,)

In Fig, 2.3, the transmission spectrum of Si:In in the no-phonon
region is shown. Although the binding energy for the In acceptor in
Si is much greater than that for Al or Ga, features are observed in
the Si:In spectrum which are qualitatively similar to those for Si:Al
and Si:Ga. In addition to lines which have been observed previously
at 1,1409 eV and 1.1440 eV (1’4’5), a broad peak centered at 1.7472 eV
was detected, These three are labeled peaks in analogy with the
labeling for Si:Ga and Si:Al. In Table 2.1 the relative oscillator
strengths are listed for the labeled lines in Fig. (3) and in Table
2.2 the absolute oscillator strength for the sum of these lines.

The comparison of the relative oscillator strengths with the theoreii—

cal result is less favorable for Si:In than for Si:Ga and Si:Al.
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Figure 2.1 Transmission vs photon energy in the no-phonon region of
Si:Ga. Three absorption Tines due to the bound exciton are observed.
Absorption to the ground state is labeled T] and to the two excited

states F5 and F3.
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Figure 2.2 Transmission vs photon energy in the no-phonon region of
Si:Al. Three main absorption lines due to the bound exciton are ob-

served; the Towest energy Tine is further split into a doublet.
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Figure 2.3 Transmission vs photon energy in the nb—photon'region of
Si:In. Three absorption Tines,'similar to those dbserve& in Si:Al
“and Si:Gg are seen. The ]fne labeled Ié js very broadé_its'positidn
is marked with an arrow. Fine structure on the Iy Tine is shown in
the insert. We also see two lines at higher engrgy’(not:1abe1ed)'-
which correspond to absorptfon into a highly excited state of the

bound exciton.
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Thué, the Tabeling of the Tines in Si:In must be considered tentqtiye,
The insert in Fig. 2.3 shows a high resolution spectrum of the T]
Tine. This spectrum indicates that there is additional structure on
fhe Tine. This splitting was also observed in a second sample of
Si:In. Because of the reproducibility of the'structUre; we believe
that it i1s due to the In BE and not an ekterna1 perturbation such as
stress.

I have also observed in the spectrum of Si:In a narrow‘line at -
1.1544 eV and a broad feature at 1.1584 eV, 'These'lines'do not have
the correct energy for a phonon assisted transition and thus, it is
concluded that they are due to the no-phonon creation of a BE in a
highly excited state. Since In is a relatively deep acceptor in
Si, it is possible that these lines can be described by a "pseudo-
donor" model in which the electron experiences the effective potential
of a net positive charge from the two holes which are tightly bound
to the negative In ion. Such a mode]vhas been used to describe |
excited states of BE in other materials (]3). The 1.1544 eV Tline
is only bound with respect to the free exciton by 0.4 meV; whereas,
the higher energy line is not bound in this.reSpect and, therefore,
must be interpreted as a resonant state. Finally, a smoothly varying
backgkound is observed in the absorption of Si:In which is not ob-
served for Si:Al and Si:Ga. This absorption background is probably
due to photoionization of neutral In acceptors. |

Comparing our experimental results for the relative oscillator
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strengths for lines labeled Iy, Tg andif3 in Fig. 2.1 to 2.3 with
previous estimates from luminescence data, there is some discrepancy.
The absorption measurements should be more accurate for this purpose
than Tuminescence measurements because it is not necessary to divide
out temperature dependent Boltzmann factors. Small uncertainties in
line separations or temperature in the sample under external excita-
tion could account for the discrepancy. Also, it is necessary to use
integrated intensities rather than peak heights because the lines -
have different widths. The absolute no-phonon oscillator strength
measurements in this study are rather close to those previously

(5),

measured by Dean and co-workers

II1I. Theoretical Analysis of the No-Phonon

Oscillator Strengths

Smith has used a model for the acceptor which allowed him.to
calculate the relative line ratios obtained in the bound exciton
absorption for a variety of schemes which produce splittings (24).
O0f all the possible sp11fting mechanisms it is clear that some are
not important. If one counts states, there are 72 possible states
of the bound exciton which‘could be low in energy. This is because
there are six electron valleys and the valence band is fourfold

degenerate. From symmetry considerations there are 24 levels which

could have different energies. Since only three lines are observed
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the effects of many of the possible mechanisms must be small, In
this section we will outline Smith's calculation of the no phonon
oscillator strengths;

The three coupling schemes which are considered were those
mentioned in the introduction to the chapter. First two holes with
angular momentum J=3/2 are coupled together by their mutual inter-
action in a spherical model to form states with total angular momen-
tum J=0 and J=2. The J=2 level is then split by the electron-hole
exchange interaction into two states. In the second scheme the J=2
state is split by the cubic environment of the crystal instead of
the electron-hole exchange. 1In the third scheme the splitting is due
' to the valley-orbit splitting of the electron.

In the direct band gap semiconductors, InP (8) and GaAs (9),
three emission Tines for acceptor BE are also seen, In Ref, (8),
it is argued that the first splitting scheme applies in InP:Zn, In
Ref. (9), it is argued that in GaAs;Si (Si acceptors) the crystal
field splitting of the J=2 hole state (second scheme) is more im-
portant than the electron-hole exchange effect. One might expect
that electron-hole exchange splitting is less important in indirect
gap materials like Si than in direct gap materials because in the
indirect gap materials it requires Coulomb exchange scéttering
between a hole state neaf the zone center and an electron state
near the zone edge. The Coulomb matrix element is inverselylpro—

portional to the square of the wavevector transfer,
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The wayevector trahsfer.in,such a scattering event isblarge so
that the Coulomb matrix element is small.  In the indirect gap material
GaP, the number of emission lines observed for acceptor BE depends on
the acceptor type (7), It appears that both hole-hole coupling and
valley-orbit splitting play a role in the acceptor BE in GaP (7).

To determine the splitting mechanism in silicon the experimental
results are compared with the calculated no phonon oscillator strengths
of the three absorption lines for the three different coupling schemes.

The no phonon oscillator strength is defined by

iy = [<VolPy Il (1)
where the squared matrix element is to be averaged over the initial
acceptor states and summed over final BE states that are degeﬁerate.
Here,‘ﬁwN is the energy of the photon involved in the transition,
.[¢0> is the acceptor wavefunction, [wN> is the BE wavefunction, Py
is the y component of the momentum operator and My is the free elec-

tron mass. The wavefunctions have the form

- M '
[¢o> = 3 am(Kh) CK 0 |G> (2a)
Khm h
and
| >= I z Ag m av(ke’kh’kﬁ)ck m C.m CZ \lov[G> .(Zb)
Uy 1M KMy Ky Ke

mym,v kekhkh'
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where N and M label the BE and acceptor quantum numbers, respec-
tively. Here CZ vo creates an electron of wavevector ke in valley v
with spin o, Ckh;] creates a hole with wavevector kh and spin pro-
Jection ms |G> is the state with all conduction band states empty
and all valence band states occupied and a and A are ampiitude
functions for the acceptor aﬁd BE, respectively. Theatransition

matrix element becomes

_ M N '
YolP Iy = = ) <¢kem1|Plekevg>a (kp) [A (ke’kg’kh)

m m.m,ov
mm, Vo kekh 2 1 g
- AN (k_,k k)] (3)
m,m,ov ‘e’ h’e _
21 .
where Uk Vo is the periodic part of the electron Bloch function and
e

¢kem1 is the periodic part of the hole pseudo-Bloch function. 
To proceed, it is necessary to specify a model for the amplitude

functions A and a. Smith has used a simple model which allows him

to determine the relative oscillator strengths of the three absorption

‘lTines from symmetry considerations; he takes

am (kh) = F(kh) 6M;m (4a)
2 2
and
, DavB Da vB
Am]mzcv(ke’kh’kh) - Cm]ng Bv fh(kh) fh(kh( fev(ke) (4b)
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Here, M labels the acceptqr quantum number (pq?umn Qf the Ié
representation), Dd labels the hole and electron spin quantum
numbers in the BE (D gives the representation and o gives the column
Qf the representation, the nature of Da dependson the coupling scheme)
and VB labels the electron.va11ey-states'in the BE (v gives the
~ representation and B gives the column of the representation); The
function F(k ) is the Fourier transform of an s-like spatial enve]ope
function for the acceptor, f (k } - is the Fourier transform of an
s-Tike spatial envelope function for a hole in the BE and fev(ke) is
the Fourier transform of the.spatial envelope function for the BE
e]ectronbin conduction band valley v. The‘coefficients B:B~are thé
~same as those for the valley orbit states of the donor in Si; they

D
(16). The coefficients C, o

can be found in the article by Kohn s
My

depend on the coup?ing scheme.

In the simple model for the amplitdde functions defined by Eq.
(6), the following have been neglected: mixing of D 1ike and higher
angular momentum functions in the spatial envelope functions for the
holes in the acceptor and BE, mixing of the spin orbit split I}-
valence band and the possibility that the enve]dpe functions fh
and fev in the BE could depend on the quantum numbers D and v.
These approximations are expected to be better for the shallower
impurities Al and Ga than they will be for In and estimates of the
relative oscillator strengths of closely spaced 1ines are expected
to be bettef than for lines with greater energy separation. The |

no-phonon oscillator strengths are quite sensitive to the envelope
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| function fh (]7), For closely spaced lines, the-enye]ope functions
fh for the states are expected to be similar; but for farther spaced
lines there may be corrections to this approximation.

In the acceptor BE, the holes are more strongly localized near
the acceptor than the electron. As a result, the hole envelope
function fh(k) is more spread out in k-space than the electron
envelope function fe(k). In the acceptor BE in Si, the hole function,

f,_, is largest at the zone center and the electron function, fe’ is

h>
strongly peaked at the conduction band minimum. (Variational calcu-
lations for these functions, in a simple model for the four common
acceptors in Si, are given in Ref. (17)). As a result of the sharp
peaking of the function fe(k), the one electron matrix elements
involved ﬁn the optical transition are evaluated at the conduction
band minimum.

With the model for the amplitude functions given by Eq. (4),
the no-phonon oscillator strengths for the BE Tines labeled by D

and v become

1 Vg v "
f, =0z =z L B T<é [P U, >
Dv "M o,B v,y 50 v keva y kevo
Da Da -2
(Cm],M,O B CM,mi,a) (5a)
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where

2
2 lke) foylhe) (5b)

2

Q= —S5—
thva

z Flk,) £, (k)

ey e
Ky

e

In deriving Eq. (5), Smith used the fact that [Z fikg) T, (ky)| does
k ev: e ;
not depend on v and that fev(ke) is sharply peakéd at the canduction

band minimum for the v valley, k Performing the sums indicated

ev’
in Eq. (5) gives the result,

| - _
fp, = Ql<tglPyla>1" GO1ey ¢ * 29 p * 38y 38, o

D :3 5 s'l

A

+ 26 + 06

} ’ (6)
v,?3 V,TS ~ ,

when electron-hole exchange is assumed to be negligible. An important
result in Eq. (6) is that the valley orbit splitting ohly produces

two absorption (or emission) lines because transitions to the F5
valley orbit state are forbidden. (Transitions'to these states are
forbidden because transitions to valleys on the opposite side of the
zone come in with opposite phase and cancel.) If valley orbit éplit—

| ting is the only important splitting mechanism, there should be two
absorption lines with intensity ratios (F];1) : (F3;2). If the
hole-hole splitting mechanism is dominant, there should be three
absorption lines with intensity rations ( P];l) : (IL32) (F5;3).

Next consider the case in which electron-hole exchange scat-
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tering is assumed important, but the cubic crystal field isvnot‘
important, In this case, the two hales are first'COUPIed in a
spherical model to produce J=0 and J=2 states.  When electron spin
is included, the J=0 state becomes a state of total spin S = 1/2
and the J=2 state splits to form states of total spin S = 3/2 and

S = 5/2. Performing the sums indicated in Eq. (6) gives the result

_ 2 2.
. QI<A5lelA1>| 919,172 * #%p,372 * 19p 5727
{1s + 26 + 08 } (7)
Var'l \)ST3 \)3115

The ratios for the valley orbit split states are the same as before.
If the spherical hole-hole coupling followed by electron-hole exchange
coupling is the dominant splitting mechanism, we expect three
absorption lines with intensity ratios (S = 1/251) : (S = 3/2:4)

: (S = 5/251). This is the same result as for direct band gap
materials (]9’20).

Comparing the calculated intensity ratios for the three coup]ing
schemes with the measured results, there is fairly good agreement
with the measured results in Si:Ga and Si:Al for hole-hole coupling
in the cubic crystal field (see Table 2.1). For the valley orbit

splitting scheme and the hole-hole coupling (spherical model) with

electron-hole exchange scattering scheme, there is no agreement with
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experiment., It is.cqncluded,that,e1ecﬁron‘ho1e exchange scatteriné
and valley orbit splitting for'the'accéptor BE in Si are small.
By comparing the measured intensity ratios with the calculated ones,
one can assign the symmetry labels to the absorption lines as shown
in the figures. As ekpected,'the'agreement with ekperiment is best:,
for the ratio of the closely spaced I and I3 Tines. The'meaSured |
oscillator strength of the I line is somewhat larger than eXpected,
This is attributed to a change in the envelope function fh(kh).in |
going to the more tightly bound Iﬁ state. Also, as ekpected the agree-
ment with experiment is better in Si:Ga and Si;Al than in Si:In,

In Si:A1, the 1§ hole-hole coupling state is observed to be split
into two states separated by about 0.07 meV. This splitting can be
attributed to valley orbit splitting. If tﬁis is the case, the Towest
lying state must be the I3 valley orbit state and the higher lying
one the I valley orbit state because of their jntensity ratios.

(The quantitative agreement between the measured ratios and the 2:1
ratio expected for this assignment is quite good.) This ordering {s
the opposite fof that observed for the substitutional donors in Si(14).
This change in ordering of the valley orbit states in the donors and
acceptor BE is to be expected. In the donor case, the interaction
between the positively charged impurity and the electron is everywhere
attractive and is étrongest near the impurity. For the BE, however,
the electron experiences a repulsive interaction near the negatively

charged impurity. Of the valley orbit states, only the Iﬁ state has
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TABLE 2.1. Relatiye oscillator strengths. The Tz value is taken
to be three for normalization. The theory is for the’ho1e~ho]e
coupling scheme. For Si:Al, we give the ratios for the split F]

Tevel (lowest level normalized to two); theory is for valley orbit

splitting.

Theory 1 3 2
(Ty52) « (T31) (valley orbit)

Si:Al 1.8%.1 -3 2.0:.1

(F332) : (p];1.1i.])(va11ey orbit)

2a 3a 2'3a

C v C

1.6 5(P3+F5)
Si:Ga 1.6%.1 | 3 o 2.0:
2.1P 3P 3.0°

C . T C

2.0 5(T3+'%)
Si:In 2.7+.1 3 1.9:.3

3.0° 3¢ -

(a) Ref. (3) (b) Ref. (2) (c) Ref. (1)
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an amplitude at the impurity site. Thus, for the substitutional

. donor, the'T] state is the’]erSt'energy'state, but for the acceptor
BE, it should be the highest energy state. We expect that the valley
orbit splitting in the acceptor BE is much less than that for the
substitutional donor because the electron is»m&ch more tightly bound
to the donor than to the acceptor BE. We have not observed valley
orbit splitting in Si:Ga; in Si:In there éppears to be some fine struc-
ture on the I} 1ine, bﬁt it is not clearly resolved. The Si:Al PT
line is sharber than the Ia Tines in Si:Ga and Si:In (perhaps
because the doping in this sample is lower) and this may account for
the fact that this splitting was only observed in Si:Al.

The absolute no-~phonon oscillator strengths can be calculated if

a model for the envelope functions is specified. Such a model has been
developed, by Osbourn and Smith, in a recent paper which dealt with

(]7). The results of this calculation are

Auger transition rates
given in Table 2.2 along with the experimental values obtained in this

work.

IV. Summary and Conclusions

High resolution measurements df BE absorption in the no-phonon
region have been presented for Si:Al, Si:Gé and Si:In. In each case
at least three absorption lines associated with the acceptor BE have
been observed. By comparing the measurements of the relative no-phonon
oscillator strengths with calculations for these ratios based on

different coupling schemes, it has been shown that the three lines
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TABLE 2.2. Absolute no-phonon oscillator strengths for the sum of

the main triplet lines, -

Si:Al Si:Ga  Si:In

Theory  3.5.107° 9.0.107° 9.3-107°
This Work 5.107° - 7.1078 8.707°
-6 5 ~5

Ref. (5) 7:10 »1'10~ 9-10
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result from coupling the two holes in a cubic crystal field., By
comparing observed and calculated relative oscillator étrehgths?
symmetry labels have been assigned'fo the'three'lines;"The'r] state
is the ground state, the Ié excited state is slightly lower in energy
than the Iy excited state,

The ordering of the J=0 (Iy) and J=2 (I3 and Ij) is the opposite
of that predicted by atomic theory, However, this inverted ordering
has been observed for acceptor BE in other materials such as
GaSb (21) and GaAs;Sn (22). Possible reasons for the inverted order-
ing have been discussed by Morgan (23). |

- In SiA1, the Towest lying line of the main triplet is further
split into two components. This splitting has been intérpreted as
being due to valley orbit splitting of the electron in the acceptor
BE. The lowest of these two components is the T3 valley orbit state
and the I} valley orbit state is slightly higher in energy. (The
Ig valley orbit state has a forbidden optical transition but is
probably close in energy to the T3 valiey orbit state.) 1In Si:In,
two states have been found which are higher in energy than the main
triplet. These are probably highly excited states of the In BE in
which the electron has been excited about the two holes and the

impurity center. Such states can be referred to as . "pseudodonor"

states of the bound exciton.
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Chapter 3
~ ABSORPTION AND LUMINESCENCE
OF THE S1:T1 BOUND EXCITON
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1. Introduction

In Chapter 2 the bound excfton spectra associated With Al, Ga,
and In acceptors were reported, In each case at Teast three low
lying states of the bound exciton were observed., It was found the
data could be adequately explained by considering the effects of the
hole-hole coupling in the crystal field. In such a model the holes
are treated first in a spherical model such as that described in the
first chapter. In such a model the holes transform as particles with
angular momentum j=3/2. The holes are coupled together by their
mutual coulombic repulsion. This coupling produces states with total
angular momentum J=0 and J=2 (]). When cubic térms in the Hamiltonian
due to the crystal field are included, the J=2 state splits into
two states (2).

The question naturally arises about whether this model is appli-
cable when one considers acceptors and bound excitons with larger |
binding energies. For Si:In the binding energy of a neutral ac-
ceptar is 155 meV (3). The binding energy of a free exciton to the
indium acceptor is 14.0 meV (1). The next acceptor in the Group III
-column of the periodic tab]e after aluminum, gallium, and indium

(4,5)

is the element thallium. Vouk and Lightowlers observed a triplet
structure for the bound exciton Tuminescence in Si:T1 which was
qualitatively different from that observed in the Tumineécence of
Si:A1, Si:Ga, and Si:In. They observed a pair of Tines at lower:

energies with a single line at higher energies. As discussed in



55

Chapter 2, the bound exciton spectra for the acceptors Al and Ga
show one Tine at lower energies and two lines at higher energy.

Such. spectra were interpreted in terms of the simple model in which
hole-hole coupling was the dominant splitting mechanism, This model
for the shallow acceptors predicted line ratios of 1:3:2.  Vouk and
Lightowlers observed 1ine ratios of 1:1:1 from the Tuminescence of
Si:T1 <4). Thus the simple model does not enable one to readily under-
stand the spectra of Si:T1. Since the splitting mechanism which is
important for Si:T1 is likely to be importantvfor other deep impuri-
ties, it is important to try to understand the nature of this split-
ting.

In this chapter the results of high resolution absorptionAand
Tuminescence measurements of the bound exciton spectra in Si:T1 are
presented. Four lines are observed in the spectra of the bound exciton.
This is one more line than was observéd by Vouk and Lightowlers. The
existence of this extra line indicates that the sp]itting scheme is
different than for the other type III acceptors,

In addition I report the relative oscillator strengths for each
of the four observed transitions and the absolute oscillator strengths |
for the sum of the four lines. This measurement indicates that the
total no-phonon oscillator strength follows the trend observed for the
shallower impurities that the oscillator strength varies as the cube
of the acceptor binding energy. The Auger decay rate for the bound

exciton has also been estimated from the observed radiative effi-
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ciency. This measurement indicates that the Auger rate also follows
the trend observed for the shallower impurities. In this case the
Ruger rate varies roughly as the sixth power of the acceptor binding
energy; As a result the Tuminescence efficiency decreases roughly

as the cube of the acceptor binding energy.

II. Experiment

Both the 1uminescéncevand absorption spéctra of Si:Tl were
measured. The apparatus used in this experiment was identical to
that described in Chapter 2 for the transmission measurements in Si:AT,
Si:Ga, and Si:Al. The transmission measurements were performed with .
the sample immersed in superfluid helium at 2%K. The Tuminescence
measurements were performed at a number of different temperatures
between 2°K and 30°K. An argon ion laser was used as an excitation
source for the Tuminescence measurements, In addftion it was neces-
sary to flush the spectrometer with dry nitrogen gas since the Si:Tl
béund exciton absorption is masked by atmospheric absorption lines.
The sample used in this experiment was grown at Hughes Research
Laboratories. The impurity content was determined by a Hall measure-

ment to be 3x10]6cm'3.

ITI. Results
The transmission spectra of Si:T1 in the no-phonon region is

shown in Figure 3.1. Four lines are observed in this spectrum,
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‘Figure 3.1. The transmission spectrum of Si:T1. The arrows indicate
lines identified with the absorption process where an electron-hole

pair is produced in a bound state at a neutral TI.
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Figure 3.2. The Tuminescence spectrum of Si:T1. The four lines
observed are identified with the decay of an eTectron-ho1é pair bound

to a neutral T1.
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These Tines occur at 1.1104 eV, 1.1115 eV, 1.1134 eV, and 1.1148 eV,
The 1.1148 eV line has not been previously observed, The integrated
ratios of the four lines were found to be 1,6+,2, 1,6+.2, 1,0+,1,

and 1.2+.17, respectively; The absolute oscillator strength for the
sum of all four lines is approximate]y‘4x10“4. The oscillator strength
was obtained in the same manner as that described in the previous
chapter for Si:Al, Si:Ga, and Si:In.

In Figure 3.2 the~no—phonon replicas of the same four lines are
shown in luminescence. All of the lines which are observed in
luminescence occur at the same energy as the lines observed in
absorption within experimental error. Measurements of the temperature
dependence of the Tuminescence were made to determine whether the ob-
served lines were due to excited states of the bound exciton. These
measurements showed that all the lines thermalize with energies given
by their splittings. These data clearly indicate that the line at
1.1104 eV isrthebground state of the bound exciton and that the other
1iﬁes are associated wifh Tow Tying excited states of fhe bound exciton

for Si:T1.

IV. Discussion

The observed spectra for Si:T1 are considerably different from
that observed for the shallower acceptors Al, Ga, and In, For these
three impurities only tﬁree lines are‘observed. In addition the line
ratios disagree with those obtained from the model which works for

Si:Al1, Si:Ga, and Si:In. Si:T1 is different from the shallower

i
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acceptors in that it is a much deeper 1eve1 and consequently binds
holes much more tightly, Since the hole binding energy to the neutral
acceptor (EA = 255 meV) (3) and the exciton bindingbenergy which we ob-

serve (E = 44.2 meV) are not small in comparison to the

bound exciton

spin orbit splitting (E = 44 meV), it may not be a good

spin-orbit
approximation to neglect effects of the split-off band.

In addition, electron-hole exchange scattering may be important
for the deep levels. The effects of the electron-hole exchange
interaction were discussed in Chapter 2. Such an interaction is
not important for the shallow acceptors because the electron and hole
wavefunctions are not strongly localized. In order for the electron-
hole exchange to be important, the exchange matrix elements must be
large enough to be significant. However the exchange matrix elements
are inversely proportional to the square of the wavevector difference
~ between the electron and hole states. Since the electron and hole
are localized in two different parts of K-space, the wavevector dif-
ference is large and the exchange matrix elements are small. However,
the hole states will have én appreciable amplitude throughout the
BriTlouin zone when the Ho]e wavefunction is localized near the central
cell of the impurity. Such Tocalization occurs in the deeper acceptors
and a Targe wavevector transfer between the electron states and the
hole states is no longer necessary. In this case the effects of the
electron hole exchange may be substantial.

In Chapter 2 the effects of the electron hole exchange on the
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spectroscopy of acceptor bound excitons was considered. It was found
that such an interaction taken together'with terms in the |
Hamiltonian resulting from the cubic crystal field would split the
J=2 states into three states with different energy. When the J=0
state is taken into account this results in four emission lines.
There may be other sp]itting.mechanisms which play a role. As seen
in Fig. 3.1 the 1.1115 eV and 1.1148 eV lines have asymmetric line
shapes which suggest that these lines have unresolved fine structure.
Such structure may arise from the electron valley-orbit splitting.
Such a splitting occurs because the six degenerate electron valley
states can have different energy in the environment of the two holes
and the impurity.

The dominant mechanism by which bound eXcitons decay in silicon
is an Auger process in which an electron-hole pair decays nonradiatively

(7.8) " Both the

by exciting the third particle in the bound exciton
optical cross-section and the Auger rate are expected theoretically
and have been found experimentally to increase with the binding

(7’8). In Fig. 3.3 the measured

energy for the shallower acceptors
oscillator strength for bound exciton fo%mation in Si:T1 as compared
to the shallower impurities B, Al, Ga, and In is shown. A continued
increase in_the oscillator strength is observed for the deep acceptor
T1. The oscillator strength f increases rapidly with the binding

energy of the acceptor varying f~Eb3 where Eb is the acceptor binding

energy.



64

Figure 3.3. The total absolute oscillator strength for the Towest
known transitions of an electron-hole pair bound to acceptor. For
Si:B the value is for a single unresolved line. For Si:Ai, Si:Ga,
and Si:In all the lines observed in Ref. 2 were included. For Si:T]
all the Tines shown in Fig. 1 were included. The data indicated by E

were taken from Ref. 1. The data & were taken from Ref. 2.
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The Tuminescence efficiency n associated with the T1 bound
exciton is quite small. Comparison of the bound exciton intensity
with that from a sample doped with Al indicates that Ny o~ (‘05"2)HA1'

Since n = where 1/1 represents

Ttotal’ TRadiative 29 Tygear © TAuger
the decay rate, the decay rate due to the Auger process can be estimated.

On the basis of this comparison we can estimate T to be between

Auger
75 and 300 picoseconds for an exciton bound to a Tl acceptor. This
observation is consistént with an extrapolation of the recent calcu-
lation by Osbourn and Smith (7). Fig. 3.4 shows a plot of the Auger
lifetime associated with type III acceptors as a fﬁnction of binding
energy. The calculation of Osbourn and Smith matches the data for
B, Al, Ga, and In. The empirical relation ]/nAuger ~ Eg fits theﬁe
data well. It is apparent from the figure that this relation works
well for Si:T1 also. Therefore, if this trend towards large optical
cross-sections continues bound exciton transitions should be ob-

servable in absorption for other deep impurities, even thdugh the

luminescence may be weak and unobservable.

V. Coné]usions

The bound exciton spectra associated with Si:T1 consist of four
lines. This behavior is different from that observed for the shallower
group III impurities Al, Ga, and In. One possible explanation for
this behavior is that the electron hole exchange interaction is

important for the deep impurities. The oscillator strength has been
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Figure 3.4. The measured Auger decay rate for acceptors in silicon.
- , 6 : -

The rate varies as ]/rAuger ~ EB where EB is the acceptor binding

energy. As a result Tuminescence associated with bound excitons in

silicon is very inefficient. (Ref. 8)
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measured. In addition the Auger rate associated with the decay of the

bound exciton has been estimated from the Tuminescence efficiency.
These measurements indicate that the decay of the bound exciton and
oscillator strength of the bound exciton follow an extrapolation of

results obtained for the shallower acceptors B, Al, Ga, and In.
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I. Introduction
In the previoué two chapters the results of studies on the electronic
structure of acceptor bound excitons in silicon have been reported.
In order to get a better understanding of bound exciton structure it
is necessary to study also donor bound excitons. In silicon donor
bound excitons have a very small oscillator strength and thus are
difficult to study in absorption. However donor bound excitons in
GaP have a much 1arger~osci11ator strength and can be studied much
more easily. Since GaP and Si both have multiple conduction band
minima and because the valence band in both materials have the same
symmetry, the bound exciton spectra can be expected to have similar
properties in both systems. In this chapter I present the results
of studies of the excited state structure of donor bound excitons in
GaP. |
Luminescence from excitons bound to donors in GaP has been
investigated by Dean (]). This study primarily dealt with gkound
state of the bound exciton for S, Se and Te doped GaP. However Dean
also observed in:absorptioh several excited states of the bound
exciton, These 1né1uded two states labeled by Dean as SO' and SO“
which had a large oscillator strength compared to several other
fransitions which were observed and labeled SA’ SB’ SC’ and SD.’ The
nature of these states as well as the observed SA, SB’ SC’ and SD
transitions has not been explained (]).

Recently several authors have attempted to calculate the excited
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state spectrum of bound ¢xcitons, Chang and McGi]](z) have calculated
the energies of excited states of bound excitons in a spherical model
as a function of the mass ratio of the electron and hole. Herbert has
developed a detailed theory for which he presents results for the
observed spectra in GaAs (3). Ruhle and Klingenstein have applied
a non-rigid rotational model to describe states observed in InP
and GaAs (4). Of these models only that of Chang can be directly
vapp]ied to the case of GaP, However the model used by Chang does
not take into account the details of the specific band‘structure
exbected for GaP. It is thus important to understand what effects
the band structure have on the excited state structure of the bound
exciton and also to test Chang's model for GaP.

To do this I have measured the excited state structure of donor
bound excitons in GaP. By noting the systematic differences between
transitions observed in GaP:Se and GaP:S it is possible to distin—’
guish between phonon assisted and no-phonon transitions of the lines
previously observed by Dean in absorption. Dean was not able to
identify the transitions that he observed. By considering the form
of the optical transition matrix elements it has been possible to
identify the_nature of most of the transitions observed by Dean as
well as other transitions observed in this study. Dean labeled the
Tines he saw as SO', SO”, SA’ SB’ SC, and SD" The SO' ]ine.obsefved
by Dean is idéntified to be an excitation of the hole in the bound

exciton to a higher lying state about a bound exciton core consisting
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of two electrons bound in a D™ configuration, (The D™ state is
analogous to the atomic H™ ion; It consists of two electrons bound to
a positively charged center.) The SO" line is observed to be the'sum
of two lines, one of which is observed to be the TA phonon assisted
complement of the SA transition observed by Dean while the other line
is also identified as being due to an excitation of the hole about a
D™ exciton core. These excitations of the hole are expected to occur
from Chang's theory.

The other Tines observed by Dean are apparently associated with
states which have an electron core with different symmetry than the
~ground state. As discussed later in this chapter, it is expected
that such states will have weak transitions in the no-phonon region
while having comparatively large transition rates in the phondn
assisted regions. The SA and SC transitions are apparently TA phonon
assisted components of weak no-phonon transitions. The SD line is
apparently the LA phonon replica of the SA transition. These transi-
tions are probably associated with states of this type;

It has thus been found that the excited states of donor bound
excitons in GaP can be classified into two different types. The first
of these are excitations of the hole in the bound exciton and have
been predicted by the theory of Chang. The second type of state involves
excitations of the D™ electron éore and arises from the many valleyed

nature of the conduction band.
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IT. Experiment

The method used in this experiment is virtually identical to
that used by Cohen and Sturge to study the excited states of excitons
bound to nitrogen pairs in GaP (5). Fig. 4.1 shows a schematic
diagram of the experimental apparatus; A sample is optically pumped
with a tunable source and the luminescence from a particular transi-
tion is monitored as the source is tuned. In this experiment the
tunable source is a continuous dye laser with constant output power
operating with the dye sodium fluorescein pumped with an Ar+ laser.

The output of the laser was focused on the sample which was
placed in a variable temperature dewar. Luminescence from the sample
was collected and passed through a grating monochromator and monitored
with a C31034 photomultiplier. This method has several advantages
over normal methods of studying the absorption. First, the laser
has a very narrow linewidth with high brightness compared to a thermal
source filtered with a spectrometer. Secondly, the luminescence is
proportional to the light absorbed and is relatively insensitive to
small fluctuations in the laser intensity. This feature makes it.
possible to observe weak features in the absorption spectrum.
Finally, the laser spot can be focused to aAvery small size and thus
samples a very small region within the material. Thus, small regions
in bulk material which have less internal strain and yield better
overall spectra can be studied,

In this study results are presented from samples doped with S

and Se. The spectrum of the GaP:Se indicated that there was a
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Figure 4.1. A schematic diagram of the experimental apparatus, A
tunable dye laser excites a GaP sample which has been cooled to 1iquid
helium temperatures. The resulting ]umineséence is monitored as the
dye laser is scanned in wavelength. The resulting spectra show peaks

where absorption into bound exciton states occur.
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negligib]e contribution from sulfur in this sample, Because additional
structure was observed in samples contaminated with nitrogen which
made the results uninterpretable, only samples with Tow nitrogen
content were used. The doping level was estimated to be approximately

3x]017‘ 16

for the GaP:Se sample and 5x10°" for the GaP:S sample by the
suppliers. |
ITI. Results

Figures 4.2 and 4.3 show the Tuminescence excitation spectra ob-
~tained from GaP doped with S and Se. The luminescence was monitored"
from two spectral regions. In the top panel of each figure the lumines-
cence which is monitored as the dye laser is scanned appears at 1.77
eV, This Tuminescence occurs in a broad emission band peaked at
approximately 7000 K which was observed in both the case of GaP:S
‘and GaP:Se. Such an emission band is probably associated with
recombination from a deep center (6). Presumably excitations, which _
are created by light absorbed in the sahp]e, decay rapidly into
states producing the broad band in the spectrum. If such excitation
transfer occurs with uniform efficiency for all excitations created
in the crystal then the observed Tuminescence spectrum accurately
portrays the absorption spectrum. If such excitation transfer does
not occur with uniform efficiency then the observed spectrum will be
influenced by the details of the transport process of the excitation
to the luminescent center. To evaluate the effects of such transpért,

the optical absorption spectra were measured directly in the GaP:Se

sample. Although the quality of the absorption spectra was not as
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- good as that obtained by using the tunable laser, the details of the
spectra were basically the same in both.tases. In addition the ob-
served spectra are relatively independent of tempefature. It is thus
assumed that the details of the spectra are not influenced by the’
transport process but rather reflect changes in the optical absorption.

The Tuminescence of the ground state no-phonon bound exciton
transition was also measured as a function of pump wavelength from
the dye Taser. For Ga?:S this peak occurs at 2.3095 eV and for
GaP:Se it occurs at 2.3079 eV. 1In the bottom panels of Figs, 4.2 and
4.3 these spectra are shown. Such luminescence is also affected by
excitation transfer especially from highly excited states. ‘Excitation
into a state which is not bound has a large probability of decaying.
to a deeper level; whereas, a state which is tightly bound has a
much Tower probability of such a transfer. States which are loosely
bound have a higher probability ofvthermaTizing to the free exciton"
- continuum than deeper lying stafes. By comparing these spectra with
those obtained from the previous method where the luminescence from
deeper levels was monitored, valuable information on the nature of
the states can be obtained,

Figure 4.2 shows the spectra for GaP:S. In addition to features
previously observed by Dean, these spectra contain additional lines
which make it possible to interpret much of the structure. These
Tines have been labeled in accordance with the interpretatibn which
is given later in the chapter. In the top panel of Fig, 4.2 spectra

are shown for GaP:S where luminescence at 1.77 eV was monitored. At
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energies 13.1 = .2 meVY and 14,3 me¥Y * ,2 meV above the ground state

two weak lines labeled SZA

and Sg are seen. The energy of the first
line matches that of the TA phonon assisted ground state transition.

In addition, at higher energies there are two strong lines labeled

Sg" + S?E, a weaker line labeled Sg and a broad feature labeled
Sgu + SXA. There is a structure at 31 meV above the ground state’

4which is apparently associated with the LA phonon assisted bound
exciton transition. fhe line Tabeled Sg. is apparently the same as
the SOl transition observed by Dean (]). |

In the bottom panel of Fig. 4.2 spectra for GaP:S are shown
where Tuminescence at 2.3095 eV was monitored. This spectrum is more
detailed than the first and in addition the strong continuum above
2.33 eV 1is much weaker; This continuum is interpréted as being pri-
marily due t§ the no-phonon creation of free excitons scattering off
the neutral donor. Such states will have a high probability of
decaying to deeper levels and only give rise to weak luminescence at
2.3095 eV. In addition to Tines observed in the top’pane1, Tines are
‘observed at 7.7 meV * .2 meV, 9.4 meV + .2 meV, and 27,6 meV above
the ground state. The latter th lines are most likely the SA and SC
lines observed by Dean (1). The 7.7 meV Tine is most likely associated
with the nitrogen NX line which occurs at the same energy. This line
| is weak in the top spectra and is in general stronger in all samples

when donor bound exciton luminescence is monitored than when the

deeper luminescence is monitored., This may indicate that nitrogen



81

Figure 4.2. The luminescence excitation spectra for GaP:S. In the

top panel luminescence is monitored at 1.77 eV. 1In the bottom panel,
luminescence is monitored at 2.3095 eV, the energy of the ground

state transition. The two small arrows in the top panel point out
‘weak features in the spectra which are discussed in the text.

The ground state transition is not shown in this figure but is approxi-

mately 4 times stronger than the Sg. transition.
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preferentia]iy transfers to the deeper donor bound exciton levels.

Considerable structure has been observed in the excitation spectra

at the energy of the NA Tine in samples with a higher nitrogen con-
tent,

A Tline in the region of the 58” line occurs at 22.9 meV = .2

meV above the ground state. This energy is slightly higher than the 38“
and SKA of which the 58" is relatively broad and at slightly lower

energies than the SZA which is the line observed at 22.9 meV. In

addition the line labeled SEE at 19.6 meV is much weaker in this spectrum
This behavior suggests that these peaks are associated with states
which decay into free excitons with high probability since they are
weak in the Tower spectra. The higher lying transitions which are
observed at 22.9 and 27.6 meV and labeled SXA and SEA are not parti-
cularly weak and thus are more Tikely due to TA phonon assisted
‘transitions. The separation in energy betwéén thesev]ines and those
at 9.4 meV and 14.3 meV suggest that the Tower energy lines are
possibly the corresponding no-phonon transitions. In addition the
SA line matches the energy of the LA phonon replica expectedvfor the
SA transition and, as mentioned by Dean, appéars to track the phonon
assisted components in intensity (1). As shown later in this section
the interpretation of the higher states as being phonon assisted is
strongly supported by similar data observed for GaP:Se. In Fig. 4.2

these transitions have been labeled in accordance with this interpre-

tation and the corresponding lines and their positions have been
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listed in Table 4.1.
| Figure 4.3 shows the Tuminescence excitation spectra for GaP;:Se.
As in the spectra for GaP:S the -top panel shows the spectra for
luminescence monitored at 1.77; the bottom pane1 shows the sbectra for
lTuminescence monitored at 2.3079 eV, the energy of the ground state
no phonon bound exciton transition. Close inspection shows that much
of the structure in these spectra matches that of the GaP:S spectra if
the energy scale is shffted by 1.6 meV, the difference in energy
between the GaP:S and GaP:Se bound exciton ground states. A one to
one correspondence between the SXA, SgA, and 58‘, and 58 transitions
and corresponding transitions for GaP;Sé is thus noted. A simple
observation confirms that thevSXA and SEA transitions are phonon
assisted. In the Se doped samples the phonon assisted transitions
are much stronger than the no-phonon components. However, the ratios
between the SXA and SEA line strengths and the SgA ground state
transition line strength are nearly the same as for the ratios between:
the corresponding lines observed in GaP:Se even though the ratio
- between no-phonon and TA components has changed by a factor of 5.
This suggests very strongly that these transitions are phonon
assisted and explains why such states can appear above the FE
threshold in the spectra shown in the Tower panels of Figs. 4.2 and
4,3. |

The peak which is Tabeled SgFE appears 1in the spectra for GaP:Se

at 21.1 meV above the ground state and occurs at the same position in
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TABLE 4.1

Energies measured for features in the luminescence excitation spectra

of GaP:S. The maximum possible error in the measurements is ,2 meV.

The separation between the weak feature Tabeled Sg and SZA is slightly .

larger than the observed TA phonon energy and therefore the'Sg transition

is Tabeled with a question mark.

'ENERGY (eV) ENERGY RELATIVE TO Sg(meV)

0
s 2.3095 0
0 -

5 2:3561 16.6
0

o 2.3319 22.4
59 2.3290 19.5
~FE o .

0
59 2.3187 9.2
0

| 2.3283 18.8

0 v
S 2.3237 14,2
sgA 2.3229 13.4
sge 2.3394 29.9
SKA 2.3324 22.9
sgA 2.3370 27.5
kA 2

2.3409 31.4

<«
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Figure 4.3. The Tuminescence excitation spectra for GaP:Se. In the
top panel luminescence is monitored at 1.77 eV. In the bottom panel,
luminescence is monitored at 2.3079 eV, the energy of the ground

state transition. The ground state transition for GaP:Se is about

1.6 meV Tower in energy than the corresponding transitibn in GaP:S.

The ground state transition is’not shown in this figure but is approxi-

mately 4 times stronger than the Seg. transition.
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TABLE 4.2

Energies measured for features in the luminescence excitation spectra

of GaP:Se. The maximum possible error in the measurements is .2 meV.

The feature Seg is very weak and occurs near the Ng nitrogen no-phonon
bound exciton transition. Therefore the assignment of thi§ feature

as being due to Se must be considered speculative.

ENERGY (eV) ENERGY RELATIVE TO Seg (meV)

Seg 2.3079 0
60

e, 2.3248 | 16.9
5e0 2.3289 21.0

FE : | -

Seg 2.3175 9.6 ?
Seg 2.3224 14.5
Seq’ 2.3211 132
Sege 2.3380 30.1
SeXA - 2.3309 23.0
‘SegA 2.3357 27.8
sekA 2.3393 31.4

()
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enérgy as the peak in GaP;S which is Tabeled S?E which occurs 19.6
meV above the ground state. Both of these peaks occur very close

to the free exciton threshold. It is likely that these peaks are
associated with the creation of free excitons 1in tﬁe vicinity of

the donor impurity. The fact that both of these are weaker than the
58. peak in the spectra shown in the lower paneis of Figs. 4,2 and
4.3 than in the top panels supports this conclusion. The lines which
have been observed for the GaP:Se and their positions have been

listed in Table 4.2.

IV. Discussion

Of the available calculations for the excited state structure of
bound excitons, Chang's calculation (2) is the only one carried out for
the approximate mass ratio. Figure 4.4 shows the results of his
calculation. Chang assumed in his calculation that the electrons
and holes were oppositely charged particles with masses Mg and M-
His results show that for donor bound excitons, the resuiting complex
resembles a molecule if fhe electrons are much lighter than the hole.
If the electrons are much heavier than the hole, the binding is not
of the same nature. Rather, the two electrons are expected to bind
" to the impurity in a Dnrconfiguration. As stated earlier the D~
state is analogous to the atomic H ion ground state. The hole is
bound by the coulombic attraction of the net negative charge of the

two electrons and the impurity in this case.



90

The nature of the gxcited states is different in the two cases;
In the first case, where the ratio of the electron mass to,the'hgle
mass is close to zero, the excited state spectrum is expected to -
resemble the vibrational-rotational spectrum characteristic of a
molecular system. In the second case, where the electron to hole
mass ratio approaches infinity, the excited state spectrum is ex-
pected to resemble the spectrum of the neutral acceptor.

Chang's theory prédicts the excited state spectrum of boundv
excitons for a]i mass ratios (2). In Fig. 4.4 the'energ{es of the
excited states are plotted as a function of mass ratio. In addition’
the ionization energy for the hole is also plotted. The dotted lines
are plots in which the'energy units are in terms of the acceptor
Rydberg. This 1is just the energy which binds a hole in the acceptor.
At Targe mass ratios the excited state spectrum matches that of the
neutral acceptor. At Tower mass ratios the spacing between the ground
state and the excited states changes but the spacing between the
excited states and the ionization threshold does not change appreciably
until the mass ratio is less than one. The behayior at Tow mass
ratios becomes more apparent if one plots the excited state energies
in terms of the donor Rydberg. The donor Rydberg is the energy with
which an electron is bound in a neutral donor. The solid lines show
these plots. It is apparent that at‘mass ratios below .5 from these -

plots that the nature of the excited states changes a great deal,
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Figure 4.4, Energies of s-Tike excited states of the bound exciton
as a function of the mass ratio ¢ = me/mh. The solid curves are
plots of the energy in terms of the donor Rydberg. The dotted-dashed
Tines represent a plot of the energy in terms of the acceptor Rydberg.
At very small masS fé%fbs the'éxcited staté‘éffuéture shows mb]écuiaf
behavior. Af 1ar§ékﬁéss rétfos fheléxcited state spectrum is simply
that of the neutkal acceptbr; The'dotfédNTﬂhe represents the bound
]

exciton dissociation energy. (Ref, 2)
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The ionization energy fqr a free hole increases rapidly; whereas, the
excited state energies approach zero. Such behavior suggests that
the excited state structure is molecular in nature at these mass
ratios; whereas, at higher mass ratios the structure is acceptor-like.
In GaP it is possible to make an estimate of the appropriate mass
ratio to use in the calculation of Chang by considering the ratio of
the donor binding energy to the acceptor binding for simple impurities,
If 100 meV is taken as‘a typical donor binding energy and 50 meV
as the simple acceptor binding energy a mass ratié of 2 is obtained
which is considerably greater than 5. Thus it seems most likely
~that the data can be explained in a model which has the features of
the excited states described by Chang.

Since the band structure is considerably more complicated than the
spherical nondegenerate bands used by Chang in his calculation, it
is necessary to consider what effect the details of the band structure
will have on the excited state spectrum of the bound exciton. Since
the conduction band in GaP has several equivalent minima, it is
possible to construct several D states of different symmetry. In
addition the excifations of the neutral acceptor are not simply
described by a hydrogenic spectrum but have a more complicated form.
From Chang's calculation it is expected that the nature of the excited
states in the bound exciton will be similar to the excited states of
the neutral acceptor and can therefore be classified according to

the scheme developed by Baldereschi and Lipari (7); This scheme was
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briefly discussed in Chapter 1.

If the form of the optical transition matrix elemént is con-
sidered, it is seen that some of these states are expected to have
relatively large oscillator strengths in no-phonon transitions; Whereas,
others are expected to have relatively weak transitions in the no-
phonon region. The neutral donor and the donor bound exciton wave
functions have the form

-

_ 0 20 | _
|w0> = OE a . (ke) Ckovc‘G>§ "
keVOOO e E !
and
. 3 J <s) ~,>2 &
et E e e, G
m e’ e’kh ot
V2©2
o +
x Cr Gyl C+2 o G>
khm Le v,0y keVZ )
Ck - creates a hole with wavevector kh and spin projection m,
h
Ck]v . creates an electron with wavevector k; in a valley combination
e 171 v
vy with spin 0y> and |G> is the state with all conduction band states

empty and all valence band states occupied. a® is the amplitude

function for the ground state of the neutral donor and Ad s the
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amplitude function for the jth excited state of the donor bound

exciton., The transition matrix element becomes

<o Py lopp> = % Y <¢m(131)11>},{¢62v2(§1)>

191‘ ié’gl
V2 2
' o 3 - : - (3)
X a?rlol(ke) A{r} Gl(f( % 131) @10 (fi‘x , T\h) ,
. V;O‘z VZG . :

where |¢ k )> and]@ (k )> are the periodic parts of respectively
the pseudo-Bloch funct1on of the hole and the Bloch funct1on of the
electron and Py is the y component of the momentum aperator. The
functions A% can be expanded in terms of thé amplitude functions of -
Y191
V292
the neutral b{(k) donor aP(k) (where p labels the state of the neutral
donor) and for the single particle amplitude function the hole b' (k)
(where r labels the basic states).
To illustrate the important features of this equatién,

most of the indices can be suppressed and the matrix element appears

in the form

<y lI ge> = 2 1D.a,1) (@ o "®) PEIT
pqr ke

(4)

N i q Ty i
b mdE) @ (}) b ()]
| - |

]

where M(kh) js the momentum matrix element, and D is the set of
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expression coefficients for the bound exciton wavefunction. This
equation shows that the matrix element is the product of two terms
in brackets: the overlap in k space between the initial state of
electron in the bound exciton and the electronic state of the neutral
donor, and the overlap in k space of the electron and hole amplitude
functions weighted by the momentum matrix elements. The first term
in the product is zero unless the two single electron states involved
are the same. The secénd term can be approximated by noting that the
hole wavefunctions are relatively localized in k space at kh=0 and
that the momentum matrix element is not a rapidly varying function

of ky (8). Then this term is approximately M(kh=0) X ap(ﬁh) br(ﬁh).
k
h .

Hence, the size of this term depends on the k-space overlap of the
electron and hole wavefunctions near the zone center. In addition,

jf the amplitude functions ap(ﬁh) and br(?h) have opposite parity this
sum will be zero.

For GaP, these considerations lead one to expect that only certain
bound exciton states will be involved in the no-phonon absorption
process. These states are those with a substantial projection on
the single particle configuration consisting of two electrons in 15(?1)
states and the hole in an even parity state. One of the electrons
must be in a 1s(F]) state because the initial state in absorption is

the ]S(F]) ground state of the neutral donor. In addition the 15(?1)
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electron state is the only state which is sufficiently spread out in
k space to have a Tlarge overlap with the hole. Thus, the second
electron must also be in the 15(?1) state for the sécond term in
Eg. 4 to be appreciable. The hole must have the same parity as the
electron and therefore has even parity. Thus transitiohs to hole
levels with p-like rotational symmetry are not expebted.

There are three features in the excited state spectrum which have |
fairly large oscillator strengths in .the no-phonon region for GaP:S |
and two such features for GaP:Se. These are the lines Sg,, S?E’ and
Sgu for GaP:S and the lines Segl and SegE for GaP;S. On the basis of
the preceding arguments, the Sg. and the Seg. lines are expected to be
due to creation of a bound exciton with a D~ (Tl) core and the hole
excited in a 233/2 state. The So“ Tine, as pointed out earlier in

this paper, appears to be the sum of two lines which we have relabeled

TA
Sp
bound exciton with a hole excited in a 383/2 state. .

and Sgn. This transition is possibly due to the creation of a

Cohen and Sturge (5) have observed acceptor-like exéited states
of excitons bound to nitrogen pairs in GaP. Since the highly excfted
hole states of both the N and S bound excitons are expected to have
the same relative energy positions, the data can be compared. Cohen
and Sturge observed a 3s state which was consistently between 6 and
7 meV above the 2s stéte. Such a separation agrees with.our assign-
ment of thé Sg, and Sg“ transitions.

In Figure 4.2 two features have been marked with small arrows in
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the Tuminescence excitation spectra for GaP;S which match the same
relative positions as the 4s and 5s states reported by Cohen and
Sturge and must tentatively be considered as candidates for such
transitions for the case of GaP:S$ (5). Such states are technically
resonant states since they lie above the threshold for free exciton
formation. If the relative énergies of the excited state spectrum
for GaP:S are assumed to match those of the acceptor-like spectrum
observed by Cohen and Sturge, a hole ionization energy of 30 meV
+ 1 meV is obtained. Assuming a free exciton binding energy of
22 meV + 2 meV and a bound exciton binding energy of 20 meV + 1 meV,
we obtain a value of approximately 12 meV for the binding energy of
an electron in the D~ (Iﬁ) state, |

The bound exciton excited states associated with the SXA,

SEA, SelT\A and SegA transitions are most Tikely states with an elec-

tron core with overall symmetry different from Iﬁ. Such states have
(9,10)

Preliminary calculations by Chang indicate that D~ states with Ié

been previously reported for excitons bound to donors in silicon

symmetry and a strong projection on the single particle product
1s(F]) ]S(F3) have the correct energy to be responsible for these
transitions (]]). Such states are expected to have weak no-phonon
éomponents since the 13(F3) state is not sufficient?y Tocalized to
have significant overlap with the hoTe in momentum space. If a
transition is phonon assisfed such an overlap is no longer necessary

and the oscillator strength should be comparable ta the phonon
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assisted ground state transition. Two such states occur for the D"(PB),
one being an electron spin singlet, the other being a spfn triplet,

When coupled to a Ié hole these states split in energy into a multi-
tude of possible final states for the bound éxciton transitions.

It is also possible that these states are associated with p-like
rotational states associated with the hole. However, there is no com-
pelling reason to believe that such rotational states should have a

‘1arge oscillator strength in phonon assisted transitions.

V. Conclusions

The excited state structure for excitons bound to neutral donors
in GaP:S and GaP:Se has been observed using luminescence excitation
spectroscopy. By comparing different spectra it has been possible to
distinguish between phonon assisted and‘no~phonon transitions of lines
which had been previously observed, In addition several new lines
have been observed. It has been possible to identify the nature of
most of these lines by considering the form of the transition matrix
element. There are basically three different types of features in the
observed spectra. First, peaks have been observed which appear to
be due to the no-phonon creation of free excitons in the vicinity
of the impurity. Second, there are transitions which have a large
oscillator strength in the no;phohon region. Third, there are transi-
tions which have relatively strong phonon assisted components. These

data indicates that there are two different types of excited states
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in the bound exciton, The)firsi of these results from excitations of'
the hole about a D—(I}) electron core, The second type of state
involves excitations of the electron core with different overall
symmetry. Such states result from the many-valleyed nature of the
conduction band. Thus as a result it will be necessary for future
calculations to include the many valleyed nature of the conduction

band to describe all the states which are ohserved,
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Chapter 5
EVIDENCE FOR AN ADDITIONAL EXCITED STATE
OF THE NEUTRAL INDIUM ACCEPTOR IN SILICON
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I. Introduction

The Tuminescence associated with bound excitons can be used to
observe the electronic properties of neutral impurities in semi-
conductors. The most commonly observed Tuminescence from bound exci-
tons is that from the ground state to ground state transition. In such
a transition the initial state is the ground state of the bound
exciton. Upon recombination of an é?ectron hole pair in the bound
exciton the impurity is Teft in the ground state. Transitions also
occur which leave the neutral impurity in an excited electronic
state. Such transitions are referred to as "two electron transitions”,
The transition was initially visualized as being due to the excitation
of the second electron or hole in the bound exciton to an excited
state of the neutral impurity following recombination of the electron
hole pair in the bound exciton (]).

The energy of the excited state relative to the ground state can
be determinéd from the energy of the "two electron" luminescence. |
Since both the ground state to ground state transitions and the "two
electron" transitions have the same initial state, any difference in
energy occurs in the final state. Hence the energy difference between
the ground state to ground state transition and the “two electron"
transitions yields energies for the excited states of the neutral
impurity.

The study of these processes is.important because they can‘pro—

vide valuable informatidn about states which are not observed in infra-
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red absorption spectra. States with s-like symmetry, for instance,
are not observed 1in {nfrared absOrbtion experiments. These states
can show up in the "two electron” spectra associated with bound
exciton Tuminescence (2).

Recently Lyon gj‘glf(3) and Vouk'g;_gl_(q) reported étudies of the
luminescence associated with bound excitons in Si:In. In addition to
previously observed transitions such as the bound exciton ground state
to ground state transition these studies reported several new transi-
tions, one of which is approximately 4 meV»]ower in energy than the
principal bound exciton transition.” Following Vouk'g;;gl_(q) this
line will be referred to as Ul, Neither Lyon gg;gl_(3) or Vouk §§~glf4)
suggested an origin for this line, Vouk et al did mention that the
feature appeared to increase in intensity relative to the bound exciton
with increasing temperature. Fig. 5.1 shows a spectrum with these
iines.

Data presented in this chapter indicate , that this line is most
Tikely dﬁe to a "two electron” (actually a "two hole" transition in
this case) transition whfch Teaves the indium acceptor in an excited
state. Data from pump power, doping level and temperature measurements
are presented. These measurements indicate that Ul and the bound
exciton transition have the same initial state. This faét indicates

that the sp]itting is in the final state, in this case a state of the

neutral acceptor,
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This state is a low lying state of the indium. The binding
energy of the neutral indium acceptor is 155 meV while the excited
state is only 4 meV above the ground state., The most recent calcula-
tions of the excited state spectrum of the neutral acceptor do not
show any indication that such a state should exist. Therefore the

origin of this excited state is of conSiderable interest,

IT. Experiment ‘
Spectra were obtaihed from four different samples doped with

Si:In. The impurity concentration was determined in each of these

samples with a Hall measurement performed at Hughes Research

Laboratories. The impurity concentrations were found to be Zx]O]acm‘S,

3.2x1015cm—3, ].7x1016cm—3, and 2x10]7cm'3.

Optical excitation was
provided by a Rhodamine 6G dye laser at 600 nm. The sample was
placed in a variable temperature dewar and the temperature was
monitored with a silicon diode sensor mounted directly on the sample.
The photoluminescence was passed through a grating monochromator and
detected with a cooled photomultiplier with S-1 response and a‘photon

counting system. A multichannel analyzer was used to obtain reliable

estimates of line ratios.
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Figure 5.1. A spectrum of the no-phonon vegion in Si:In. The J=0
and J=2 transitions are transitions which leave the impurity in the
ground state. The J=2 transition is from an excited state of the
bound exciton to the ground state of the neutral impurity. The J=0
line is the ground state to ground state transition. The line
Tabeled UT 1is studied in this chapter. It appears to have the same

initial state as the J=0 Tine.
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ITI. Results

Figures 5.2, 5.3 and 5.4 show the ratio of the Tine Ul to the
bound exciton Tine in the no-phonon region as a function of pump
power, doping level, and temperature, respectively; The ratio is
observed to be independent of these three parameters; The fact that -
the ratio is independent of pump power and doping level establishes
that the Tine is not due to a multiple exciton complex. Such lines
are observed to increaée in intensity with pump power and decrease
in intensity at higher doping levels with respect to the bound exciton.
Fig. 5.4 shows that the ratio of Ul to the bound exciton is indepen--
dent of temperature up to 15%K. These data indicate that the splitting
does not occur in the initial state. In order to obtain these data
it is necessary to subtract out the background to obﬁain a reliable
estimate of the ratio. This background is always present on the low
energy tail of the bound exciton and it increases at higher temperatures
and higher doping levels. Above 15%K it is not possible to obtain a
reliable estimate of the ratic. It is also necessary that -one uses
the integrated 1ntensity of the bound exciton since the bound exciton
line broadens appreciably as a function of temperature.

In view of the temperature and concentration dependence of the
data it is unlikely that Ul is due to the recombination of a bound
exciton on a site other than a substitutional indium. In such a case
one would expect some temperature dependence to the ratio since the

capture cross-section of an exciton on an isolated indium site is
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re]ative]y sensitive to temperature (6), In addition the samples used
in this study had different past histories. - Some were grown using a
float zone technique; others were grown by the Czochralski method.
In all cases the same ratio was obtained for the intensity of U1
to the bound exciton. Thus on the basis of these data it haé been
concluded that the transition Ul has the same initial state as the
bound exciton transition.
: )
IV. Discussion
The origin of the splitting between the Ul Tine and the bound
exciton line has been determined to occur in the final state of the
transition. It is possible that this splitting is due to the creation
of a resonant phonon mode upon recombination, Such a phonon mode
is similar to a local phonon mode in that it is associated with the
defect. Due to the large mass of the indium center, modes of this
type are degenerate with the continuum of lattice modes associated
with the crystal and are referred to as resonant modes. The masses
of the indium center and a silicon atom differ by a factor of.four.
Since the energy difference between the lattice optical modes and
the local modes can be expected to scale as the square root of the
ratio of the masses, it is possible to estimate the energy bf the
resonant mode, Assuming an optical mode energy of 60 meV this would

correspond to a resonant mode energy of about 30 meV. Thus, the Ul
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Figure 5.2. Ratio of the intensity of the intensity of Ul to the
bound exciton versus pump. The absolute pump power ranged approximately

from 100 mwatts/cm2 to 3000 mwatts/cmz.
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Figure 5.3. Ratio of the intensity of Ul to the bound exciton as a

function of indium concentration.
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Figure 5.4. Ratio of the intensity of Ul to the bound exciton as a
function of temperature. The excitation intensity was approximately

1000 mwatts/cmz.
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Tine does not appear to be due to a resonant phonon mode of thé
indium, | |

| A more Tikely exb]anation for the Ul line is that the final state
of‘the UT transition is due to an excited level of the indium acceptor.
An excited Tevel of the indium acceptor has been recently
méasured indirectly in ultrasonic absorption measurements in silicon
at an energy 4.2 meV above the ground state (5). This agrees with the
value of 4.1 + .1 meV measured here and provides convincing evidence
that the level is not due to a resonant phonon mode.

The existence of this level is significént in that current
theories of the electronic structure of the neutral acceptor do not
predict a level at this energy. It has been predicted though that
the dynamic Jahn-Teller effect should play a role in the acceptor

(5.7)

system for silicon Morgan has pointed out that systems with

Ig

symmetry such as acceptors in silicon should be affected by the
Jahn-Teller effect (7), |

The Jahn-Teller effect is the instability of an electronically
degenerate state with respect to distortions in the crystal (8)_
In the case of the indium acceptor the ground state of the acceptor
is expected to have Ié symmetry. Such a state is fourfold degenerate
and can be split into two different twofold degenerate levels by
stress or crystal distortiohs. According to the Jahn-Teller theorem
such a state is unstable with respect to these distortions about the

(8)

impurity
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Morgan has discussed the possibility that the dynamic Jahn-
Teller effect is important for the acceptors (7). (The difference
between tie dynamic Jahn-Teller effect and the normal static Jahn-
Te11er‘effect is that the dynamic Jahn-Teller effect inc]udes the |
effects of the nuclear motion in the lattice, whereas the static
effect only describes the effects due to static distortions of the
lattice.) He finds that lattice distortions will Coup?e to the
electronic states of_tﬁe acceptor and Tead to a modified ground
state with possible low lying excited states. The effect on the indfum
acceptor should be particularly pronounced since it is considerably
deeper than all the group III acceptors except for t5a111um and
the hole wavefunction is highly localized near the impurity. This
leads to stronger coupling through the electran-phonon interaction
and thus to a stronger Jahn-Teller effect.

Besides the evidence for thevexcited state presented here and
in the ultrasonic absorption measurements, there is addftiona1 evidence
that the Jahn-Teller effect may be active in Si:In. Morgan has
_pointed out that data taken in magnetic resonance experiments can be
explained by the Jahn-Teller effect (7). In these experiments it
was found that the resonance linewidth of holes bound to acceptors
and the g factors of holes bound to acceptors had a large stress

dependence (9). ‘Morgan has also pointed out that the relatively

small values of the deformation potential observed for the ground
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state in infrared absorption experiments can be explained by the Jahn-
Teller effect'(10).

Although there is a great deal of evidence that indicates that
the Jahn-Teller effect is active inFSi:In no detailed theory has been
presented at this time to account for the states which have been
observed here. It appears thaf such a state can arise in two ways.
The first of these is that the Jahn-Teller effect can give rise to
a series of levels Tyihg near the ground state as pointed out by
Morgan (7). These Tevels occur when the Tattice distortion becomes
important in changing the structure of the ground state from a purely
electronic level to a mixed electronic-vibronic Tevel, The second way
a low lying state can appear is due to a suppression of the spin
orbit splitting of the valence band. The spin-orbit splitting in
silicon leads to the formation of two bands. The top of the valence
band is fourfold degenerate; whereas, a splitoff band occurs 40 meV
below the top of the valence band. In the absence of spin orbit
splitting these bands would be degenerate in energy. The presence
of the splitoff band leads to low lying excited states of the neutral
acceptor. As Ham pointed out, the Jahn-Teller effect leads to a
suppression of the spin orbit splitting and as a resﬁ]t it is possible
that this could lead to a low lying acceptor state (]1). At this

time it is not clear what the nature of the observed state is.
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V. Conclusions

A Tine observed in the photoluminescence of silicon déped with
indium has been studied as a function of temperature, doping level
and pump power. The ratio of this line,which has been referred to
as Ul in the literature, to the bound exciton Tine is found to be
independent of these three parameters. As a result the splitting
between this line and the bound exciton Tine appears to occur in the
final state of the transition. The most likely explanation for the
line is that an excited level of the neutral indium acceptor lies
4 meV above the ground state. It is possible that the Jahn-Teller

effect may be responsible for the existence of this state.
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Chapter 6
SYSTEMATICS OF BOUND EXCITONS AND BOUND MULTIPLE
EXCITON COMPLEXES FOR SHALLOW DONORS IN SILICON



122

I, Introduction

In previous chapters of this thesis the properties of excitons
bound to neutral impurities have been discussed. In this chapter I
report the results of some experimental investigations of systems
which have more than one exciton bound to a sing]e-impurity; A state
which consists of a number of excitons bound to a neutral impurity is
~called a bound multiple exciton complex (BMEC).

Luminescence associated with these complexes was first observed
by Pokrovskii'éﬁ;gl_(}), Pokrovskii et al observed a series of lines
at Tower energies than the bound exciton in the emission spectra of
silicon doped with shallow imourities. The most satisfying explanation
for the origin of these lines was that they were due to the radiative
decay of an electron hole pair bound to a neutiral impurity center at
which a number of pairs was bound, bound multiple exciton complexes.
Several authors have studied these complexes and have presented

(1,2,3) (4)

measurements of the pump power » temperature , and decay

(2,3) of the luminescence from the series of lines

characteristics
observed by Pokrovskii. Such data areconsistent with the model that
the decay s associated with BMEC. The Tuminescence spectra associated
with these Tines obtained from silicon doped with Ga and Al also gives
strong evidence for this model (5’6’7), In these materials the excited
state structure of the bound exciton has been observed. Other transi-

tions occur in these materials which can be identified as electron
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Figure 6.1. A spectrum of the low temperature photoluminescence of
silicon doped with phosphorus. Transitions involving bound multiplie
exciton complexes give rise to two series of lines. The o series
shows up in no-phonon and phonon assisted transitions. The B series

only shows up in phonon assisted transitions.
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hole pair recombination in a cluster of two excitons bound to a
single neutral acceptor which leaves a bound exciton in one of the
excited states_(5’6’7). |

The spectrumassociated with BMEC has been studfed extensively in
an effort to gain knowledge of the properties of these states. Fig.
6.1 shows a spectra taken in Si:P which shows the series of lines
associated with BMEC recombination (8); This spectra is seen to
consist of a series of 1ines. Recently, Thewalt reported
new features jn the Tuminescence spectra for Si:P (9). He noted
that the lines associated with BMEC could be divided into two groups,
the o series and the B series. As shown in Fig. 6.1 the o series is
observed in no-phonon as well as phonon assisted transitions. The B8
series was only observed in phonon assisted transitions.

In addition, Thewalt (9) observed bound exciton transitions
which appeared in the luminescence spectra at higher temperatures.
He interpreted these transitions as being associated with excited
states of the bound exciton. One of these Tines which he labeled &
was identified as recombination of a bound exciton in an excited
state leaving the donor in the ground state. Other 1fnes, labeled
e and y; were interpreted by Thewalt (9) as being due to recombination
from excited states of the BE which left the donor in one of the
valley orbit states 1s(r3) or 1s(rg). Lightowlers et 'al (10) have

reported the observation of similar transitions in Si:As, Si:Sb and

Si:Bi along with Si:P.
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Thewalt (9) interpreted the existence of the excited states of
the bound exciton and the gbserved B series of the bound multiple
exciton complexes as evidence supporting the shell model propdsed by

an

Kirczenow A schematic diagram which shows the essential
features of this model for the observed spectra is shown in Fig. 6.2.
According to the mode1; the states assocjated with bound multiple
exciton complexes and bound excitons for the shallow neutral donor
should show a valley orbit splitting similar to that of the neutral
donor, The ground state of the bound exciton and the bound multiple
exciton complexes is formed by filling shells of states which are
separated in energy and which have the symmetry.of the valley orbit
split states for the electrons. The holes are placed in states with
the I'g symmetry of the valence band. For exahp?e the ground state
of the bound exciton is schematically ]abe]ed'{zr]:r8}. The ground
state of a m exciton comp1ex'{ZF],(m-])F3’5;mT8} . A single excited
state is considered in which one of the electrons is promoted to the
P3’5 shell. For an m exciton complex this state is 1abe1ed<ﬁ1,mr3,5;mrg}.
The observed transitions are assumed to be due to transitions between
the ground state of the mth complex and states of the m-1 complex.
The o series is due to transitions of the type'{ZT],(m—1)F3’5;mr8}
4{T],(m—1)r3’5;(m—1)r8}, The 8 series is due to transitions of the
type'{ZF],mTS’S;(m+T)Fé}4{2T],(m—l)TBQS;(mFB}, The & and y],y; Tines

arise from transitions associated with an excited state of the bound
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exciton in. this model (]1).

The predictions of the current form of the shell model are in dis-
agreement with recent.meaSurements of the binding energy of a free
exciton to a bound multiple exciton complex (4)} This binding energy

can be obtained by measuring the temperature dependence of the
luminescence associated with the comp]exes; Fig. 6.3 shows the
results of these measurements! The results predicted by the shell
model based on the observed spectra are represented by open triangles
in the figure. The open squares are the results for the binding
energy obtained from the temperature measurements. The open circles
represent the results obtained from the luminescence if one assumes
that the a series of lines is due to transitioné ffom the groﬁnd
state of one complex to the ground state of another. If the data
vagréed and the shell model was correct then the open friang]es and
open squares would fall on the same curve. The thermal data indicate
that the binding energy of a free exciton to the complex decreases
for ]arge complexes. The shell model predicts that the binding
energy increases rapidiy as a function of complex number. Since

‘the curves do not match either the shell model is incorrect or the
temperature measurements are in error. To resolve this disagreement
it was clear that an independent test of the shell model was necessary.

To test the predictions of the shell model and to gain insight

into the structure of bound multiple excitons, the systematics of the
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Figure 6.2. A schematic diagram of the spectroscopy of bound
multiple exciton complexes as predicted by the shell model. For the
mth complex there is a ground state which can be represented
schematica?]y as'{2F1:(m-1)T3’5:mT8} and an excited state shown as
'{P],mr3’5:mr8}. These states give rise to two distinct series of

transitions, the o series and the B series.
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spectroscopy of the other donors have been investigated. In this
chapter luminescence measurements in Si:As and Si:Sb are reported.
These data show transitions which correspond to bound multiple

exciton recombination analogous to the B line serjes observed in Si:P.
Using these data and previous existing data, the systematics of the
line positions and splittings are discussed. While the line
positions, as expected, do show some variation with the impurity,

the splittings are found to be relatively independent of the impurity
type. Such behayvior is difficult to explain with standard explanation

for the validity of the shell modelp

IT. Experimentv

The spectra were obtained with the apparatus previously described
in this thesis. Ar+ Taser excitation was used with excitation power
ranging from 20 to 200 milliwatts over a 3 mm diameter spot. At
higher excitation intensities and above 4.2°%, the multiple exciton
Tines were obscured by a broad background. This background resembled
the Tuminescence associated with an e1ectron hole plasma which is
observed in high purity silicon.

Samples were prepared by lapping and then etching with
HN03:HF(7;1), The samples were grown at Hughes Research Laboratories.
The impurity concentration in each sample wasvdetermined by a Hall

measurement made at Hughes Laboratories. The Si:Sb sample was doped
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Figure 6.3.. The binding energy of a free exciton in a multiple
exciton complex as a function of complex number. The circles fepre-
sent the value obtained if one assumes that the o series corresponds
to a ground state to ground state transition. The triangles represent
the values obtained in the shell model. The squafes represent data
taken from measurements of the temperature dependence of the

luminescence. The data are clearly not consistent.
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at 4x10 .. The Si:As sample used in.these experiments was doped

-3
cm o,

at 4x10
ITI. Results

In Figure 6.4 spectra in Si:Sb are shown for both the no-phonon
(NP) and TO-phonon assisted regions in which bound multiple excitons
have been observed. In the NP region at 4.2% (the second panel in
Fig. 6.4) a total of 5 lines are observed which are analogous to the
o series observed in Si:P. In the TO-phonon assisted region (the
third panel in Fig. 6.4), the replicas of the o lines seen in NP
region plus the two additional Tines at.1.0893 eV and 1.0870 eV,
- labeled By and B3> respectively, are observed. Since both the g-series
and the two B lines are positioned very near in energy to corresponding
Tines in Si:P, they have been identified with the labels introduced by
Thewa]t'cg),

In the. top panel of Fig. 6.4 the photoluminescence spectra of
Si:Sb taken at 120K_1n the ho~phonon and TA-phcnon assisted regions
are presented. A‘1ine at 1.7407 is observed. -This line appears below
15%K in temperature. Above this temperature the 1fne broadens and
merges with the TA-phonon assisted free exciton Tine. The line
intensity peaks at roughly 10%K with an intensity equal to approxi-
méte?y half that of the no-phonon bound exciton 1ine and disappears

at temperatures below 4% Although the exact nature of this Tine is
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Figure 6.4. Photoluminescence spectra of Si:Sb. The top portion
‘shows several lines observed above 10°K, The middle portion shows
the o series in the no-phonon region. The bottom portion shows the
o series in the T0-phonon assisted region along with the B, and

63 Tines.
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not clear at present, it is possibly due to the radiative decay of an
excited state of the bound exciton into one of the vaf]ey orbit states
of the neutral donor. This 1ine has not been observed in either the
TA or TO-phonon assisted regions.

The Y],y; and ¢ lines previously reported by Lightowlers, et al
have also been observed: A11 three lines have been observed in both
the no-phonon and phonon assisted regions;’ Thewalt‘(g) has inter-
preted these Tines in terms of the shell model for the bound exciton.
ATT three Tines are assumed to originate from a single excited state
of the BE. As shown in Fig. 6.2 the § line comes from a transition
leaving the neutral donor in the 15(?1) ground state. The Y1 and y;
Tines are assumed to result from transitions leaving the neutral
donor in the ]S(F5) and 1s(F3) excited states, respectively. A check
on this hypothesis may be made by computing the energy differences
between the lines of the bound exciton and comparing the results with
splittings measured in‘infrared (IR) absorption experiments in the

neutral donor (13);

(Transitions from 1s states to 2p states occur
in the infrared. Measureﬁents of the infrared absorption spectra have
been used to determine the splittings in the neutral donor.) A cal-
culation of this splitting yields 11,7:0.1 meV for the TS(P})—1S(F3)
splitting as compared to 12.1420.1 meV in the IR absorption experiments.
The value for the'1s(r1)~1s(r5) sp1itting is 10.1:0.1 meV as compared

to the IR results where two lines are observed at 9.55+0.1 meV and
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 9.84,0.] meV (13),. These results are,in.c105e'agre§ment with similar
measurements on the BE by Lightowlers, ég;glt(JQ),.vThe discrepancy
between the BE results and IR measurements is outside experimental
error. However; as noted by Lightowlers;'égjgl‘(]o), one possible
’exP?énationiof the discrepancy is given by assuming that the 6-line is
not a single line but has a number of components!

~In Figure 6.5 spectra of the luminescence of Si:As taken in the no-
phonen and TO-phonon assisted regions are shown. In the middle panel
of the figure, the lines ana]ogous-to‘the a-series in Si:P and Si:Sb
are shown in the NP region. In the TO-phonon region, the bottom
panel, the.rep]icas of a~series plus two or perhaps three additional
lines are observed which have been identified as g-lines. The
assignment of line numbers was made on the basis of the temperature
and pump power dependence data which could be obtained and by comparing
line positions with those observed in Si:P (9).

In the TA-phonon assisted region two 1ines are observed (the

- Tines at the far ]éft in the middle panel of the figure) at energies
higher than the bound exciton. Although the lower in energy of these
Tines is close to the predicted position of the boron bound exciton,
the higher in energy of these does not correspond to the position of
any known BE and is most likely due to a By transition. No such line
is observéd in the no-phonon region. In the TO-phonon assisted region
the Tine would coincide with the LO-phonon assisted BE in energy. Sauer

and Weber (12) have previously reported relative positions of the
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lines in the a-serfes in the no-phonon region. The results presented
here are consistent with fheir results for the a-]ineg.

In. the top panel of the figure the spectra of the:y; and Yy Tines
which have been resolved in the no-phonon region of Si:As are shown.
The separation between these two lines agrees with the separation
between the valley orbit split states (1.41 meV *..1 meV) (]3).
Again, following the interpretation of Thewalt, (9) it is possible to
interpret these lines as resulting from transitions from an excited
state of the bound exciton to the valiey orbit split states of the
neutral donor. By adding the valley orbit splitting to the ehergies
of the y Tines and by subtracting the energy of the bound exciton
~ground state to ground state transition (the a line), the energy of
the excited state of the bound exciton relative to the ground state
of the bound exciton can be obtained. This excited state lies
5.8 + .1 meV above the ground state of the BE which is very c]ése to

(10)

the FE threshold which lies'at 5.5 = .1 meV above the ground

state. The position of this excited state does not coincide with
the position of the initial state of & transition which Ties at
4.4 = .1 meY.

In Table 6.1 the line positions for all lines reported in this

(9)

study are summarized. Data previously reported for Si:P by Thewalt

have also been included.

P
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Figure 6.5, Photoluminescence spectra of Si:As. The top portién
shows the no-phonon replicas of the y Tines; The middle portion
shows the o series in the no-phonon region and two Tines on the far
left associated with recombination in the TA-phonon assisted region.
The bottom portion shows the o and 8 series in the TO-phonon assisted

region.
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IV. Discussion

‘The . theoretical problem for the bound exciton and bound mu]tip1e
exciton complexes is a difficult one since one may need'to deal
realistically with the many valleyed nature of the conduction band;
the degeneracy of the valence band; the electron and hole interaction
with the impurity potential; and the electron-electron, electron-hole,
and hole-hole interactiqns; Since no one has been able to perform
a realistic calculation of the bound multiple exciton structure, it
is worthwhile to examine the data for systematic trends as a function
of impurity and number of excitons.

As noted above the bound exciton exhibits at least one excited
state in the spectroscopy. The § line is assumad to be due to a
transition from the excited state of the bound exciton to the ground
state of the neutral donor. The Yy and y; are assumed to be
transitions from the same excited state of the bound exciton to the
excited states of the donor. Hence, the position of the g, Yys and
y; Tines relative to the o Tine (which js due to a transition
between the ground state of the bound exciton to the ground state of
- the neutral donor) gives a splitting between the ground state and
excited state. In Fig. 6.6 this splitting has been plotted as a
function of the valley orbit splitting of thé_neutral donor. The
data in this plot for Si:P were taken from Ref. 9 and the data for

SiiAs, S1:Sh, and Si:Bi were taken from Ref. 10. Points are given
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both for the T]—Ié and T]—T5 splittings in the neutral donor. The
values computéd for the ¢ and y' lines are given for Si:As where there
is a rather large discrepancy. The data suggest that the excited
state splitting approaches a finite value of ~3 meV as the valley
orbit splitting approaches zero. For the shallow donors, this split-
ting between the—ground state and the excited state is a substantial
fraction of the valley orbit splitting in the neutral donor. For
example, in Si:P this gp]itting is about one-third the valley orbit
splitting. The observed splitting changes by at most 50% when the
va]]ey orbit splitting changes by slightly more than a factor of 4.
The relative independence of this splitting on the valley orbit split-
ting in the neutral donor suggests that the electron-electron inter-
action may play an important role in determihing this splitting.
Reﬁent theoretical work suggests that one might want to mihimize
electron-electron vepulsion by assigning the electrons to orthogonal

(]4). These results further suggest

valleys in the bound exciton
that a model based totally on the assignment of electrons to single
particle states ordered as the valley orbit split states in the
neutral donor (1) may be an inadequate description (]5).

The shell model (11) gives a description of the origin of the
o and B series of lines. The ordering of states predicted by the
shel]lmode1 and the expected transition scheme was discussed in the
introduction to the chapter and is shown in Fig. 6.2. The splitting

between the o and 8 Tines should give the energy difference between
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Table 6.1. Line positions of no-phonon replicas of bound excitons
and bound multiple exciton complexes for Si:P, Si:As and Si:Sb. When
a no-phonon replica was not observed, the energy was obtained from the

TA or TO replicas of the transitions using thO = 58.1 meV or hmTA=]8.7
(10)

meV A1l Tine positions are given ipn eV. .
si:p(a)  siAs(d si:sp(P)

o | 1.15001  1.1492 1.1501

o 114687 1.1457 1.1467

oy 1.14371  1.1425 1.1440

o 1.14172  1.1400 1.1420

o 1.14046  1.1388 1.1405

o 1.13931  1.1375  —mmeee

B | 1.15078 1asiale)

B, 114790 1.1463(@) . 1474(d)

By | Conaase0 o 1.1446(9) 79g51(d)

B, R— 104200 |

a 1.14252  1.1339 1.1447(d)

v ©1.14135  1.1325 1.1423(d)

5 | o rasazz 1assstd) g qsg0

6! 1.15373  memee e

other e v—f———— 1.1407

Reference 9. A1l values .05 meV.

AT1 values =.06 meV.

The TA-phonon assisted replica was used to obtain this energy.
The TO-phonon assisted replicas were used to obtain this energy.

o0 T o
S S N Nt
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Figure 6.6. The splitting between the ground state and excited state
of the bound exciton versus the vé]]ey orbit splitting P, Sbh, As,
and Bi in Si. The symbol As6 refers to the data point associated

with the § transition, and the symbol AsY refers to the point associated

with the y transition.
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the {21},(m—])r3’5; mP8} and {F],mr3’5;mIé} configurations. In Fig.
6.7 this splitting has been plotted as a function of m for Si:P, |
Si:As and S1:Sb. The data for Si:P were taken from Ref. 9.

For comparison the neutral donor splittings have been plotted for m=0.
The results in this figure show that the splittings for the higher
exciton complexes become almost independent of the line number and

the valley orbit splitting. For these shallower donors this split-
ting is a significant fraction of the valley orbit splitting in the
neutral donor. The insensitivity of the splitting to dopant and exci-
ton number suggests that the electron-electron interaction which should
be rather insensitive to the strength of the central cell connection

may be playing a rather large role in determining this splitting.

V. Conclusions

The observation of several new lines in the Tuminescence associated
with the bound exciton and bound multiple exciton complexes in Si:As
and S1:Sb has been reported. The systematics of splittings between
the ground state and the observed excited states of the bound exciton
are found to be relatively independent of the impurity type. In
addition the spectroscopy of bound multiple exciton complexes has
been found to show certain set regularities. The splittings ob-
served for the final states of transitions involving bound multiple
excitons are observed to be relatively ihdependent of both the im-

purity type and the number of excitons bound to the impurity. These
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Figure 6.7. The splitting between the B, and the .41 1ine positions
versus the number of excitons bound to a valley orbit splittings are

plotted at m=0 for each of the impurities.
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results indicate that the electron-electron interaction may be playing
a large role in determining the splitting. This behavior is not
explained by the shell model which is the only existing model for the

decay of the bound multiple exciton complexes.



10.

11.
12.
13.

14.

150
REFERENCES

A. S. Kaminskii and Ya. E. Pokrovskii, JETP Lett. 11, 255 (1970).

R. Sauer, Phys. Rev. Lett. 31, 376 (1973).

K. Kosai and M. Gershenzon, Phys. Rev. B9, 723 (1974).

S. A. Lyon, D. L. Smith, T. C. McGill, Phys. Rev. Lett. 41,56 (1978).
M.L.W. Thewalt, Phys. Rev. Lett. 38, 521 (1977).

E. C. Lightowlers and M. 0. Henry, J. Phys. Cl0, L247 (1977).

S. A. Lyon, D. L. Smith,‘and T. C. McGill, Phys. Rev. B17, 2620 (1978).

A. Hunter, private communication.

M.L.W. Thewalt, Solid St. Commun. 21, 937 (1977); Can. J. Phys.

55, 1463 (1977).

E. C. Lightowlers, M. 0. Henry, and M. A. Vouk, J. Phys. C10, L713
(1977).

G. Kirczenow, Solid State Commun. 21, 713 (1977).

R. Sauer and J. Weber, Phys. Rev. Lett. 39, 770 (1977). .

For Si:P, Si:As, and Si:Sb see, R. L. Aggarwal and A. K. Ramdas,
Phys. Rev. 140A, 1246 (1965). For Si:Bi see, H. J. Zerger, W. L.
Krag and L. M. Roth, MIT Lincoln Laboratory, Quarterly Report,

Solid State Research, 1961 (unpublished). As quoted in N. R.

Butler, P. Fisher, and A. K. Ramdas, Phys, Rev. B12, 3200 (1975).
P. D. Altakov, K. N. E1'tsov, G. E. Pikus, and A. A. Rogachev,

JETP Letters 26, 338 (1977).



15.

151

From purely dimensional considerations one would expect the elec-

tron electron interaction to vary approximately as gg_where 3,

a
0
is the characteristic size of the orbit. However, the valley
orbit splitting is much more sensitive to orbit size since it de-
pends on the amplitude of the wavefunction in the central cell
and the large fourier components of the wavefunction. For

example, see F. Bassani, G. Iadonisi, and B. Prez iosi, Rep.

Prog. Phys. 37, 1099 (1974).
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Chapter 7

CAPTURE CROSS-SECTION OF EXCITONS
ON NEUTRAL INDIUM IMPURITIES IN SILICON
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I. Introduction

Semiconductor luminescence is a valuable tool which can be used to
characterize the impurity content in semiconductor materials. In a
normal measurement of semiconductor luminescence, a sample is excited
with an external light source or electron beam; This excitation
creates electron hole pairs in the semiconductor. At Tow temperatures
these electron hole pairs bind together forming frée excitons.f The
free excitons can bind to impurity centers as bound excitons and- the
bound exciton Tuminescence spectra can be measured to detect the
impurity centers. Using luminescence to detect impurities has the
advantage that both donor and acceptor impurities can be detected
simultaneously in the same material. (1)

To use semiconductor Tuminescence measurements as a quantitative
tool to determine the impurity content of a semiconductor, it is
necessary. to know the details of the process by which the free
excitons are captured by the impurity site. This capture process
has not been previously studied. In this chapter the results of a
study of the capture of free excitons on neutral indium acceptors
is presented. This study is the only known study of such a capture
process in any semiconductor system.

- This measurement is made possible by the fact that the decay of
excitons in indjum doped silicon is Timited by the capturebprocess for

temperatures between 10°K and 30%K at doping levels less than
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16 _ -3

10"7em ~. By measuring the bound exciton decay, it is possible to
obtain a measure of the capture rate. It is found that the capture
process can be characterized by a temperature dependent capture
cross-section, Ot The capture cross-section for the indium bound
exciton is found to be a strong function of temperature. The
experimental results show that the capture cross-section decreases
rapidly with increasing temperature. The value changes from approxi-

13cm2 ~15__2

mately 10~ at 109K to about 2x10™'“cm” at 30°K.

II. Experiment

Measurements were made on four separate silicon samples doped
with indium. The impurity content was determined in each of these
with a Hall measurement performed at Hughes Research Laboratories

and were determined to be 2x]014cm_3, 3.2x10" 2cm™3 1503

17¢m~3!

cm ~, 5.5x10 “em Y and

The ratio of residual electrically active impurities
14 -3

2x10

to indium in each sample was less than .1 in the 2x10" "cm ~ sample
and less than .01 in the remaining samples,

Optical excitation wés provided by a commercial GaAs laser
diode placed near the sample in a variable temperature dewar. The
incident pump power on the sample was approximately one watt in a
1 mm2 area for a duration of 100 to 200 nanoseconds. The Tifetime

~in each sample was measured at several different temperatures.
~ The zero phonon bound exciton emission, which occurs at

1.1410 eV, is the most prominent spectral feature in the photo-
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Tuminescence of Si:In and was used for all measurements. The photo-
luminescence was selected with a grating spectrometer and the decay
was monitored with a cooled S-1 photomultiplier in conjunction with
a gated photon counting system. The system response was tested by
monitoring the output of the excitation and was found to be approxi-

- mately 5 nanoseconds.

III. Results and Discussion
The decay of an exciton bound to a neutral indium is dominated
by an Auger process. Such a process can be represented schematically

as
O -
A,>A +h (1)

where'Ag represents a bound exciton, A” represents a negatively
charged acceptor and h is a free hole. In such a process an e]ecfron
hole pair in the bound exciton recombine with the recombination
energy being transferred to the second hole in the bound exciton.
This Auger decay is rapid for the Si:In bound exciton. In a

Vo3 the decay was measured

(2).

heavily doped sample with N, = 2x10 cm’

to be less than 5 nanoseconds in this study More recent measure-
ments of the bound exciton Tifetime indicate a lifetime of 3 nano-
seconds (3). Recent calculations by Osbourn and Smith yield a decay
(4) |

time which agrees with this measurement

In Figure 7.7 the results of measurements of the decay time are
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Figure 7.1. The observed decay time of the 1.1410 eV luminescence
of the Si:In bound exciton at different temperatures and doping levels.
The free exciton 1ifetime is about 2.6 usec (Ref. (5)); whereas, the

Auger decay time for the bound exciton is approximately 3 nanoseconds.
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shown as a function of temperature and doping 1evg1., These results
show that at In concentrations 1ess.thah‘1016cm“3 the decay time

has a strong dependence on both the doping level and the temperature
of the sample. These decay times are.also much longer than the Auger
decay time. Since these decay times are longer than the Auger time,
it can be concluded that the Auger process is not the rate 1imiting
step in the decay process. A reasonable explanation of the observed
lifetimes is that the decay is Timited by the process in which a |
free exciton becomes bound to the neutral indium site.

There are several reasons why the capture process has not been
previously observed. First of all, the residual impurity content in
all semiconductors except for Ge and Si is typically too high to allow
such a measurement. The capture time on a site is expected to be
inversely proportional to impurity concentration and capture times
are normally too short to observe at impurity levels greater than
1O]6cm_3. Secondly, it is not possible to measure the direct capture
process for most impurities in Si and Ge. At high temperatures
thermal excitation rates of the exciton off the impurity site are too
large compared to the bound exciton decay rate. At Tow temperatures
the capture rate is too large compared to the bound exciton decay
rate.

A simple model of the capture process is one in which only one

type of impurity is taken to be present in the semiconductor. An

optical excitation pulse is assumed to produce a free exciton gas with
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density Mox in steady state equilibrjum with excitons bound to neutral
impurities. Following such a pulse the following rate equations

describe the decay for this simple case.

C.dn
ex _ :
at - eVt Lo - (2)
and
dn n
BE _ _ BE
dt = T T NioiVitex > - (3)

where NI is the concentration of neutral cents, 0. is defined as the
capture cross-section, Vr is the thermal velocity, ey and nggp are the
respective free and bound exciton densities, and TRE is the bound
exciton Tifetime. Following a long optical pulse at the generation

rate g, these equations have the following solutions.

Ny = 9 T, exp —(t/TC) . (4)
where
1. N.o Vv (5)
T I'e' T
c
and
-t -t
T .BXD T =Tpr@Xp.T
_ C ¢ BE BE
"ge = 9T pp T (6)

c ~ 'BE
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For

To >> Tgps Ve have
Npp = 9 Tppexp ~(t/TC) . (7)

The effects of the free exciton decay have been neg1ected in
these equations since the decay rate of the free exciton js at least
an order of magnitude Tower than the decay rates which have been
measured in this experiment (5). Also the effects of free electrons
and holes have Seen ignored since most of the electron hole pairs
are bound into the exciton state at these temperatures and densities.
(Estimates of the number of electron hole pairs bound into excitons

based on mass action for 1015

pairs/cm3 yield that greater than 70%
are bound in free excitons at 30°K. At lower temperatures a much
larger percentage of the pairs are bound as excitons.)

For the simple model to be valid, it is also necessary that most
of the indium sites remain neutral. If the recapture of the free
hole created during the Auger decay was not fast, a significant
fraction of indium centers would be jonized. In such a case a pump
power dependent decay would be expected. The results of measurements
of the pump power dependence of the decay time indicate that the
decay time is independent of pump power. This observation is con-
sistent with an estimate of.the fraction of ionized indium centers

based on published values of the capture rate of free holes on

ionized indium centers (6). Such an estimate indicates that in the
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worst case 10% of the centers are ionized. It can be concluded that
most of the indium centers remain neutral during the decay under the
conditions used in this experiment.

Finally, the release of an exciton from the indium site must be
slow compared to the Auger rate. The release rate has been estimated
making use of detailed balance, the measured value of the binding
energy, and the capture.cross—section,.GC; measured here. These
estimates indicate that the Auger rate is several orders of magnitude
greater than the release rate for temperatures less than 3OOK; It
should be noted that this condition is not met for the shallower
acceptors B, Al, and Ga which have smaller exciton binding energies(7)
and Targer bound ekciton decay times (2’3’4).

Roughly the same values for g, are obtained at a given temperature
between different samples in spite of the fact that the doping level
varies by a factor of 20. Thus the capture time, Teo scales as
expected. This substantiates the use of the simple model to describe
the decay. Fig. 7.2 shows the measured values of the capture cross-
section, O.» @S @ function of temperature. The cross-section was
calculated from the measured decay time using Eq. 5 with Ve computed
from |

[8KgT

V. = . (8a)
T MM
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Figure 7.2. The measured temperature dependence of the capture cross-

section of free excitons on neutral indium impurities in silicon.

The data are given for different doping Tevels ranging from 'i.8x]0mcm~3

to 5.5x1015cm_3.
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with

m,, = 0.60 m_ (8b)

(8)

where m is the free electron mass
The data indicate that O increases rapidly with decreasing
temperature. A similar increase in the capture cross-section is
observed for the capture of free carriers on jonized jmpurities.
An explanation for such carrier capture by ionized impurities was

(9’10’]1); In this model capture of the free

Tirst proposed by Lax
carriers into the excited states of the impurity is followed by

the subsequent decay into the ground state via a cascade process
through the lower excited states. The effective capture cross-
section is highly temperature dependent because thermal emission

from the higher energy excited states competes with the decay of the
free carrier to the lower energy states of the impurity as the
temperature is Towered. A similar model might be appropriate in the
case of exciton capture. The exciton would initially be captured in
an excited state and rapidly decay to the ground state via lower
excited states and with phonon emission. The "sticking probability"
of the exciton in the excited states would provide a rapid temperature
dependence,

A knowledge of the excited state structure of the bound exciton

is necessary for a test of this model. Data concerning the excited
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|

states presented in earlier chapters indicate that a calculation of {
the capture cross-section for the bound exciton may be in some
respects simpler than a similar calculation for the neutral impurity.
The calculation for the neutral impurity is complicated by the fact
that a coulombic potential has an infinite number of bound states
through which capture can occur: The experimental results presented
earlier in this thesis, particularly those of Chapter 4, show no
indication that a large number of weakly bound states exist for
excitons on impurity sites. - The evidence suggests that there may be
in fact only a finite number of bound states in these systems. For
Si:In one would expect the basic structure of the bound exciton to

be that of a pseudodonor. In such a case one expects the excited
states to be either excitations of the electron or hole. The excita-
tions of the electrons are donor-like with only a few excited states
below the free exciton continuum. The excitations of the hole
resemble those of the A+ state (the A+ consists of‘two holes bound to
a negatively charged acceptor site). In analogy with the atomic H™
ion only a finite number of exéited states is expected for the A*.
Thus only a finite number of excited states'is expected for the

bound exciton.

IV. Conclusions

- The first measurement of the capture cross-section of a free
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exciton on a neutral impurity has been reported. By measuring the
decay of the bound exciton luminescence it has been possible to
measure the capture rate of free excitons on neutral indium centers in
silicon. The capture rate scales as expected with the indium con-
centration, and it is possible to define a temperature dependent
capture cross-section to describe the decay. The measured capturé
cross-section is a strong function of tempekature varying two orders
of magnitude over the raﬁge 10°K to 30°K. The cross-section reaches

a value greater than 107 3em?

at the lower temperature. The large
temperature dependence of the capture cross-section is most likely
due to the capture into excited states of the bound exciton followed

by the subsequent decay into the ground state via phonon emission.
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