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ABSTRACT

This thesis examines three aspects of exciton physics
by usin;'far-infrareq (FIR) spectroscopy. First, the energy
level structure of free excitons was investigated in germanium
under the application of a uniaxial, compressive stress along
the [11l] direction. At high stress, the exciton absorption
spectra display a nearly hydrogenic-like structure with strong,
isclated absorpticon lines. A theoretical mcdel was deQeloped
to predict the positions and strengths of thgse absorption
lines. Exceiient agreement was obtalined between experiment and
theory.. This is in contrast to the situation at zero stress
where the exciton spectrum is not undefstood very well.

Then, the first measurement of the FIR absorption
spectrum of a bound exciton is reported.L This‘spectrup
p;ovides information on the odd parity excited states of the
.g;und exciton which cannot be observed using conventional
near-infrared spectroscopy. The bound exciton absorption
spectrum was found to be in excellent agreement with those of
acceptors in silicon, giving the best confirmation of the
model of the energy level structure of an isoelectroniclbound
exciton. |

Finally, the theﬁmodynamic equilibrium between free

excitons and carriers is investigated in germanium. Their

absolute concentrations were obtained from their FIR
iii ‘ "\
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absorptions. Measurements of the exciton and carrier
concentrations allowed a direct determination of the
equilibrium const?nt for any given temperature ana carrier
generation rate. _The experimental equilibrium constant was
found to be in excellent adreement with the classical

equilibrium constant of an ideal gas.~
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CHAPTER 1

INTRODUCTION

Many of the fundameapal optical properties of

insulators are due to electronic states located .below the

lowest con ction band. These low-lying states, called

excitons, were first observed by Hilsch and Pohl [1] who
investigated & near absorption edge of alkali halides. It
was several yeary later than Frenkel, Peierls, Wannier and
Mott [2-6] developed a theory of excitons.

Frenkel studied the sﬁecific case 0of an electronic
‘excitation of a iattice atom. Due to the translational
symmetry of the lattice, the excitation is not localized at
a given atom but travels within the crystal. The Frenkel
exciton can be visualized as an electrostatically bound
electron and hole where both particles lie on a single atom.
It is observed in solid inert gases wﬂich have low carrier
mobllltles and dielectric- constants. The exciton binding
energy in these crystals is typically v 1 eV which reflects
the spatial localization of the electron and hole.
| Wannier ahd Mott considered the case of an exciton
composed of an electron in the lowest conduction band and a
holehin the upper valence band. These excitons can be

regarded as particles in a homogeneous medium where the

physical properties of the crystal are expressed in terms of

1



the electrbn and hole effective masses and the static
dielectric constant. The Wannier-Mott excitons are observed
in predéminantly covalent crystals (such as: germanium,
cadmiﬁm sulfide and cuprous oxide) which‘have high carrier
mobilities and dielectric constants. Their energy level

structure is analogous to that of a hydrogen atom and is

characterized by a Rydberg energy and a Bohr radius:

_m* 1 . -
Eex-m——jEI, (1-1)
. e E »

me
aex = I'n—*- E ao (1—2)

The binding energy and Bohr radius of the hydrogen atom are
given @y E; and ay, respectively, where m, is the free
elect;on mass, m* is the reduced mass of the electron and
hole, and € is the static dielectric constant of the crystal.
The large dielectric constant (€>10) and small reduced‘mass
{(m*<0.1 me) in typical semiconductors result in a Rydberg
energy Eex'\alo_2 eV and Bohr radius aex'\alO2 i. This high
value of a__  indicates that the wavefunction of a Wannier-
Mott exciton is delocal;zed over many lattice conétants.
Excitons in intrinsic semiconductors can be produced
in high concentrations by using band gap light excitation at
low temperatures. Under these conditions electrons from the

valence band are excited across the gap to the conduction

band leaving behind holes in the valence band. The generated

<



electrons and holes relax nonradiatively (via phonon
emission} to the minimum of the condﬁctibn band and the
maximum of the valence band, respectively. At sufficiently
low temperatures, free carriers bind together to form
excitons. The resulting population of free carriers and
excitons is in quasi-thermal equilibrium with the crystal
lattice since the carriers' and excitons' lifetimes ('\flO_6
sec) are much longer than the typical collision time with

9 . g
sec). This thermal equilibrium is

the lattice (010~
manifested (under suitable conditions) by a chemical
equilibrium between free carriers andlexciféni, similar to
that of Hjo and its chemical constituents.
Excitons bound to impurities can also occur in doped
semiconductors. The first-evidencé'of bound excitons (BE)
//Afw@s obtaihed by Haynes [7]). He observed sharp additional
photoluminescence lines in silicon containing low
concentrations of donors and acceptors. Their narrow
linewidths as compared to those of free excitons indicated
that BE do not have any kine£ic enerqgy. Haynes also suggested
that the binding mechanism of an exciton trapped by an
acceptor is due to a hole pair bond tying together the
electron and th;\;EEEtive ion acceptor. The reverse is true
for an exciton bound to a donor. Excitons can also ée bound
to isoelectronic traps. Unlike donors and acceptors, these

traps satisfy the four neighbouring -bonds of the lattice site

and they do not have any excess charges present. They'EiEEJ;__

4



primary particle, either an electron or a hole through their
short range potentiial. The secondary particle is then bound
by the long rangeuzghlgﬁb/;otential of the primary one.

These traps can change the structure of a bound exciton into
two possible alternatives. For a weak short range potential
of the impurity centre, the bound exciton guantum structure
will be that of a perturbed exciton with an ionization energy

close to the free exciton binding energy. In the case of a

strong short range potential, the primary particle will be

localized near the trap and the secondary particle will then
have an excited state spectrum similar to tﬂat of a donor or
an acceptor.

The aim of this thgsis is to study three aspects qf
exciton physics. The first part of this thesis consists of
investigating the energy level structure of free excitons in
[111]-stressed germanium. A series of experiments was \S“
performed to measure the far—infrarea (FIR) absorption
spectrum cof excitons in sfressed Ge with the stress axis
along the [111] direction. The line positions of the 15-2P
and 15-3P transitions and the relative absqrption associated
with the 15-2P transitions were found to be in good agreement
with a simple theoretical model. The model only considers

the lower conduction band a and the upper valence band

maxima at high stress yn the formation of excitons.

In the second part of this thesis, the first

measurement of the

i

pption spectrum of an exciton
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bound to an isocelectronic trap is reported. The spectrum

provides information on transitions from the even parity

o~

ground states to thé-odd.parity excited states. The excited
étate spectrum of the bqpnd exciton was found to be iﬁ
excellent agreement with the spectra of acceptors in Si.
This shows that FIR spectroscopy appligd to the stuay of
bound excitons reveals without ambiguity the nature of the
bound exciton.

In the last part of this thesis, the thermodynamic -
equilibrium between free carriers and excitons is examined :
using FIR spectroscopy. Their absoluté.concentrations Wéijfﬁ//ff‘\\\\\%
obtained from the FIR absorption associated with free car ieés
and excitons respectively. Measurements of their concentraEEgns
at several temperatures demonstrated that free carriers and
eXcltons behave like ideal gases in thermal equilibrium with
each other.

Chapter 2 describes the experimental apparatus and
techniques used to measure the FIR absorption associated with
free and bound excitons, and free carriers. Chapters 3 and 4
present the results on the investigation of the energy level
structure of free excitons in stressed germanium and bound
excitons in doped silicon, respectively. Chapter 5 is
concerned with the study of the thermodpnhamic equilibrium of
the exciton-carrier gas in germanium. ' Finally, Chapter 6%

summarizes the results and conclusions“f these studies.
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EXPERIMENTAL TECHNIQUES

CHAPTER 2

2.1 Introduction

The generai form of the apparatus-used in the ex-
periments is illustrated schemaﬁically in Fig. 2-1. The <
excitons were generated via band gap light excitation. A
(Sylvana)rcw YAG:Nd laser operating at a wavelength of 1.06
um and with incident power at'ﬁhe sample from 10 to 20 mW

was employed in germanium while a kxypton laser {(Spectra-

Physics) operating at a Qavelength of 0.65 ywm and with in-

cident power of 60 mW was used in silicon. The FIR radia-. ~
tion is provided by an interferometer. Both the laser and

FIR beam are directed onto the sample. The neaf infrared

beam is absorbed within a few microns at the surface of the
sample while the FIR beam is weakly absorbéd by the genera-

ted exciton gas. The transmitt;d FIR radiation is received

by a detector whose output is processed by a computer to

. provide the relative transmitted intensity and the absorp-

tance as a function of frequencies. The experiments were
conducted in the temperaturé range from 1.2 Kto 34 K. The
absorptance by excitons wd was derived from the following v

formula

ad = n(I,/I) . ' (2-1)



Fig. 2-1

Schematic diagram of the apparatus utilized for the inves-

tigation of the exciton gas in germanium and silicon.
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Io(w) represents the transmitted FIR radiation
through the sample when there were no excitons present,
i.e. when the laser was off and I{w) is the transmitted
radiation when excitons were generated, i.e. when the la-
ser was on.. d is the absorption length by excitons. Typi-
cal figurgs for the measured absorptance in germanium and

silicon varied between 0.1 and 0.8. '

2.2 BSample Preparation

The Ge samples employed in the experiments were
grown by Haller and Hansen [8]° The samples were cut
from dislocation-free Ge cryétalg with a concentration of
electrically actiée impurities (NA-ND) < ZX1Oll cm“3 where
NA and ND are the concentrations of acceptor§ and donors
respectively. In the stress experiments, a crystal was
first_oriented to within 0.5° by using the Laue method and
cut éith a diamond grit wafering blade along the [111],
[112], and [110] directions. The resulting sample wag me-
chanically polished with.silicon carbide paper and with 6
um and 1 um diamond paste. The sample was then etchea\in
CP4A solutions (HNOB, HF, CHBCOOH; 5:3:3) to reduce sug;ace
recombination. The crystal obtained Qas of dimensions
7.67x1.52%x2.17 mm3. The [112] face was wedged-with an angle
of 1.8° to remove any spurious reflections. The longest
dimension was along the [1M] direction. The [111] sur-
faces were not etched to avoid surface irregularities and,

hence, stress inhomogeneities.



The Ge sample used to study .the thermodynamic equi-
librium between free carriers and excitons was a wafer with
a diameter of 3.4 cm and with a thickness of 0.6 mm. The
largest face was along the [113] direction. The sample was
etched in CP4A solution to remove any damages produced by
the saw. The final sample thickness was 0.37 mm. -

The Be-doped silicon sample was providéd by E.C.

i
Lightowlers [9]. The crystal was of dimensions

2.80x1.0%x10.74 mm3. The doping technique mainly consisted

of evaporating a film of Be onto several mm thick wafers
.of zohe-refined Si (Hoboken 20 kﬂ.cm);"\%he_wafers were
stacked in pairs with the coated sides adjacent to each
other and heated, to ~ 1000°C for about an hour. At this
temperature the Beryllium diffuses into the bulk of the

wafers. The doping procedure is described in detail by

Crouch et al. [10]. -

2.3 Far Infrared Sources, Detector and Optical Techniques

The FIR radiation was provided by two Fourier trans-
form spectrometers. A custom built (C. Zarate) Martin-
Puplett type Michelsoﬁ interferometer [11] was utilized

.in the spectral range from 1 meV to 19 meV., The input
polarizer, beam splitter and output analyser were wire grid
Ppolarizers (Analytical Accessories Ltd.) with a wire diame-
ter of 5 um and with a spacin%ig betwéen the wires of 9.5
um. The analyser was rotated at a frequency of 35 Hz. The

s Mmoying mirror was driven by a 516~Syn HS25V stepping motor.
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The advantage of this type of interferometer over a 'con-
ventional Mibhelson interfercmeter is that the wire grid
beam splitter is nearly 100% efficient at low wavevector
while the Mylar beam splitter of a Michelson interferome-
ter decreases to zero as the wavevector squared. How-
ever the available spectral range of a Martin-Puplett type
interferofmeter is limited by the efficiency of the polari-
zers at\high fregquencies. The cutoff freéuency of the
interferometer is roughly ~© 1/2g ~ 500 cm 2.

In the spectral range from 10 meV to 40 meV, a com-
mercial Michelson interferometer (RIIC FS 755) was employed
with a 6 um thick (25G) Mylar beam splitter. The original .
mirror drive system wag replaced by a hydrostatic pumped-
oii bearing for rapid scanning operation [12]. This new
drive ﬁrovided a smooﬁb, regular and very accurate.motion
of the moving mirror. The light source used in the Martin-
Puplett type Michelson interferometer was a mercury arc
in a fused quartz envelope (American Ultraviolet MPQ/400)
while a DVY (GTE Sylvania) tungsten halogen lamp was uti-
lized in the Michelson interferometer. The detector em-
ployed to detect the transmitted radiation was a composite
germanium bolometer [13] operating at 0.3 K.

To restrict the spectral range of the incoming ra-
diation several band pass filters were used. The first one

had a cutoff of 33 cm * and was made from aluminium capa-

citive grids deposited on black polyethylene [14]. A
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125 cm“l cutoff filteﬁ was made from a suspension of KBr,
NaCl and NaF powders in polyethylene [15] together with
0.004" thick black polyethylene. The 200 crn”l cutoff fil- -
ter was obtained from a wedged NaF crystal in- combination
with 0.003" thick black polyethylene and a 400 em™ L cut-

off filter was formed from a sapphire plate coated with a

film of carbon soot.

2.4 Cryogenic Techniques and Data Collection

a schematic.diagfam of the assembly used in the

experiments is shown in Fig. 2-2. The assembly consisted
of a "probe" and an "insert". The main purpose of the probe
was to guide the FIR radiation from the interferometer to
the sample, and from the sample to the detector. The in-
sert provided'a'BHeicryostat housing forlthe detéctor and
allowed the experiments to be done in superfluid 4He or in
exchange gas. A detailed description of the insert inclu-
ding some design considerations is given by H: Navarro [17].

| The probe shown in Fig. 2-2 was used in the stress

é&ﬁeriments. FIR radiation from the interferometer was

_direcged at the entrance of a 0.0005" thick Mylar window.

“

The transmitted FIR beam was reflected down the light pipe
by a polished brass plate'which had a small glaés window
for the incomiﬁg laser beam. The laser beam was focused

by an external lens to a 2 mm diameter spot at the sample
surface while Ehe FIR beam was focused by a condensing cone

to the same spot diameter at the sample. A 1000 lines/inch

v
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b Fig. 2-2

SCh%Tgtic diagram of the assemb}y used in the experiments.
The assembly was inserted into a 4He cryostat. The Mylar
window transmitted thé FIR radiation while the glass win-
dow admitted the near infrared laser beam. A brass cap co-
vered the sample to eliminate any stray radiation and held
the filter in place. When required, a 4He inlet valve was
operated from outside-the cryostat to let the 4He liguid
intc the sample chamber. The detector chamber, located
below the sample, thermally isolated the detector from

the rest of the assembly such that-it’could be continuous-

ly operated at0.33 K via a 3He cooling system. The system

was composed of a 3He storage can, an adsé&ption charcocal

’ hd v
pump, and a 3He can. The detector temperature was moni-

A

tored with a calibrated carbon resistor. (Figure taken

from Scholes [16]) .
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L . gold grid polari?er on a Mylar substrate (Buckbee-Mears
Compaq?) polarized the transmitted radiation parallel or
perpendicular to ‘the stress axis. The direction of the FIR
polarization could be selected from outside the cryostat.
The outgoing’FIR beam was filtered, then guided by a light
pipe through a 0.0005" thick‘ﬁylar window to the detector.

: ~ Alse~shown in Fig. 2-2 is the calibrated stress device used-’

» ‘ L : ' ‘
®0 apply a force on the sample. he force was produced by

-

——— ]

the co&pression of two springs and was transmitted to the
AR * saﬁple‘through a system of levers and rods.
| ‘During the experiments done in exchange gas, the
sample temperature was controlled by a Cu-Au (7% Fe, an-
-nealed)rthetmocouple in combination with a heater. The
(\ sample @nperature could be varied fr@? K up to 20 K. At
~ h(gher temﬁ%raturee, ‘the sample chamber was kept under va-
cuum Eo'ggsulate the sample from the‘4He cryostat
) The detector output was dlrectly' JPllflEd and/re—

corded by "a nova II computer (Data General Corp ) via a A/D

converter (Michelson interferometer) or was' detected by

phase sensitive detection with an Ithaco Dynatrac 3 Lock-

L
o, * in Analyser (Martln—Pupplett 1nterferometer) The first

-7
harmonic signal was then transmitted through a voltage to

frequency converter and a counter to the computer. The com-

-+

puter controlled the interfEiometers through several inter-

faces and collected the detector output as a function of

mirroxr ﬁosition. The resulting interferograms were -apodized,

Y
.,
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phase corrected and Fourier transformed giving'the relative
transmitted intensity as a function of frequencies. The
computer averaged the spectra and calculated the absorptance
of excitons. The results of the experiments were storéd on
floppy diskettes and transferred to a LSI -11/23 computer

(Digital Equipment Corp:) for further analysis.

2.5 Stress System and Calibration

Figure 2-3 shows the stress systemused to apply a
force on the sample. A micrometer located on top of the
probe varied the compression of two springs with a total
force constant of 13.4 * 0.2 kg/cm {18]. The force was
transmitted from the micrometer to a 3.2 mm diameter steel
pull rod attached to a right angle lever z:tﬁ\a_cylindrical
bearing. This lever pressed'against a cylindricai brass
piston on the sample. The geometry of the lever dictated
that the force applied to the pistoﬁ was 9.0:0.1 times the
force at the bearing-lever joint. The purpose of the cy-
lindrical bearing was to prevent .any non-vertical force
at the lever contact while the ball bearing avoided any
non-horizontal force on the piston. The sample‘was com-
pféssed between the piston and a braés wall bolted to the
probe. Thin indium pads were inserted at the sample/wall
and sample/piston interfaces to avoid non-uniform strain in
the sample. The system was prestressed at room temperature
to compress the pads and hence obtain good stress reprodu-

cibility and good thermal contacts.



Cross-sectional detail of the probe sample holder, showing
part of the stress sfstem. The pull-rod was attached to
the spring and micrometer screw at the top 3f the cEyostat.
It transmitted force to the right~angle lever through a
cylindrical bearing. The lever pivoted on a steel rod
which.passed through the probe block,’ and t?ansmitted force
to the piston through a fixed ball bearing. The variable-
position wall was securely bolted during the experiments.

(Figure taken from Seholes [161]).

r
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A calibration of the stress system was carried out
because of possible frictional torques, elasﬁic bending and
stretching in our system. The sources of friction may be
locatéd, for example, at the pull-rod/lever joint, level pivot
and lever/piston contact while the bending may be experienced
.in'the brass arm cof the lever aﬁd possibly some stretching of
the pull-rod. These possible losses would tend to reduce the
force on the sample below the value given by the product of the

spring constant, spring contraction and the level factor (9.0).

L stress sensor-was built from a capacitive sensor and
a LC Armstrong-type radio-frequency oscillator [19]. A
schematic diagram of the oscillator is illustrated in Fig. 2-4.
The oscillator was composed of a dual-gate N-channel depletion
type MOSFET (RCA #40673), two Silver-Mica (Miconics) capacitors,
one Metallized film type (Philips) capacitor, a sensor -
capacitor CS, five.resistors (Ohmite), and three inductors.
The inductors were made with a 40 AWG Single Polyester-Imide
coated copper wire (Beldeh) mounted on a 1 cm diameter by
10 cm long plexiglass rod. The resulting coils Ll, Ly, and
L3 had 760, 787, and 18 turns respectively. The capacitor
C, was connected to the oscillator with a 23" long 30 AWG
coaxial cable (Belden #9221). The cable and the capacitor
C, at zero stress had a capacitance of 33 pF and 30 pF
respectively. The frequency of oscillations was mainly

determined by L2 and Cs + 33 pF. The circuit components were



Il
Circuit diagram of the oscillator employed with the stress
sensor to calibrate the stress system. The oscillator oper-
ated at a resonant frequency of 2 MHz which was monitored
by observing the induced voltage appearing across the pick-~

up coil L The number of turns of the coil was chosen

3"
sufficiently small to minimize any disturbance by the co-
axial cable on the oscillator frequency. The values used

for the different components in the circuit are:

R, = 150 k& C; = 2.5 nF
R, = 1.5 kQ C, = 2.2 nF
Ry = 6.8 kO C, = 68 nF
Ry = Rg = 100 Q-
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optimized to produce an undistorted sine wave at a fre-
quency of 2 MHz and a peak to peak output voltage of 0.3
volts at a bias vdltage of 12 volts. The circuit operated
above 55 K. Below this temperature the carriers in the
MOSFET froze out. A schematic diagram of the capacitive
stress sensor is shown in Fig. 2-5. All sensor components
were machined from a rod of Beryllium Copper Brush #25 Al-
loy which was initially heat treated at a temperature of
600°F for three hours and then air cocled to ambient tem-
perature. The resulting Rockwell hardness C-42 indicated
that the alloy had the high yield strength required for the o
sensor. The right hand capacitor plate was electrically
insulated from the body of the sensor with two 0.007" thick
cover glass spacers and epoxy (Miller-Stephenson Chemiqgl
Co., Inc. #907). The body of the sensor and the left hand
capacitor plate were tightly bolted together with two Beryl-
1iﬁm Copper screws. The separation between the plates was
25 um at zero stress. The two leads of the coaxial cable
were respectively connected to the left hand plate with a
screw and to the right hand plate with silver paste. The
stress sensor was calibrated by applying known forces on
the right hand capacitor plate through a brass dummy sample
which had the same dimensions as the Ge crystal. The cali-
bration was done at 77 K in a two step process. First the

oscillator frequency was measured as a function of the




Fig. 2-5

Cut-away~schematic drawing of stress system with stress
sensor. View is from bottom Qf cryostat. The body of
the stress sensor was machined from two Be-Cu ?arts and
bolted tig@tly together. The right hand capacitor plate
was glued to the body of the sensor through insulating
glass slabs. The plate separation was 25 um (not to
scale) at zero stres Crystéllographic directions are
indicated by the triad.” For experimental runs the sensor
was replaced by a solid brass wall. (Figure taken from

Scholes [16]).
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known force. Then by recording the oscillator frequencf

as a function of spring length the forces on the Ge sample
were obtained. To use the sensor at 1.2 Krequired an in-
direct approach. Since at this temperature it was not pos-
sible to’apply any known forces on the sensor the 77 K sen-
sor calibration was extrapolated to 1.2 K by using the
temperature dependence of the Young modulus of elasticity
of Beryllium Copper [20] and the static dielectric constant
of He4 liguid [21]. Finally, from the measurements df the
oscillator frequency as a function of spring length the
forces on the sample were derived at 1.2 K. ‘

The results of this analysis showed that the cali-
bration carried out with the stress sensor agreed to within
~ 10% with the mechanical cal;bration obtained from the
product of the spring length, spring constant, and the geo-
metric lever factor (9.020.1). At maximum spring contrac-
tion, the two springs had an $ shape, rendering a direct
measurement of the spring length very uncertain. In this
case, the sensor calibration was used to obtain the force
on the sample. The stress system did suffer from small
elastic bending of the brass arm of the lever and p0381bly
somg stretching of the steel pull-rod. To further check -
the mechanical calibraticn, quoles [16] compared his EHD
luminescence data as a_function of stress with those ob-
tained by other groups who were able to use more ideal

stress systems. From the good agreement between his data



and cothers, he concluded that the mechanical calibration

was correct within ~ 10%.
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CHAPTER 3
FAR-INFRARED ABSORPTION SPECTRUM OF

EXCITONS IN [l111]-STRESSED GERMANIUM: HIGH
STRESS LIMIT

3.1 Introduction

The most detailed information on the internal struc-
fhre of free excitons in germanium was obtained by the far-
infrared (FIR) absorption experiments [22—27,17]: In these
experiments, transitions from the eﬁennparity ground states
to. the odd parity excited states were observed. Further-
more, the energy of the even parity ground states was mea-
sured by examininé the FIR exciton photoconductivity [28]
and by looking at the derivative of the near infrared absorp—.
tion edge [29]. To interpret this series of experimental ~
results, a comprehensive theoretical treatment of the exci-
ton energy spectrum was made [30—32]l_ Despite the compli-
cated band structure, good agreement between calculated and
measured energy levels was obtained. Neverfheless, some of
Jghe observed transitions were not predicted and some of the
predicted transitions have not been observed.

Application‘of a uniaxial compressive stress along
the [111] direction simplifies the band structure. In the
presence of véry large stresses, excitons are formed froﬁ
one conduction band and one valence band.‘ Both bands are
ellipsoids of revolutibn with their major axis along the

s

s 22 1
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[111] direction. ~The resulting energy spectrum of excitons

R )

is very simple.- Muro and Narita [33], and Yamanaka et al.

[34] detérméﬁed, from their FIR maggetoabsorption of exci-

tons at intermediate stresses, an exciton ground state energy

of ¥ 2.75 meV. Feldman et al. [35] measured from thefiﬁﬁi-ﬂ"

nescence of excitons at infermediate stresses a binéing

snergy of (2.3%.4) meV and (2.6*1.2) meV, respectively.

These experiments_ﬁere not able tco provide any detail on

the exciton spectrum at very lérge stresses, where the‘sim—

plification of the band stfhcture would be most noticeable.
The purpose of this study was to determine the ener-

~

gy spectrum of excitons at very large stresses.. The FIR

- absorption spectra were measured as a function of stress

2 A4

from 9 to 38 kg/mm“ [18], and as a function of the direction

of the FIR ﬁolarization with respect to the stress 5xis.

At high stress, ;he eﬁciton spectra are simiqu.to theose of
donors [36]. A theoretical model js used to predict the
energy levels and the relative absorption of transition
lines. Good égfeement is observed between theory and ex-
periment.

‘In the ndIv section, a description o£~£he Ge band
structure ;s a fq-ction of stress is presented. The exciten
Hamiltonian deriv?d from the band structure at véry large
stress is solved by using a variational method. The method
-of talculation and tﬂe numerical results are géng{in seétion

g b

3.3. Finally, the experimental results are presented with

7,

] .

_.‘4_,‘,‘__.}_
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a comparison of thqémodel in section 3.4.
_./' ‘ - ’ i

s ' g
3.2 Band Structure of Germanium

Germanium has the diamond structure which consists

‘ -
of a FCC Bravais lattice with a two-atom basis (0,0,0) and

a (%,%,%), where a is the lattice constant. The relevafit

bands of Ge for this work are shown in Fig. 3-1 [37]. Ge

has "an indirect band gap of 0.744 eV at ® K. A consequence |
B . N &8
of the indirect gap is that. optical recombination must be

assisted with the emission or absorption of a phonon in
order to conserve cr §EEIZ§Pmentum. This makes optical re-
combination a slow processs and hence the origin for the

S
long Jifetime of excitonic systems in Ge. The maximum of ~_

L4

the valerf®e band occurs at the ce?tre of .the Brillouin zone.

In absence of spin-orbit coupling, the valence ban at k =0

is sixfold degenerate. It id formed from the éwstates

. w .
of the free atom. The spin-orbit interaction-partially

-

/;/léfté the degeneracy into a fourfold J =3/2 band edge and

~ v
twafold J =1/2 /'split-off" band. The two banii are separa-

ted by 0.29 " at the zone-.cefitre. as k inmcreases from zero,
- B —_— »

" the band edge splits into a doubly degeherate heavy hole

'MJ = *1/2 and light hole MJ = *+3/2 bands. The wavevector
[ Y

débendence of the band edge near k =0 is [38]:
!

; -
ot

. e - N . ,. )
e 224 2 Kz‘ 2.2/ 2.2 172 -
Eﬂyg) = AK” + [Bk'+Cc" (k'k +kYkJ&:&i§JJ <, {3-1)
d - .

XYy

Z %
whe!g\H and L stand for hea and light hole band respect-
. ”

S T



Fig. 3-1

Calculated energy band structure of Ge for two directions
of wavevector k. Only the bands c1$sest to the'bandgap
are shown. The labels correspond to conduction (C), heavy
hole (Hh), light hele (LhY, and split-off hole (Soh) bands.
The indirect bandgap is 744 meV (0°;3-between the conduc-

tion band L-point and the valence band [-point. The Lh and

-

Hh bands are degenerate at the T-point, while the Soh band

is at -290 meV. (Figure taken from Scholes [lé].

e
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ively. The parameters A, B and C are listed in Table 3-1.

The conduction band edge is located at the zone
boundary % {(1,1,1). As a consequence of the crystal symme-
try, there are four equivalent energy minima. The constant
energy surface near these minima is an ellipscid of revolu-
tion with the major axis along the <111> direction and is
characterized by transverse and longitudinal effective
masses, met and mel
[39] values of m and m .. are given in Table 3-1.

et el >
Application of uniaxial compressive stress S along

respectively. Levinger's and Frankl's

the [111l] direction reduces the cubic symmetry of theéé;ys-
tal and therefore removes some cof the band degeneracies.
Figure 3-2 shows the deformation of the band structure as

a function of stress. The conduction band ellipsoid whose
major axis is along the [111] direction is lowered in enérgy

with respect to the other three. The separation between

Il

the upper and lower valleys -is & 1.03|s| meV'mmz/kg_[40].
The valence band edge splits into two doubly degenerate
states MJ = +1/2 and MJ =+3/2. As the stress-increasesf
‘the heavy-hole band-MJ =tl/2.goes up in energy toward the
[111] conduction band minimum. The stress dependence of
the splitting between the heavy and light hole bands is

h

k =0, significant coupling between the bands remains until

large stresses. In the limit of high stresses, the hole

26

o, = 0;363|S| meV mmz/kg [4la]. Despite their splitting at\\

e

—



Table 3-1

Band structure parameters for Ge

A = 13.382

B = 8,482

c = 13.142

m = 0.08152b

‘m_, = 1.588°
m, = 0.13000°

moq = 0.0403°

m = 0.1192d

oe

. o -
m_ = 0.2754
m _ = 0.04210° -~
oL .

e = 15.36°

@]

aThe-parameters, A, B and C were obtained from Yyr Vo and Y4
of Hensel and Suzuki (4laljwith the transformations given by
Kelso [41b].

bSee ref. 39,

GSee ref. 4la. .

"\
d -1 _ -1 -1
Moo = (mel + 2met)/3'
e

See ref. 41b.

fSee ref. 42,



Fig. 3-2

Band structures of Ge as a function of stress. The band -
structure at zero and finite stress are shown on the left
and *‘right hand side respectively. At zero stress, the band
structure is composed of four equivalent conduction band
minima along the <111> directions and fourfold degenerate
valence band. Upon application of stress along the [11ll]
direction, the [111] conduction band minimum lowers in
energy with respect to the other three. Their separation
is 4 . The valence band'edgé splits into two bands. The
heavy hole band-moves up in energy and is separated by By,

from the light hole band.

’
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bands become ellipsoids of revolution with their major

axis along the [111] direction. 1In this limit, the effec-
tive masses of the valence bands were measured by Hensel
and Suzuki {41a], Their values are given in Table 3-1. They
also observed that the effective masses of the conduction
band do not vary with stress. Therefore, the effective
masses of the conduction band measured by Levinger and
Frankl [39] Qill be used in the following calcula&ion.

3.3 Theoretical Model for the Energy Levels of Excitons
in [111]-Stressed Germanium

In the effective mass approximation the exciton

Hamiltonian is
e2
j—1 " ¥ — - -—
Hex He(Ee) * Hh(gh) RN (3 2)

0'~e ~ -

where the subscripts e and h refer to the electron and hole

respectively, p is the momentum conjugate to r.and €4 is 'the

static dielectric constant. At very large stress H(p) in

the above ation takes the form

1. 2 2 1 2
I R )

.
¢ \
LY

where m, and m_ are/the longitudinal and transverse masses

g t.

—~——n

' respectively,

d p, is the momentum component along the
{:ll] direction. To solve the Schrodinger egquation associa—(
d with Hamiltonian (3-2) we make the following transfor-

mation of coordinates (Altarelli and Lipari [31])



r =r - X ’
—~ ~2 ~h (3_4) '
{{ = lO'.E‘e + BEh ‘

whetre @ and B are 3x3 matrices and o and B satisfy

|det (a+8) | = 1. The conjugate momenta are given by
\
pe = uP + p ,
(3-5)
P, = BE - P .
By analogy to the hydrogen problem, we choose
met/Mt 0 0 mht/Mt 0 0
o = 0 met/Mt 0 , B = 0 mht/Mt 0 (3-6)
0 0 . mel/MR 0 0 th/MQ
where M, =&met.+mht’ M, = m,,*+m ,, and |det(a+B) | = 1 is
satisfied.s The exciton Hamiltonian becomes
’ 3
. P 2+P 2 P 2 P 2+p 2 p 2 2
o 1f1 T2 3 1752 3 e
Hox = 2M o | YT vt o T ex
t 3 t Mo 0
(3-7) -
=H +H ,
cm .r

-1-_ -1 -1 -1 _ -1 -1 . _
where pg = mel + th and ut = met + ?ht . We now intro

duce the effective Rydberg andﬁthe effective Bohr radius,

ute4 ;ﬁzeo .
RO =f2—2‘ ’ a0-= 5 F . (3-8)
24 €0 Hie e

as units of energy and length, respectively. Hr expressed
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in reduced units becomes

2 2 o
2
) ' (3-9)

3 g
H = - ( + + ¥y
r 2 2
ex 3y a2 /x2+y2+22 .

where y = Me/M,- By using the electron and hole effective
masses of Levinger and Frankl [39], and Hensel and Suzuki
[41a], respectively, and the static dielectric constant of

Faulkner [42]

y = 1.275 ,
. .

R, = 2.889 meV , (3-10)

ay = 162.2 A .

The Hamiltonian Hr given in Eg. (3-9) for the rela-
tive motion of exciton in the high stress limit is formaliy
identical to the donor Hamiltonian. The donor préblem was
first analyseé by Kohn and Luttinger [43]. They observed
that H_is invariant unaer a rotation around the z axis
and uﬁder_inversiqn,'hénce, the z component of the angular
momen tym, m, and the parity, P, aig.conserved. However,,
all states with the same m and P aré”mixed. Tﬁey calcula-
ted with a variational method the 1s, 2P,, 2P,, 2S and 3P,
energy levels by using a single trial function for each
eigenfunction. The subscripts 0 and * stand for.mu=0 and
m=:1. Faulkner [42] solved the problem by expanding each.

eigenfunction into a linear combination of trial functions.

However, these authors treated the problem for v < 1 where-
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as for the exciton problem, vy = 1.275. Keyes [44] repeated
the calculation of-Kohn and Luttinger only for the 1S level
-with ¥ 3'1 and with an anisotropic, static dielectric con-

stant. We reproduced Kohﬁ and Luttinger's variatiqnal cal-

culation for the 18, 2PO and 2P, levels and vy > 1. Their

nbrmalized wavefunctions are given in Table 3-2. These

-

31ngle variational wavefunctlons reprgsent the low lying
levels very well [42]. Névertheless, FhlS method only yields
upper bounds of the energy levels. The.method of‘caicula-
tions together with the analgticai resulfs are éiessnged'in
appendix A.

The calculated 1S, 2P, and 2P, energy levels as~&

function of y are shown in Fig. 3-3. From Fig. 3-3, it is seen
-that the 2P0 energy level lies higher in energy than the

2P, level. Therefore, the line centre of the lS—2P0 transi-

tion, Vo will be on the high energy side of the line centre

of the 1S-2P, tramsition, v_,. The line positions are in-

verted with respect to the donor ones. This line invexrsion

is easily understood since for Y > 1, y,_ > u, hence, the

t
transvérse component of the kinetic energy is smaller than

the longitudinal one. The resulting.binding energy of the

2P, state will be bigger ‘than the 2P, state.

0
To have an estimate of the strength of the 15-2P

transitions, one can evaluate the relative absorption asso-
i
ciated with those transitions. In the presence of an elec-
—‘_\i
tromagnetic wave the electron and hole momenta become



I

33

)

Table 3-2

: Variational wavefunctions for the low-

N lying levels of excitons.

2 2 1/2
M5B —pyryz ey + 5
= {ma"b / a b™
Sy
.o , 1/2°
Vop (X = —3r7z # exe- (85 +
~ (rab ™) S a b
2 2 1/2

1 —(P

Vop(z) = X exp
2p ¥ (nalp) 172

-+

D‘I\JN

a

where p2 =\<i;;Y2 and, a and b are the
variational pa¥ameters.
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Fig. 3-3

Calculated 18, 2PO and 2P enefgyvlevels as a function
’ - doyr

-

o

of the reduced mass ratio, Y = ut/ug, of exciton in

the high stre57 limit. The vertical arrow indicates the
value of v for' excitons in Ge. ©Notice, the hydrogen

energy levels are given by vy = 1.

TN
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!
A{r_,t ) ,
R (3-11)
%(Ehlt) - 7

D

In therfollowing, we will use the dipolar approximation and

al®t |

the Coulomb gauge. By using the above momenta the transfor-
Mation (3-5) applied to the original Hémiltonian{B—Z)gives

: 1
the same final Hex in Eq. (3-7) except Pn is replaced by

e

p. + <A _. AEE@I a few algebraic manipulations, the absorp-
n c\'n

/ ' tion coefficient, o, of excitons is proportional to [46]

o = v, |I cn<i|x |f>]2 , {3-12)
n \.9/ .

where € is a unit polariZation vector, Vig 1s the transition

f;equency between the initial, |i;, and«the final, |f> state.
//gence, for polarization, E, parallel to the étrégs axis,
E || s, the only optical transition observed is/Eafﬁ the 18
to 2P0 state. For polarization E perpendicular-to ;Hg stress
axis, E l_S the only optical transition cobserved is from
/ the 1S fiégPt éfffﬁj The reletive absorption of the 15 ;ZPO
’ transition to the 1S -2P, transition is S
<1s|z|2p0>\2/’*’ﬂ
<lS|x|2P+>} ) (3-13)
) _ A//

An estimate of gthe Tatrix elements is obtained by ﬁsing the

-

-

variqtio;%l wavefunctions. The relative absorption becomes
o

o3
?ﬁg vo1.4 . ?}—14)

TS
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The numerical value is expected to be accurate within a
facfor three to four because of the variational method used.
A comparison between the theoretical and experimental re-

sults will be given in the next section.

3.4 Experimental Results and Discussion

Measukxed absorption spectra of excitons are shown

in Fig. 3-4. These spectra were taken at.T =1.2 K, and for
each stress value, a spectrum was taken with E || S and
E | S. The laser power was the same for all spectra, hence

the evolution in relative absorption can be observed. The

upper part of Fig. 3-4 shows an absorption spectrum taken !
at S = 19 kg/mm2 and E || S. At this stress value the se- v
paration between the lower and upper conduction bands is I
19.6 meV. Excitons formed‘with electrons in the upper con-

duction. bands exist at lower stresses but at these high

stresses intervalley scattering depopulates the upper

bands [47]. A strong line associated with the 1S-2P,. tran-

0
sition at 2.32 meV is observed among several weak lines.

Also observed in the spectrum is a sﬁghlder located on the

- low energy side of the 1S8-2P_ transition. The shoulder and

0
the weak lines may be related to residual warping of the

valence bands. The background observed at v 3 meV in the

spectrum is caused by the absorption of electron-hole drops

. (EHD) [48]. The same features are also observed in the
13

spectrum with E l S. A strong absorption line observed at



Fig. 3-4

Far-infrared absorption spectra of excitons in Ge as a
' Fl ;

function of uniaxial [111] stress. For each stress walue /’—‘““\

a spectrum was taken with the FIR polarization paraIT€i==///\\u//

and perpendicular to thé stress axis. The laser power was
V.

the same for all spectra. The labels in the spectra in-

dicate the 1$-2P and 1S-3P transitions. Notice the shift

in energy of the absorption lines as the stress increases.

The shift is produced by a continuous decoupling of the

valence bands.
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2.22 meV 1is identified with the lS—2Pi transition. As the
stress increases from 19 to 38 kg/mmz, the 15-2P transitions
shift toward lower energy due to a continuous decoupling of
the valence bands. This decoupling is also reflected on
the high energy side of the 1S-2P transitions where the
speétrum of the weak lines varies with stress. The absorp-
tion spectrum of excitons at stress S5 > 19 kg/mm2 shows
another transition located at ~ 2.6 meV which becomes shar-
per with stress. We intgrpfet this absorption lﬁpe as the
15-3P transition. This transition also has a dependence gp
polarization. A%"S = 38 kg/mmz, the ratio of absorption in
both polarizatjons -of the 1S-2P transitions is 0.8+.1. The
last r;tio compares well with the theoretical estimate of
aO/ui v 1.4.

In order to estimate the line positions at infinite
stress, the lé—ZP and 1S-3P line positions as a function of
reciprocal stress, 1/S, are plotted in Fig. 3-5. Also shown
are the theoretical line positions- [49] for 1/S = .0 mmz/kg.
The theorétical values are given in Table 3-3. Notice the
increase in curvature of thgﬂéata points as 1/S goes to zero.
The change of curvature suggests that the experimental line
positions tend toward the theoretical ones as the stress
increases. Furthermore, the observed splittings between
the two sets of.transitions 2P —2Pi and 3P0—3Pi converge at

0

high strdess to the theoretical values. An extrapolation of

/
<‘ ‘



Fig. 3-5

Plot of the exciton line positions as a function of the
reciprocal stress é. The horf&dntal arrows indicate the’
theoretical line positions at infinite stress. As the

o
stress increases, the 15-2P and 15-3P transitions approach f

the theoretical line positions coifpspSEaing to the high o

P |
s
stress limit. . /Yii;7f
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Table 3-3 N
Experimental and theoretical line positions
of excitons in the high stress limit.

L4

Transition » Theory Experiment
v - v
(meV) (meV) .
15-28, . 2.04 /y . 2.09%.09°3
..
1s-2p, 1.97 *2.02¢.082
lS—3P0 ) 2.38b
15-3p, 2.35°

_ ¢
a . 5o . . :
The line positions were obtained from a linear

extrapolation to 1/6/i 0 mmz/kg“uging-the three
~ r
data points near 1}5 =0 mmz/kg. -

bSee Ref. 49,

£

s
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the data points to infinite stress was done. A comparison
between the theoretical and extrapolated line positions is
shown in Table 3-3. Good agreement is obtained between

theory and experiment. This agreement enables us to esti-

e ‘mate the binding energy of excitons at infinite stress as

2.70+.08 mev. -
"
In conclusion, although the structure of the exci-
ton energy levels in germanium is not understood very well,

it has been shown that in the high:stress limit the struc-

41

ture becomes nearly hydrogen like and hénce'very simple to,

8
. a

interpret. N



CHAPTER 4

FAR~-INFRARED ABSORPTION SPECTRUM OF
Be~RELATED BOUND EXCITONS IN SILICON

4.1 Intrecduction

Prior to this work, the study of bound excitons (BE)

was mainly limited to the observation of their even parity

states using near-infrared (NIR) spectroscopy. These states, )
N »

-

are difficult to interpret since they depend on the central
« cell potential of the binding centre and the line spacing
is unique to each impurity. Furthermore, for centres of low

symmetry, additional lines due to odd parity excited states

can also be observed in the even parity state spectruﬁ making
L '
—the analysis even more difficult.

In this study, the first far-infrared absorption spec-
trum of a bound exciton is presented. This spectrum provides
information on transitions from the even parity ground states
to the odd parity excited states. These odd parity excited
states are ngﬁfshifted by the central cell potential of the
binding centre and hen&e.they should givg the same speétra.

AThe results of this research show that PIR spectroscopy ap-
plied to the study of BE is the best tool for the identifica-
N -~ tion of the BE igfternal structure.
ks A The Be-related isocelectronic bound exciton (IBE) in

° o
S1licon was chosen for this study since the IBE lifetime is

42
‘ ~



very long(? 500{usec) and its conébntration is known tes be
very large (v 1016 cm-3); These two factors simplify the
task of maintaining an observabld population of IBE. Fur-
thermore, this centre was careful%y:étudied by using NIR
%pettroscopy[9,50-51]both in emission and absorption. This
qakes & direct comparison between FIR and N13 results pos- =
sible and permits the identification of the BE exen parity
excited states with known boron impurity excited'staées.
The good agfeemgnt between the IBE internal structure and
impurity-spectra reveals without ambig ity the charactir of
the IBE and corrects the previouscgnders anding of the BE
binding centre.

In the next section, Hopfield's model of an IBE w;}rfdj'
" be described. Sectio? 4.3 presents the results on the IBE-

odd parity excited states together with a comparison between

the IBE excitéd-state spectrum and Hopfield's model.

4.2 Hopfield, Thomas and Lynch Model of an Isoelectronic
Bound Exciton

Hopfield, Thomas and Lynch (HfL) [52] developed a -
model to explain ®xtrinsic absorpt}on and luminesece lines ,_//M)
in ZnTe and GaP crystals. They interpizfﬁﬂnlhese transitions
as produced by the formation and the recoiginétion of exci-
tons bound at iscelectronic. traps. These éraps are electri-
cally neutral because all four bonds to the neighbouring

atoms are satisfied and there is no excess of carrier
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present. Howeyer, the difference in electronegativity
between the impuri;y and lattice atoms produces a short
range potential whiCh binds a primary particle, either an
electron or a hole, into a very locaiized state. The secon-
dary particle is then loosely bound by the screened.boulomb
potential of the primary particle. A consequence of HTL
model is~fhat.all the resulting IBE‘can be classified into
isoelectronic acceptors - and donors if the seconéary particle
is a hole or an electron respectively. Furthermore, the
excited state spectrum of the loosely bound hole (electron)
of an isoelectronive acceptor (donor) should be quite similar
to that of an acceptor (donor). This prediction was veri-
fied/ﬁor the even-parity excited state spectrﬁm of IBE bound
to N pairs in'CaP.[SB].

Other. features of an IBE are its ground state splittings
and jts very long lifetime. Figure.d4-1 shows the energf level
diagram of the ground states of an IBE perturbed by a series
6ff$Qteractions. Case (a) corresponds to weak interactions
where the "18" 'ground state is characterized by the angular

momentum of the boﬁnd electron and hole Jé = 1/2 and Jh = 3/2

respectively. 1In case (b), the ground state is split by
K™

‘coulomb - exchange interaction between the electron and hole*in-

to an upper J =1 and lower J =2 states. Optical transition

from the J =1 state to the crystal ground state is dipole

allowed while it is forbidden from}phe J =2 state. This

makes the IBE lifetime at low enough tepperature (together

™



Schematic energy level diagram of the ground states of an
IBE under a series of interactions. Case (a) represents
the ﬁnperturbed "18" ground state. Case (b) shows the
‘groupd state perturbéd by electron-hole exchange coupling.
The ground state splits into a =1 and J =2 state. Case
(E) illustrates the ef ect of an axial crystal field upon
the IBE ground states. Only the projection MJ,Of the total
angular momentum along the symmetry axis is conserved. The
energy splittings (in units of mev) of the Be-related IBE
ground states together with their identifications are

shown on the figure.

A

-
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with ?Slg&}er recombination process) mggh longer than any

donor or acceptor BE lifetime. TC3ge (c) she}“‘fhe effect
of an ax1alﬂcrystal field upon{the IBE ground states. The
8%
crystal fleld can be produced. for example by, centres with
RN

axial symmetry. The split states are lébe{?d by MJ the

) r“pfqlsgfigg/égﬁthe total angular momenﬂﬁm along the symmetry

axis. The observed energy sPlitt%ngs for the BE-related

IBE in silicon together with the assignment of the states

are shown in Fig; 4-1. The multiplicity of the even parity
ground states results inga temperature dependence of the

o -~

IBE FI%fgpejirum. It will be shown in the next section that
]
this temperature dependence will distinguish the IBE_FIR

spectrum from any typica} ifplrity FIR spectra. i}

4;& Experimental Results and Discussion

' The éxperimental-results presented in this section
were.obtained with the same Be-doped samples as those used

in previous NIR experiments [51]. The uéper curve of Fig. 4-2
shows the transmission spectrum of the sample without correc-
tion.for instrumental response. The absorptibn lines o, B

Y, and § are‘preseht.in the crystal without laser radi%tion.

The liné‘plgt 17.2 meV is blended with an absorpgion line
a » B

" at 17.5 meV due to a Mylar vacuum window in the cryostat.,

Studies [10] on the electrical and optical properties of
Be diffused into high resistivity Si showed that this ma-

terial is p-type and is composed of several Be acceptor



Uncorrected FIR transmigsion spectrum of Be-doped Si sample
without laser illumination (top), and induced FIR absorption
when a Kr' laser was incident on the sample (bottom). The

lower curve has been shifted up for clarity.
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centres. Therefore, «, B, ¥y, and § are associated with
transitions of acceptor centres. These transitions are
"'-.___.____~

attributed with Be centres since they were not idgntified
with any known acceptor spectra ;n Si. The relatibe inten-
sities and enerqgy separations cf a, B, and y are similar.to
those of a typical shallow acceptor centre in silicon. A
copfarison between the line positions of this group of lines
d effective mass theory ([54] provides an estimate of -
32:5 meV for the ionization potential of this centre. gsind
the conductivity sum rule [55] and an effective mass
m* = 0:4, the concentration of the acceptor centre is
4.0x10%° em”3.

The lower curve of Fig. 4-2 shows the induced FIR ab-
sérﬁtion spectfum with inciﬂent laser power of 60 mW on the
sample. Three induced lines called 1B', 2B', and 3B' are
observed. The induced line 2B' is close to the aéceptor
line § but the difference in line.positions is outside the
range of experimental errors. Using the conductivity sum
rule with the assumption of an effective mass‘m* = 0.4, the
areal concentration of the centre associated with the in-
duced lines is 4.0><1012 cm_z. The excitation depth has not
been determined but it is much smaller-than the crystal
thickness.

Figure 4-3 shows the induced absorption spectrum at

1.4 K, 8 K, and 15 K. At 8 K, new induced absorption lines

called 1B, 2B, and 3B are seen on the low energy side of




P
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X Fig. 4-3

Temperature dependence of the induced absorption spectrum.

The spectra are shifted up for clarity. The three brackets
above the absorﬁtion lines show the predicted iine positions
of transitions from the B, B", and A ground state levels based
upon the observed linelpositions of £ransitions from the B"
initial state observed at 1.4 K. The dotted spectrum at the
bottom (taken from [56]) shows the FIR absorption spectrum of

the boron acceptor shifted down by 3.0 meV,
. \
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1B', 2B', and 3B', each displaced by 0.62 meV from its B'
line. An isolated induced line is alsc observed at 22.13

meV. At 15 ﬁq three additional induced lines 12, 2A, and

- 3A are resolved above the noise level and each is separated

from its_B' component by 2.50 mev.

The induced absorption spectra can be interpreted
in terms of IBE transitions associated with the same Be-
related IBE as those studied by Thewalt et al. [51].
Figure 4-4 shows a comparison between the IBE energy level
structure as de%&fmined from NIR measurements and the line
positions of the induced FIR absorption lines. As explaiqea)
iﬁ the previous section, the IBE ground State is split into
four levels B', B, Bh, and A which servé.as the initial
states of the FIR transitions. At 1.4 K, only the lowest B':
ground state is populated which results in FIR'transitions
to the three odd pa?ity e§eiteg states (1, 2, and 3). As
the temperat;;a increasesx the upéer B and A ground states
become successively populated and FIR transitions from thése
states are obsefcéd.

As shown in Table 4-1, the FIR splittings are in good
agreément with those dgtermined from NIR photoluminescence.

In addition to the well resolved absorption lines, the 8 K

and 15 K spegtra reveal a shoulder displaced 0.3 -0.4 meV
below each B line. This new state is in'excellent agreement

with the predicted [50] zero-field location of the B" state.

/.



Fig. 4-4

Comparison of transitions determined by NIR and FIR
spectroscopy. The lowest IBE ground state, B', is taken as
the zero of energy. Except for the crystal ground state, all
energies (in units of meV) are to scale. The s, m, and w on
- the NIR excited-state transitions stand for strong, medium,
and weak transitions. The symmetry labels on ‘the excited
states are those deriv;d in the £ext from a comparison with

acceptor spectra. i
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= Table 4-1

Comparison of energy level differences as
determined by NIR and FIR spectra ,

Assignment NIR Splitting FIR Splitting
: {meV) (meV)
B'-B 0.60:0.10% : 0.62+0.08
B'-B" 0.9° 0.95+0.10
r><:,,fEL2: 2.53+0.132 2.50+0.10
,/' \\S'—l 27.46+0.20° 27.51+0.03 -
K -2 31.36+0.20% 31.440.03
/ - ‘
B'-3 —_— . 36.50£0.04
“Ref. 51. ;
bRef. 50. - )
p
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Further evidence that the FIR andNIR spectra are associated
with the same Be centres is provided b; the correspondence
between the locations of the 1 and 2 e%citeq states with
two ve;§ weak NIR transitions, as indTgpted in Fig. 4-4

and Table 4-1. The appearance of these odd parity excited
‘states in the near band edge recombinations spectra shows

a partial removal of the selection rules. This partial re-

moval is caused by the low (axial) symmetry of the Be binding

. centres.

An unexplained feature in the FIR spectra is the
absorption‘iine at 22.1320.04 meV in the 8 X spectrum. This
" absorption line could be due to a transition from the B
ground state to a fourth excited state, but thé disappeafénce
of the line at 15 K is unexpected. Therefore this absorption
line was not included in the energy level structure of the Be
centre.

All of the other observed excited states cén be ex-
plained within HTL model of an IBE. As illustrated at the
bottom of Fig. 4-3, the odd parity excited state spectrum
of the shallow acceptor boron {56] shifted to lower energy-
by 3 meVv mirrors the odd parity excited state spectrum of the
Be-related IBE in every detail. This direct coﬁparison al-
lows to identify the Be binding centre as an iéoelectronic
acceptor with a hole binding energy of 43 meV [57]. The
IBE 1, 2, and 3 excited states are therefore identified with

the acceptor excited states [58] ng, ZFE 4nd (lF; +1Fg).
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The identificatjon of the Be binding centre as an
Ve , ’

isoelectronic acceptor is supported by an interpretation

< :

_ made y Thewalt [59] - on the IBE even parity excited
states. Figure 4-5 shows a comparison between the even

- parity excited states gf-hpron acceptor and those of Be-

. related IBE. The boron ng state has been shifted down by
3.0 meV from-the‘IBE lowest ground state. The boron ZFE,
3F;, and 4Fg states [60] are in close correspondence with
three IBE energy levels. In particular, the difference in
enéggies between the 2?2 state'ipéuits assoéiated IBE $tate

ris 2.4520.23 meV, an&‘between-the BFE state and thg corres-
ponding IBE state is 3.320.23 meV. Both ‘energy differences
are in good agreement with the 3.0 meVv FIﬁ value, considering

'that these states are shifted differently by the central
cell potential. The weakest art state is in reasonable

8

agreement with a weak IBE state. Finally, the boron 1F+

7
state [61] lying 23.4-meV above the ground state is also

observed with the same splitting in the IBE leve%VSEfﬁcture.

This splitting was shown [581 to be independent of~dentral

~.

cell potentials which produce significant shift of the ground

state. , . -

S o \
) M \
/The excellent agreement between‘the Be-related IBE

A

and boron acceptor gquantum structures provides strong evi—\xu\

dence far the isoelectronic acceptor assignment of the Be
VBinding centre. Previous studies [9,50-51] were based on
y .

[k—v R -
an isoelectronic donor model. The motivation for using ..

e Vg

——

/

o
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Fig. 4-%
, PR
Comparison between the even.parity excited states of boron
acceptor with th se\bfﬁiBE. - The boron ground state ﬁas
shifted down by 3.0 mev with respect to the IBE lowest grouna
state. All energies (in units of meV) are to scale. The

labels on the excited states are explained in Fig. 4-4.
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this model lay in the interpretation of the IBE phonon
sidebands whiéh provide information on the IBE primary par-
g}cle. The interpretation of the IBE FIR spectra, unlike
their phonon sidebands, is very simple..It'feveals the na-
ture of the isocelectronic binding centre and provides the
binding energy of the secondary particle.

In conclusion, the first FIR absorption spectrum of
a bound exciton was reported and was shown to be an impor-
tant tool for the interpretétion of the BE quantum structure.
The energy level structure of the Be;related IBE was iden-
tified with known acceptor excited sta;es and was found to
have a hole binding energy of 43 meV. &his technique should:
bé{applicable to many other BE systems in silicon and in
other semiconductors. In particular, it could provide some
information about the nagare of the short range”ﬁbpential‘

which binds an citon.
. -

N




CHAPTER 5
DIRECT DETERMINATION OF THE EQUILIBRIUM

CONSTANT OF THE EXCITON-CARRIER GAS IN
GERMANIUM

5.1 Introduction

The low density exciton-carrier gas in germanium is
a simple system that can be used to investigate the thermal
behaviour of nonequilibrium states in a semiconductor. This
behaviour may differ from that of a classical gas due to the

finite lifetime of &xcitons and carriers. In the case where

lifetime effects are negligible, the concentration of excitons

and carriers should obey the law of mass action of a classi-

cal gas-with an equilibrium constant derived using statistical

mechanics. The undérstanding of the thermal properties of

this system is also essential to the study of the metal-
insulator transition of the gas at high carrier densities.

The ionization process of the exciton-carrier gas

- was studied by using several methods. Timusk [62] ob-
served a thermal dissociation of the exciton gas in german-

’ \\ium\iy using the FIR absorption associated with excitons.

temperature dependent ionization rate of excitons. Mock
et al.. [63] observed a quadratic decrease of the exciton

lumineéfence with decreasing carrier generation rate at con-

] Y N

stant temperature. Their: resultsishowed the expected be-
N .

haviour of the dissociation of excitons, in thermal equili-

s 57 ¢

~————//

-

He ‘'explained his results with a _kinetic model includigb a_
S :
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brium with carriers, as a function of carrier generation
rate. A mefidfgﬁg;ied study was done in silicon by Gourley
and Wolfe [64]. From their steady-state and time-resolved
luminescence data, they extracted the equilibriumi constant
of fhe exciton-carrier gas. These investigations did not
prov}de any information on the free éarrier concentration,
In particular, the luminescence experiments are mainly ‘sen-
sitive to electron-h /e overlap which make them inapprépriate
to the study of free?iarriers. |

The purpose of this study was to present measuréments
oR both free carrier and exciton ESEEEEEEEEEOHS as a‘function
of temperature by using FIR spectroscopy. These measurements
were made at concentrations much smaller than (< 4%) the Mott
density [ 651 where the exciton-carrier gas i expected to

be nearly ideal. Data on the exciton and carrier concentra-

tions allowed a direct determination of the QQpilibrium con-
«

stant for any given temperature and carrier %?neratio rate.
The experimental'equilibridmucdnstant was fouﬁﬁﬂggﬁégn:; ex-
cellent agreement with the classical equilibrium constant‘of
"an ideal gas.

In the next section, the ﬁethod of calculation of
the FIR absorption spectrum associated with free carriers
is presented.’ The/method will be used in section 5.3 to de-
Lompose the meagured FIR absorption in%o free carrier and

exciton absorptlons. heir absorption'étrengths will be

empldyeg,ﬁg estimate the concentration of each species. The
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experimental equilibrium constants .obtained at several tem-

peratuies will be compared to the predicted temperature de- -~
3
pendent equilibrium constant of an ideal gas.

£5.2 Far-Infrared Absorption Spectrum of Free Carriers
in Germanium

The absorption coefficient of free carriers can be
gfltgpn as .

x alw) = —ﬂ%; Im{e (w)] ) (5_155
CE; /

where ¢ is the speed of light, o is the static dielectric

constant of Ge, and ¢ (w) is the dynamic dielectric constant

of an electron-hole plasma in Ge. The dynamic dielectric '

constant was studied by several workers [66-68]. It—was ’

\ﬁound that € (uw) = e(w)/so was composed of two contributions

. elw) = Eintra(m) + Einfij;f) N (5-2)

The intraband contribution to the dielestric constant
Eintra(w)' 1s due to damped plasma oscillations of elpetrons
and holes in which the carriers remain in the same bang. it

is given by ’

where . S ?

N oY
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) . (5-4)

n=n + ny, is the electron-hole pafr {or free cdfrier)
density,, n, -and n, are the light and heavy hole densiti&s

respectively. Moy, and m_,, are the dptical masses of light
and heavy holes, and I is the Drude damping constant which
is defined as the inverse of the collision (or "relaxation")
time.

The interband contribution to the dielectric con- .
stant Einter(m) is due to hole transitions from the heavy
(light) to light (heavy) hole bands assisted by the absorp-
tion (emission)sof phoéons../yinter(w)‘in the .random phase

approximation is:

~

-, oo
' 2 E
4 (w) = 4me dE - N(E) , (5-5)
inter J Eww (il )
I
0
>
where ' }
; ] I P - A
N(E) = L 8(E-(E (K)-E (k)£ (K)« -
k
B HL
- 0 kg
% (1-£, (k)) [1im —> 1] , (5-6)
L 30 - o2

g is the electron charge, FIGis the interband damping con-

stant, N(E) is defined as the optical density ‘of states of

k §
holes, f(k) are Fermi distribution functions, EH(E) are the\\“F_

~—

energy dispersion of theigalengi;?and edge give% by eq. (3-1lla

oo S

[i
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and the term in square brackets on the night hand sidé of

eq. (S—é) is the interband transition matrix element [66].
A computer program [?9] was used #6 evaluate

egs. (5-1) to (5-6) in the frequency range from sz meV to

20 meV. Since TI was[g;aller than ?he intégration step em-

ployed in eg. (5-5), the following approximation

lim Imle, . ()] = 27%e’N(w) = (5-7)

T -0 inter

I
was utilized in eq.éﬁ?—l).

Figure 5-1 shows an example of:a calculated FIR ab-

sorption spectrum of free carriers together with the intra-

band and interband contributions to the total absorption.

The dashed line shows the intraband contribution &intra to

tpe‘absorption coefficient. It increases abruptly at low

R .
frequencies while it decreases as w2 at high freguencies.

. - : -
The w 2 dependence at frequencies greater than 5 meV makes

“intra VErY small. Thefdoubl?adashed curve {— --) re-

prefents the interband contribution % hter to the absorp-

tion' coefficient. a

inter exhibits a maximum at v 3 mgV

LJand decreases smoothly at“higher frequencies. The total

absorption coefficient (——) displays the ﬁéhaviour of

‘at low frequencies while it follows that of a.

o,
intra inter -

at high frequencies. These two distinct behaviours make

possible a direct determination of the Drude damping cen-

stant and free carrier density.

61
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- Fig. 5-1

.
Theoretical FIR absorption igectrum of free carriefs; All
the parameters used in the cal;alations of this spectrum”
are shown on the figure and in Table:3-l. The intraband
(—Tf_ -} and interband (—— :—) contributions to the totdl

*

) are also shown.

, absorption coefficifnt ( The total
el _

. . ] .
absorption coefficient closely follows aing;a

at hi§h¥frequencies. The

at low fre-

quencies while it follows «.
inter

fine structure on the curve is due to finite number of

_—~—.points used to evalua{g’;q. (5-6) .
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glgure 5- 2 shows . ntra at three values of the

Drude damplng constant F As FD increases, the strong

absorptlon edge shifts to higher frequencmes while O.tra

still remains small at high frequencies. This makes the
absorption spectrum of free carriers at low frequencies very
;;nsitive to FD

Flgure 5-3 shows o, at a free carrier density

inter

of 8. OXIO cm_3 and at three representative temperatures
At 6.5 K, most of the interband absorptlon is located be-

lJow 5 meV. Above !-mev ainter-decreases in an expanential

fashion. As the temperature increases, the maximum of

O ter decreases in amplitude and shifts to higher frequen-

cies such that at 34 X «a, becomes almost constant in the
) inter o \
spectral region from 5 meV to 20 meV. The flaffening of

ainter with'increasin§ temperature is due to holes which are

thermally excited into higher energy states of the heavy hole

sband. These heavy, holes then make absorptlon of hlgher energy -
photons more: probable
N Calculations done af several carrier densities and

temperatures show that O hter ¢an be approximated as

ainter(w,n,T) = nf(w,T) {5-8)
«
14 -3 15 -3

where 107" cm < n < 10 cm -~ and f{w,T) is a function of

frequency and temperature. Equatlon (5-8) indicates that
' -

the frequency dependence of o, is determined by the.

lnter

temperature only and the overall sﬁg¥e of %inter scales with



\ y Fig. 5-2

| 5
N
Theoretical intraband contribution to the free carrier

absorption coefficient at several values of the Drude

dambing constant. The parameters used in the evaluation

of are shown on the figure and in Table 3-1.

o,
intra
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Fig. 5-3

Calculated interband contribution to the free carrier
absorption coefficient at 6.5 K, 12 K, and 34 K. No-

tice the flattening of a,

as the temperature increa-
inter

ses.

.
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electron-hole pair density. This important feature will be

used in the next section to determine the free-carrier den-

“sity.

F
%.3 Thermodynamics of Exciton-Carrier Gas in Germanium
BT | -

~

The experiments were carried out with.two Ge samples.
A 0.37 mm thick sample was used at temperatures lower than
20 K to obtain good spatial uniformity of excitons and free
carriers [701.-«7However a 3 mm thick sample was used at

34 K to get an observable absorption at high frequencies.

The temperature dependenée of the total absorption
of free carriers and excitons is shown iﬂ Fig. 5-4. The
spectra were taken at the same laser power. At 7.3 K the
total absorption is dominated by excitons with two strong
lines at 3.0 meVv ané 3.4 meV and a weaker line at 2.4 meV.
There‘is also a continuum of absorption starting at 4.1 meV.
-Fhe absorption liﬁés and the continuum are associated with
the 15-2P transitions [30] aﬂd with transitions from the
15 ground states to the continuum of excitons [27,71], respec-
tively. As the temperature increases, the two strong ;ines
decrease in strength showing a thermal ionization of exci-
tons and a continuous absorption develops below v 2.4 meV.
Thg continuous absorxptiop was initially interpreted by
Timusk [Gé] as produced by’ a plasma of free electfons and
holes in theémal equilibrium wifh excitons. The spectra

shown in Fig. 5-4 suffer from Fabry-Perot interference
. T .



Temperature dependence of the absorption of free carrigrs
and excitons at constant lasef power., Notice the decrease
in- strength of the exciton absorption lines and the in-
crease in absorption at low photon energy as the tempera-
ture incfeases. The oscillations in the spectra are due to
Fabry-Perot interference fringes caused by the parallel

faces of the thin sample.
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fringes caused by the parallel faces of the thin sample.
These results can be understood by considering the .
thermal equilibrium between free carriers and excitons. The

equation governing their concentrations is [72]

2 .
Do, 99 mrkT 3/2 ~E,/kT g\ T > 5K (5-9)
ne =t = o— [

X 9% 2muh

where nc and nx are the concentration of free carriers and

gi are theudegene:acy factor
1

and the"density of states masse of particle i respectively,

s _ - .. . ]
T mdemdh/mdx and Ex 1s the binding enexgy of excitons:.

excitons respectively, g; and m

-

Here we have neglected the contribution to n* coming'from
the finite lifetime of excitons. Assuming that the degenera- -
cies cancel and the heavy holes predominate, the equilibrium

constant n* becomes [73]

- t . L}

n* = 2.66x10°9 13/ 2748/T -3

a

(5-10)

::? exciton concentration was evaluated from Timusk's pro-
\__sda

ure by using the #otal absorption associated with excitons
and an absorption length of 0.37 mm or 1 mm corresponding to
a sample thickness of 0.37 mm or 3 mm respectively. The

exciton concentration is given by [74]

‘13

n, = 9.0x1077 <in(I /I)>/D (5-11)

where <2n(IO/I)> is the exciton absorption averaged over the



spectral region from 3.0 meV to 3.5 meV and D is the
absorption length in mm. The free -carrier concentration
was evaluated from the absorption cééfficient a{w) given by
eq. (5-1). For a given temperature, the Drude damping con-
. stant and the free carriefuéoncentration were tﬁé\only two
éarameters used in the calculations of o(w).

An example of decomposition of the measured absorp-
“tion into free carrier and exciton absorption is shown in
Fig. 5-5. The upper curve of Fig. 5-5a shows tHe total
absorption taken at 18 K. Also shown is the calculated ab-
_sofption of free carriers. The free carrier absorption
iength used in the calculations was the same as that of
excitons. The rise'in absorption at photon energy less
than 3 meV is associated with the Drude.absorption of a
collection of classical chargéd particles with a given dam-
ping rate FD. The nearly constant absorption observed at
higher photon energy is caused by transitions of holes from
the heavy to light hole valence bands. Figure 5-5b shows a
comparison between the exciton spectrumutafé? at 7.3 K and
at 18 K. The 18 K spectfum was obtained by subtracting
the calculated free carrier absorption from the measured
absorption. A small correéﬁion was made to the 7.3 K spec-
trum dué to a residual absorption {v 0.01) of free car-
riers ([75]. Except for the small temperature dependeﬁce
of thes absorption lines, good agreement is observed between

the two spectra. Furthermore, the fitted Drude damping



Fig. 5-5 ~

Decomposition of the total absorption into free carrier aqd
exciton absorptions. Figﬁre 5-5a shows the measured (solid
line) abéorption spectrum and the calculated (dashed line)
ffee carrier absorption. Figure 5-5b shows a comparison
between the exciton spectrum (scolid line) taken at 7.3 K
and the spectrum (dashed line) obtained by subtracting the
calculated free carrier absq;ption from the total absorp-

tion.
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constant with TD = 0.20:0.03 meV is in excellent agreement
ﬁiﬁh\Meyer and Glicksman's result [76] of I (21K) = 0.17
meV derived from their DC conductivity measurements made

at d free carrie% concentration of 2.4Xl014 cm-3. our re-

sult is alsd in good agreement with the vafue‘F(lBK) = 0.15
meV as determinéd by extrapclating the cyclotron resonance
data of Kawamura et al. [77] at the séme.densit&.

Another e;;;ple of such a fit is shown in Fig. 5-6.
The absorption spectrum was taken at. 34 K where most of the
excitons are ionized. Also shoﬁn is the calculated absprption
of free carriers. The residual absorption between the mea-
sured and calculated abéorption is associated with excitons.
Considering this residuél absorption the calculated absorp-
tion fits the data very well. ' Again the Drude damping con-
stant derived from the fit FD = 0.2340.02 meV is in good
agreemeﬁt with Méye? and Glicksman's data T(32K) = 0.17 meV
at a free carrier concentration of 4.8><1014 cm-3. This shows
that.the free carrier absorption is well described by eq.
(4-1) with the dynamic dielectric constant of an electron-
holé plasma. -

Having‘dexermined'the free carrier and exciton con-
centrations from the above procedure, we can evaluate the

| 9

equilibrium constant as a function of temperature. F;gure

5-7 shows a comparison between the measured and calculated

equilibrium constants.’ The solid curve was obtained from

eq. (5-10). Good agreement is observed between theory and

-

-4



Fig. 5-6

High temperature absdrption spectrum of excitons and free

&

carriers. At this temperaturé almost all excitons are
icnized producing a-residual absorption in the spectrum.
Considering this residual absorption the caléulated
(dashed line) free carrier abs;rption agrees very well

' with the low and high energy dependence of the measured

spectrum.
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Fig. 5-7

Thrermodynamic equilibrium constant as a function of tem-
‘perature. The solid curve was derived from eq. (5-10)
while the data points were obtained from the measurements
of the excitons and free tarrier concentrations. fhe gooé
agreement between theory and experiment shows that the ex-

citon-carrier gas is well described by the thermal egquili~

brium of an ideal gas.
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experimé;t over a wide range of temperatures and concentra-
tions. This demonstrates that the concentration of excitons
and carriers obey eq. (5-9) wiéh the equilibrium éonstént
derived by using statistical mechanics. This work can be ~
extended to investigate the ionization process.of excitons
at high carrier concentratioﬁ-ﬁhere a lowering of the ioni-
zation potential occurs. Previous investigations [78,71] have
- been done to sﬁudy the Mott‘transition of the exciton gas |
at high carrier density and the associated phase diagram.
The vexperiments were not conclusive and were given conflic-
ting interpretations. Measurements of the exgiton and car-
rier concentrations By using FIR spectrbscopy wggig‘provide
thf ionization potential of the exciton gas as a function
of carrier concentration. This in turn can be used to ob-
tain direct information on'the type of phase diagram of the
photoexcited gas. ' & |

In summary, for a low enough concentratién of elec-
tron-hole pairs the total absorption can be separated into
absorption by excitons and a low density electron-hole
plasma. This makes possible a direct determination of the
absolute value of the equilibrium constant as a function of
temperature. Thg good agreemeht between theorfﬂénd experi-
ment shows that thévfree carriers and excitons behave like

an ideal gas in thermal equilibrium. This method can also

be used to determine the shift of the free carrier continuum

/



o
"

as a function of the free carrier concentration. This
would provide a direct method to investigate the nature

of the Mott transiticn at high concentration of electron-

hole pairs.
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CHAPTER 6

CONCLUSIONS

The aim“of this thesis was tolstudy three aspects of
exciton physics in germanium and silicen. The results and-
conclusions of the stfdies are summarized in this chapter.

In the firsf\ part of ,this thesis, the energy level

structure of free excito was investigated in stressed

germanium. At high stress, \the FIR absorption spectrum of free
excitons ™1s very simple and consists of strong, isolated
absorpé%éﬂ_lines. ?ﬁis éimple FIR spectrum results from the
formation of excitons with éiéctrons in the lowest conducﬁion
band minimum and holes in the qppef‘valence band maximum; Both
bands have constant énérgy swfaces described. by ellipsoids of
revolution with the sfﬁmetr& axis along the stress axis. A
ghebpetical model was used to predict the locations and
linestrengths of transitions. Good agreement was obtained.

" between eXperimgnt and ‘theory.- In‘contrast.to the zero stress
case, in the high stress.limit every observed transition was
accounted for theoretically and every predicted transition was
observed experimentally. It was found that at high stress the
quantum s;ructufecof free excitons is nearly hydrogen-1like and,
hence, éuppor;; tﬁé close analogy between free excitons and

\"hydrogen atoms.
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In the second part of this thesls, the first FIR
absorption spectrum of a bound exciton was presen?ed. The FIR
spectrum of the Be-relatedwisoelectronic bound exciton together
with previous reBults on its even parity excited states were
shown to be in excellent agreement with known boron acceptor
excited states. The results shown_in‘th;s thesis present the
cleanest demonstration of the validity of the isocelectronic
acceptor/donor model of the.enefgy level structure of deep
isoelectronic binding centres. The FIR technique can also be
applied to shallawer isoelectronic binding centres like
nitrogen‘pairs in GaP, where the IBE internal structure is
neithef that of an acceptor (or donor) nor that of a weakly
perturbed exciton. The FIR spectra of these centres would
provide physical insights into the central cell potential of
the\defgsﬁ which binds an exciton.

In the last part of this thesis, the thermodynamic

equilibrium between free excitons and carriers was
investigated in Ge by using FIR spectroséopy. It was shown
that the FIR technique is a-sensitive procbe of free carriers
and provides information on the .absolute concentration of free
carriers and excitons. In particular, it was found that the
theoretical &bsorption coefficient of free carriers given by
eq. (5-1) with the dynamicldielectric function of an elecﬁron-
hole plasma in Ge is in excellent agreement with the
experimental data. The concentrations of excitons and free

carriers were found to obey the Saha equation of an ideal gas
'
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in thermal equilibrium. This study can be extended to
investigate the ionization potential of excitons at high

carrier densities where the exciton-carrier gas is strongly

interacting.
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APPENRIX A - /

EVALUATION OF THE EN LEVEL oy
EXCITONS
-

In cylindrical coordinates,

for the relative motion is (3-9)

) 2 2
_Hr('y) = [3_2 + i a_a + iz + i..
: 3p Prep 3z
. ' ' . (A-1)
+ ——23—?~r ' '
.‘2‘ *
(p+z7)

The Rayleigh-Ritz method was used to solve the eigenvalue

equation Hr|wn> = En|wn>. The method is as follows [45]

(a) The average energy E_ is calculated from

<y (a,b) [H_(¥) |y_(a,b)>

Ep(@rbY) = — 2B T (=515 (A=2)
‘ n n
(b) En is minimized with respect to a and b
9E_ aEn
—a—a—(ab)=—a—£}—(ab)=0." (A—B)
0’70 0’0 )
(;T\~The upper bound of the energy level is given by

!
The wvariational 185, 2P0, and 2P, wavefunctions used in eq.

(A-2) are given in Table 3-2. The wavefunctions are such
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that‘<wn(a,b)|wn(a,b)> = 1. |

In the following, Enjao,bO:Y) will only be given
since the calculations involved,are elementary and very
long. For each energy level, it was verified that En had

the correct limiting behaviour.

. 1 0
lim En(aO'bO'Y) 5 . (A-5)
(ag,by,¥)>(n,n,1) n
1. 1S STATE
-1 -1
y = 2(sinh " Ta - % 77 ¢ 3 573 -Sinhzlg;. ) (A-6)
(1+a%) (1+a“) (1+a“) '
1 inh ™Yo,
a=3 @2+t ETS (A-7)
1+u
. =1
1 Y 2 sinh ~o
18 4,2 1ol a o
where ) 2

\\b’ a“ = (E)' - 1. (A~9)

This system of equations agrees with those of Keyes [44]

for an isotropic dielectric constant.

2. 2P, STATE

0
Sa (1 2)3/2 2 2. 5a (l+a° hot
_ 5Sa +0t _ 2 _ ba +a”) sin o _
YEg Tt 3 (e -y o v (A710)

a
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4
1/2 2 1 5\ _
[(l+a2) 2) (l+u2) sinh lu N
Z 4 4 o
o a 2u
- | | (A-11)
1 3 (140%) .. "1 |
2a o
2 1/2
0 1 3y 3 (1+a%)
E = — (2 + ) - =— +
2P 5a2 l+a2 2a a2
(A-12)
3 sinh”ta
2a 3
[0
STATE )
3/2
- 4 (l+a?) - 1;35 (1to ‘2! + lia (140°) x
* (A—13)
sinh_lﬁ 15a 2 Sinh_lu
r + {1+a) ,
o 8 3
. o3
16 (1 2)1/2 2
+0 . .
a e x [—F—— (1/2 + (1+a%)) - .
2. . . .=-1 -1
2{1+ - <
[ {1+a L 1/2] s:.n}; o ' (A-14)
o
B =l (g4 Yy _.}_s:.nh_la
P 5,2 1+a 2a a
1/2 —
+ 3 {1+ 2) / _ _3 sinh Ly (A=15)
4a 2 4a 3 - )
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