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" ABSTRACT *

.
- v [

’ The dependence on frequency of the photoridnizéﬁipn
cross~section of indirecgt exc;téns in gérman;um Qat‘cogcentfé—
.tions corresponding to "isd;ated" excitons) was . found to be’

vi-3 a dependence of vo2-7

had been' expected, by'cémparison
with the hydroéen theory previously thought applicable. No o
adequate replacement'theory exists. A prosablé ekflanatioﬁ
ﬁight lie in the Lucovsky médel of impurities in semiconduqtofs,

C)whi¢h predicts the qorrec£ frequenéf dependence,’assumiﬁg an'

* enhanced interparticle potential at sm;li separatioas: This
central cell correction’was justified in e&citons\because the
die{ectric coﬁstant of the material wvaries &iﬁh the electron-
'hole separation. The - 1.5 power was found ta decréage slowly. -
as concentration inéreased. \

‘ The ﬁain‘observation.at cdncentr;ticns of 2><.1014 ém_3 .
and above was a new, strongly absorbing, component of non exci-
tonic character in the absérptioﬂ*spectrpm between 1 and 2 meV,
peaking at 1.5 meV with a FWHM of ~ 1 mev.. The peak grew at
the l.fth power of the excifou peaks, ﬁaving a fairly sharp
onset petween 4 and 5.5°K and a very small temperature depeﬂ—
dence above that range. This peak was interpreted in terms of

an electron-hole plasma analogous to ordinary electran-hole

fluid, which appeared ingthe form of drops in the high density

‘s
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: . . e .
exciton cloud. A double peaked phase diagram was constructed,

-in éuaiitative\agreement with some theoretical predictions,

+ »

" and experimental results obtained by workers using the recom-

bination luminescence technique, some of whom attribute their

results-to the formation of biexcitons.
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CHAPTER 1 .

INTRODUCTION

In this wérk the technique of abéorption of far-infra-
red radiation was used to study two aspects of the beﬂaviour
of excitons in germanium: the frequency variation of the io-
nization cross-section of the excitons, and the nature of the
excitonic matter at high concentrations.

Existing experimental systems were uséd to study the
photoionization cross-section at low to medium concentrations,

that is, with n__, the number of excitons, between 1012 cp3

and 2><1014 cm_3, at temperatures of between four and ten de-

grees Kelvin. This topic has not been extensively studied:
only one reference is available (Buchanan and Timusk 1976). The
results of our experiments suggest an inadequacy in the stan-

N

dard exciton theory (the effective mass model), which compares

-

h »

the exciton to the hydrogen atom.
A new systém had to be developed in order to study high

concentrations of excitons (2*1014 cm-3 and above), the attain-

ment of which presented much greater experimental difficulties.
The high concentration region is of great interest and

controversy. There is a possibility of observing a metal-insu-

lator transition between excitons and a conducting electron-hole
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p;asma,’at approximately Ny = I.SXIOlS cm—3: At aréund this
éoncgntraflon the exact strﬁcture of the ;hase diagram re-
léting excitons, eleétron—ho&e fluid and plasma is unknown.
These problems have been studiea féirly\extens;vely in the past
using the recombination ‘luminescence technique, with different
authors giving different interpretations to their results, for
examplé Thomas and Rice (1977); and Bdlslev and Furneaux
(1979). « We hoped to gain new insights into the problem by

using the far-infrared absorption technique instead. A new com-
ponent in the absorption spectrum,in a region where at lower
concentrations and these temperatures little ébsorption is seen,
was observed, -

" Chapter two presents. an introduction to excitons and
the basic theoretical medel used to explain their behaviour in
spectroscopic experiments. The basic experimental system is
also reviewed. Chapter three discusses the photoioniiation ex-
periments in the lower concentration regime giving experimental
details, theory, results and discussion, and chapter four deéls
with the high concentration regime in a similar way. Chapter

five presents a discussion of the work as a whole, and sugges-

tions for future experiments.

.~ .
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CHAPTER 2-

INTRODUCTORY THEORY AND EXPERIMENTAL

TECHNIQUES .
[N

(i) Introduction to Excitons

L T
Semiconductors and insulators are characterized by the

fact that there exists a forbidden region in the band struc-
ture below which, at absolute zero, the valehce band states are
all filled and above w?ich, thé conduction bands are empty. The
smallest energy required to move an electron from 4 state in the
valence band to one in-the conduction band is known as the band
gap energy, E,. This gap may bé. direct or indirect, that is

the initial and final states may have the same, or a different
reciprocal space wavevector, k. The value of Eg for germanium,
the semiconductor used in this. work, is 0.74 eV at 0°K and 0.67
eV at 300°K. In germanium the gép is indirect: the ﬁaximum of
the valence bénd occurs at the centre of the Briflouin zone and
the minimum of the conduction band in the <1ll> direction at

the zone boundary. Because of the symmetry of the crystal (ger-

manium has the diamond structure, a face centred cubic lattice.
11l
4'4"4

of these points on the Brillouin zone. The valence band maximum

with a basis of two atoms - at 0 and )) there are eight

-

would be six fold degenerate, were it not for spin orbit coup-

ling, which ‘separates a two-fold "split-off"” band, 0.29 eV lo-

o
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Figure 2-~1

Schematic enefgy band structure of germanium (after G.

Zarate, 1981).
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wer. The remaining fourfold band splits into two twofold bands
away from k =0, the light and heavy hole bands, so naﬁed because
of the band effectiye masses arising from their_curvature. Tge
constant energy surfaces arising from the band structure vary
in shape from nearl& spherical for the light holes and less so
for the heavy holes, to extremely elongated éllipsoids for the
electrons in the conduction band.

Optical absorption experiments performed in semicénduc-
tors and insulators show absorption below the gap energy, how-
ever, and the absbrption edge shows structure instead of a sharp

rd

onset. The explanation for this’ phenomenon is the formation of
excitons.

When an electron is excited into the conduction band,

a hole is created in the valence band. Being of opposite charge,
they can attract oﬁe another énd form a bound pair, rather like

a hydrogen atom or positronium. The binding energy accounts for
the discrepancy between the expected and gxperimentally observed
onset of absorption.

In a diréct gap semiconductor this process takes place
exactly as described but in an Endirect gap material a phonon
must be absorbed or emitted in the process, because the wave-
vector of the final state of the electron is not the sahe as that
of the initial. The excitons are thus referred to as direct or
indirect. The reverse pfocess, in which the electron and hole
recombine can also occur. Since a three body process (electron,

hole and phonon) is more unlikely to occur than a two body one

e e e A TIMEe e er -
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the indirect excitons are more stable than the direct excitons
with respect to decay. The lifetimes of the direct and in-
direct excitons in germanium are ~ 10—7 and v 10_5 seconds,
respectively (Kittel 1976).

Excitons may be mobile within the crystai or fixed, for
example bound to an impurity. Ekcitons in germanium may move
as much as one millimetre within théir lifetime (Pokrovskii
and Svistunova 1971). The movement may be merely the result of
diffusion or in fesponse to a strain gradient, for example.

Excitons can be tightly or loosely bound ané are then
known as Frenkel or Mott/Wannier excitons respectively. The
Frenkel exciton is localised on one atom on the solid although
it is possible to tfansfer the excitation from one atom to
another, enabling the exciton to move. This type of exciton
typically occurs in insulators; the binding energy of the ex-
citons is of the order of electron volts (eV). The Mott or
Wannier exciton, by contrast, has a much larger spacing - of
the order of twenty atomic spacings for gefmanium - with a bin-
ding energy of the order of milli-electron volts (meV). The

two pictures are opposite extremes of a range, excitons may

-

lie anywhere in between.

-A recent review of the theory u%?d to describe the theo-
ry of the eXciton was given by Altarell; and Lipari (1976). This
theory is known as the effective mass model, because the electron ;

is regarded as a particle with the electronic charge and a mass

e

/\ ~ '
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corresponding to the b;nd effective mass of the energy minimum
of theuconduction band. Similarly the hole is regarded as a
barticle with a positi&e electronic charge, and mass correspon-
ding to that of the maximum of the valence band. These interact
electrostatically; and the Hamiltonian describing the exciton
consiéts merely of the electron Hamiltonian and the hole Hamil-
tonian plus a term describing the Coulomb interaction between
them, Dresselhaus (1956), modified only by the static dielec-
tric constant of the semiconductor, €. 1In this approximation
the electron-hole exchange interaction, the wavevector and fre-
quency dependence of £, and polaron effects are neglected. Ger-
manium is not a polar crystal( and has high € and low effective
mass which lead to large orbits minimising e%change, and there-
fore fits this model very well.

The various terms in the exciton Hamiltonian can be ar-
ranged -in groups with different symmetries -~ spherical, cubic
and axial. If, such as in the case for a direct gap semiconduc-
tor, there is no axial term, the corrections to a hydrogenic
Hamiltonian are small, and can be handled by perturbation theory.
In indirect gap semiconductors there is a large axial term due
to the anisotropy of the electron mass, which produceé major
changes in the hydrogen level scheme.

The problem is simplified if the valence band is assumed
to be axially symmetric about the long axis of the conduction

band ellipsoid - the so called "axial model" for indirect ex-

L



citons. Values for the ground state and splitting of the ground
state of the excitons in germanium, silicon and gallium phos-
phide, calculated in this way, match egperiment very well.

Thus in ge;ménium we have a system which behaves quali-
tatively as a hydrogen atom, but gquantitatively differs substan-
tially: levels which would have been degenerate in hydrogen now
have large splittings, and levels are shifted with respect to a
hydrogen-like pattern.

As is the case for hydrogen the "gas" atoms can condense
into fluid (électron;hole fluid), ionise into a plasma of elec-
trons and holes, form molecules (biexcitons) which can ionise
(trions). The trions can cdonsist of one electron and two holes
or one hole and two electrons. Higher“iﬁmbers of excitons can
be bound into multi-exciton complexes. It has been suggested
that both excitons and excitonic molecules can undergo Bose

condensation, although excitons are not strictly bosons, as dis-
’cussed by Haken (1976).

A very interesting topic is the possibility of a metal-
insulator or Mott transition occurring in the atomic gas phase.
With increasing density the individual excitons become dissocia-
ted so that a conducting plasma rather than an insulating gas
is obtained. It is not clear whether this has yet beeﬁ observed
experimentally. This topic will be discussed further in chapter
four. The phases of excitonic matter that are eésiest to ob-

serve are the atomic gas, the liquid phase, and mixtures of the

= e



two. The conditions of temperature and density required are most

v

easily represented in the phase diagram.
3.

As the concentratiéﬁ)increases the temperature required
to evaporate the fluid into excitons increases also, up to a
certain critical temperature, ébove which the liquid is not found.

There is a region. in the phase diagram which is undeter-
mined since the low concentration portion due to Timusk (1976)
does not meet smoothly the extrapo%ation ©of the work of Thomas
et al. (1973). The situation is further coﬁplicatedlby the fact
that the curve representing  the metal-insulator transition cri-
terion as a function of density and temperature passes through
this point, so it is possible that the form of the phgse diagram
is not simple, here.

Most experimental investigaﬁions of this region of the
phase diagram, and, indeed, of most other properties of egcitons
and related species are performed using the recombination lumi-
nescence technigue. In this method excitons etc. are generated
and then the light emitted as they annihilate by the recombina-
tion of electrog—hole pairs is observed. Since the exciton le-
Yfls in the semiconductors lie'just below the conduction band
the photon energies observed are all of the order of the band
gap energy. It is not possible to differentiate between recom-
bination of excitons in different excited states, just one peak
is observed. When observations are being made in the transi- -

tion portion of the phase diagram, the peaks due to the different

PR



Figure 2-2

Phase diagram of excitons in germanium (after T. Timusk 1976)
The dotted lines indicate where the concentration of excitons
has dropped by 50% due to thermal ionization (for two diffe-

rent electron lifetimes and recombination rates). The verti-
;al daghed line indicates the Mott criterion. The curved

dashed line is an extrapolation (using a Guggenheim plot)

of work on the liguid phase.
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Figure 2-3

Exciton experiments and formation. The upper diagram shows

the energy ranges used in the far~infrargd absorption and re-
combination luminescence technigues. The exciton energy le-
vels are often regarded as lying just below the conduction
band minimum. The lower diagram shows schematically the for-
mation of indirect excitons. The electron absorbs a photon and
is excited into the conduction band. It then interacts with

a phonon, undergoing a change in k, and drops into an exci-

ton level.

Py
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components (fluid, excitons and plasma) are to an extent super-
imposed.

The method used i1n this work is the absorptlbn o§ far-
infrared radiation. The excitons are generated ‘continuously and
far-infrared radiation is shone through'them. The absorption
spectrum 1s obtained by comparing the, spectrum of excitons plus
semiconductor with the spectrum due to the semiconductor alone.
In these experiments transitions between the hydrogenic levels
of the excitons can be observed, and the plasma, exciton, and
fluid absorptions are clearly differentiated from one another.

The equipment used to perform the experiments will now

be described.

(ii) Experimental Detail

Since excitons are only observed at low temperatures the
sample is placed 1n a cryostat cooled with ligquid 4He to 4.2°K
and pumped to 1.2°K. The cryostat also houses the detector (a .
germanium bolometer), which operqtes at 0.3°K, being cooled by
pumped liquid 3He. The excitons are created by shining continuous
wave radiations from a Nd:YAG laser onto a spot on the surface
of the crystal. The photons, which correspond to an energy of
1.17 eV - slightly bigger than the band gap energy in germanium
(.74 eV} - excite electrons into the conduction band which form
excitons with tﬂe holes in the valence band. The excitons form

a hemispherical cloud of about one millimetre radius. The laser
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radiation does not penetrate the sample deeply. Far infrared
radiation is then shone along the same path, passing through -
the cloud of excitons, the sample, and filters and finally
being received at the detector. The radiation is focussed by
a pplished cone, which like the light pipe, is made of brass.
The laser is focussed by a lens outside the cryostat, to a
spot of about 1.5 mm.

- - Two different samples were used in these experiments:
a small rectangular one and a large irregular shaped one, both
cut from the same crystal of germanium grown by Haller and
Hansen (1974) donated by E.E. Haller. The concentration of
electrically active impurities w;s NA—ND < ZXlOll per cc and
the crystal was virtually dislocation free, The small sample
(v 2x8%x5 mm) which was dislocation free, was obtained from ex-
periments of G. zdrate. The large one had small dislocations at
one edge (visible by the etch pits they produced), well away
from the region containing the excitons. This was cut using a
diamond grit wafering blade, the cut face being polished down
with successively finer grades of carborundum paper and finally
6 u then 1 p diamond paste. The crystal was then etched with
CP4*. The etching was repeated using CP4A (CP4 without the bro-
mine) every few experiments, to improve susface quality, as this

leads to a better absorption of laser power.

x
(hydrofluoric acid 50 parts: acetic acid 50 parts: nitraic
acid 80 parts: liquid bromine 1 part) :
7 :



Figure 2-4

The sample holding probe in the cryo®tat. This schematic
diagram shows the relative position of the various parts
described in the text. The light pipe bending apparatus,

lens and aperture are described in chapter four.
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To obtain higher pumping powers the single mode aper-
ture normally in place in the laser was removed. The multimode
power available is four times greater than the single mode po-
wer, but the beam divergence is greater, so an additional lens
was required to focus the laser to a spot of ~ 1 mm. When this
lens was in position an additional means of lining up the opti-
cal elements was required: the light pipe bending apparatus.
This will be described further in chapter four.

The filters were used to restrict the wavelength range
of the radiation reaching the detector so that extra detector
heating, and the need to study the full range to gvoid aliasing
in the Fourier transform, were avoided. The wavelength range
varied according to the concentrations being studied, more de-
tails will be given in the corresponding chapters.

The liquid 4He was contained in a separate can surroun-
ding the insert containing the light pipe and sample. The whole
insert was Vacuum tight and was evacuated thoroughly before an
exéeriment to avoid adéorption'on the lightypipe walls of any
absorber of far-infrared radiation, e.g. water. During the
experiment it was let up with exchange gas (4He) to remove heat
produced in the sample by the laser and genegated when the sample
was heated to change the temperature. The sample was pressed
against the cgppér block holding the heater and heat sink, with

¥ .

indium pads between the block and the sample for good thermal

contact. The sample temperature was measured with a thermocouple.
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The far-infrared radiation was in the form of an inter-
ferogram generated by an ordinary Michelson interferometer or
a polarising interferometer (made b§ C. Zarate). The d;fference
between the two interferometers is that the beam splitter of
the Michelson is replaced by a wire grid in the polarizing in-
terferometer, and an input polariser and polarising chopper are
added. The configuration of the mirrors is the same in the two
cases. Themylar beam splitters used in the Michelson inter-
ferometer become very inefficient at long wavelengths whereas
the polarising beam splitter is almost 100% efficient. This
means that data can be obtained at much lower energies with'the
polarising spectrometer, being limited then by the lamp spectrum.
The higher energy spectra are better obtained with the Michelson,
since the polarising spectrometer becomes inefficient as the-
radiation wavelength approaches the beam splitter wire spacing.
The range used was from about 1 meV to 10 meV in our experiments.
Spectra were taken at up to 20 meV using the Michelson, , the li~
mit being éue to filters in the cryostat.

Normally a chopped DC far-infrared signal would be detec-
ted with the moving mirror being stepped through the interfero-
gram but the Michelson in this laboratory uses the rapid scan
technique, where the mirror is moved continuously at fast speed
through the interferogram. No chopper is needed, the interfero-
gram changes sufficiently fast tokbe detected as an AC signal.

A special oil-~lubricated bearing was used in order that the mir-

ror move sm@othly and reqularly (Timusk and Lin, 1980).
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The signal from the detector representing the interfero-
gram is amplified (Michelson), or detected using a phase sensiﬁk
tive detector at the chopping frequency (polariser); the out-
put from these passes via an analogue to digitial converter or
voltage to frequency converter to the computer. The computer
performs a fast Fourier transform of the interferogram and
displays the épectrum, producing a plot if required. The
acquisition of data, control of motor-translation and determi-
nation of mirror position as well as the production of spectra
from interferograms are all regulated by an extensive, conti-
nuously developed and improved computer program. The user de-
termines the number of spectra to be averaged together by exami-
nation of the spectrum and input parameters such as resolution
cut;off etc., |

The absorption spectrum is obtained by taking the &n
of the ratio of the spectrum obtained with the pumging laser
.switched off (IO), i.e. thg germanium only, to the spectrum of
germanium plus excitons (I). Since I = IOe"o‘d where ad is the
absorption, d being the distance in the excitons through which

the far-infrared radiation passes, we have

I
zn(—Iﬂ) = od .

13

The absorptions, ad, studied in this work varied from 0.0l to
approximately 4 or 5 but at the low concentration end of the

scale data taken at ad = 0.0l were found to have a large scatter,



Figure 2-5

Energy and signal flow diagram.
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here only 1% éf the light was absorbed. At ad = 0.1, corres-
ponding to 10% sorption, the scatter was greatly reduced. The

type of measureZZnt being made was very sensitive to small chan-
ges in experimental” conditions e.g. slight temperature changes.

For the high concentration measurements, at absorptions greater

than 3 (5% transmission) or 4 (2% traﬂsmission) there was so

much noise at the peaks that these could not be determined. Ob-

viously when the transmitted signal is of the order of the noise

'

Pl

on the spectrum the absorption cannot be distinguished from 100%
(ad very large).

This description of the experimental setup is just a
brief introduction: for fuller details the theses of G. ZA&rate
(1981) and H. Navarro (1979) may be consulted. "Introductory
Fourier transform spectroscopy" by Bell (1972) gives a good deal
of the spectroscopic detail; "Far-infrared Spectroscopy" by
MSller and Rothschild (1971) is also useful.

Some parts of the experimental system will be discussed

in more detail in chapters three and four.

-
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CHAPTER 3

THE PHOTO-IONIZATION CROSS SECTION OF EXCITONS

(1) Introduction Y

In 1976 Buchanan and Timusk published a paper on the far-
infrared absorption of excitons in germanium, (Buchanan and Ti-
musk, 1976). A small part of this dealt with the region 6f the
spectrum which corresponds to photo-ionization of the excitons.
By comparison with the hydrogen atom theory they expected to see
a variation of absorption with frequency that varied as the

- % power: ad‘% v-x, where x = %. The value they obtained was

b
]

2.6+.5, which is in agreement with the theory.

The purpose of this part of the research was to try and
confirm tﬁis measurement, which was the result of just one ex-
periment, and also to see if there was any variation of x with
concentration of excitons.

Surprisingly the new results were in disagreement with
that of Buchanan and Timusk. Alsc, a slight variation of x
with concentration was observed. No other authors have subse-
quently investigated this particular point.

In the following sections of this chapter a brief sum-
mary of the hydrogeﬁ calculation, details of any special experi-
mental requirements, and a discussion of the data, including a

comparison to the hydrogen, and other, models will be given.

20
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(ii) Simple Hydrogen Theory

When electromagnetic radiation is absorbed by an atonm,
the electron makes é transition between two energy levels. These
levels may be discrete or continuous, or, as in the case unaer
consideration here, one of each: the exciton absorbs a photon
of energy Hw and makes a transition from the bound state E to
a state in the continuum of energy W, where

W=%w - I.
I is the binding or ionization energy and is equgl to - En'

The absorption of energy by a hydrogen-like atom from
the incident radiation is proportional to a quantity called the
cross-section, 0, where

2,2

0=_2_TIE_§_.|D

2
5 l
m-cv
D is the matrix element for the transition between the bound and
free states, all other symbols have their usual meaning. The
unit of o0 is area. The cross-section is simply related to the

.

absorption coefficient o:

a = No
where N is the number per unit volume of atoﬁs in the ground
state. (Of course these quantities can be defined for any bound
state, but only the ground state is being considered here.) The
experimental quantity obtained as discussed in chapter two is
ad = ﬁn(IO/i).‘ In order to compare the theory with experiment

the matrix element has to be evaluated, and the dependence of
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0 on v obtained. In general exact expressions for o cannot be
obtained and various approximations have to be made.

The hydrogenic wave functions are used fof the initial
and final states. These are correct in so far as the exciton
may be considered to be a one electron atom held together by a
Coulomb potential. The masses of the two constituents are in
a completely different ratio to those in hydrogen. The only ef-
fect this will have on the result will be to reduce the depth
of the ground state (Bethe and Salpeter (BS) 1957, §5). The
electron mass must be replaced by the reduced mass mM/ (m+M)
where M is the nuclear mass. Then all energy levels are multi-
plied by a factor M/ (M+m). This effect is small in hydrogen
where M is much larger than m, but much 1arger in the exciton.
For germanium the masses of the heavy and light holes are ap-
proximately 0.3 and 0.04, and the electron mass 0.l1* (Brinkman
and Rice (1973)). (The value of the binding energy is also re-
duced by the fact that the germanium lattice is a dielectric,
and screens thevattractive interaction.) This will affect the
magnitude of o, but not its‘dependence on frequency. The ef-
fécts on fine and hyperfine structure are profound, c.f. posi-
tronium (M=m) (BS §23), but this does not concern us in the
present calculation.

The.bound state of the electron is treated non-rela-
tivistically and its spin is neglected. If W < mc2 the con-
tinuum state may be treated this way also. The wavelength of

the incident.radiation (0.01 to 1 cm) is much larger than the

* .
regarding the mass of the free electron as unity.
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exciton (v 100 A) so the electric dipole approximation may also

be used to_simplify the matrix element, which is given by

u ., x u,_ dr.

In this approximation Uy and v, are the free and bound wave-
functions respectively, integrated over configuration space,
X 1S the polarizapion direction of the photon.

If the final energy, W, of the electron was large com-
pared ;o the ionization energy we could use plane wave states
for U (the Born approximation), but ad was measured quite
close to the ionization energy. In this case the electron has
a small final kinetic energy and is still influenced by the
Coulomb field of the nucleus. The exact hydrogenic continuum
wavefunctions must be used, which makes the calculation much
more complex. It is performed in BS §71.

The final result is that the cross-section goes as

-8/3

Y very near the ionization onset, v—3 when W ~ I, and v~7/2
when W is much larger, the latter corresponding to the Born ap-
proximation result.

The result is expressed conveniently by Clayton (1968) as
\ .
o g(v,n,g,z)
v )

where g is called the Gaunt factor. These factors may be found
in the literature. For hydrogen-like atoms they are nearly con-

stant and near unity near the threshold.

A Y
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(L11) Experimental Details

The experimental setup for the low to medium concentra-
tion investigations was just the basic system described in chap-
ter two. The filters used to restrict the spectral region were
sodium chloride together with black polyethylene. The black
polyethylene cut out the higher energies where NaCl is transpa-
rent and the NaCl further lowered the cutoff to 170 cm © or about
21 mev,

It was comparatively simple to align this system so that
the laser beam hit the required spot on the sample. The cryo-
stat had a plumb-line attached which pointed to the centre of
a target when the cryostat was vertical, and the vertical align-
ment of the laser could be checked in a similar way, and this
was usually all that was necessary.

The main difficulties occurring in these experiments,
particularly at low concentrations (absorptions of 1 to 10%) were
slow fluctuations in the signal level caused by temperature fluc-
tuations in the sample or detector. These were extremely un-
desirable since they caused the laser on signal, or the laser

off signal, to be multiplied by a constant gain factor which

IO'
had the effect of shifting the baseline of the spectrum, (Qn(Io/I))
up or down by a constant amount. When the logarithm of this
spectrum was plotted, this effect appeared as a change of slope,

x, thereby mimicking the effect under study. Because of this

the temperatures of the sample, the detector, and sometimes the

IURRE
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4He exchange gas were monitored continuously.

The sample temperature was measured with a thermocouple
observed on a digital voltmeter and the heater current was ad-
justed to keep this constant, since the sample temperature
changed when the laser was switched on and off. The sample was
held against a copper block with a cooling fin attached, using
indium pads between the block’ and sample for good thermal con-
tact. A larger sample was used for later experiments. This
showed greater temperature stability.

The detector temperature was monitored using a 'chart re-
corder. When the data were being taken the chart was marked
so that upon later examination data obtained when the detector
temperature was unstable could be rejected. The detector tem-
perature was found to change if the sample temperature was al-
tered to any extent, by design or because of an increase in la-
ser pdwer. Since the thermal contact Metween the sémple cham-
ber and detector was not very good, time was allowed for the
temperature to stabilize. This effect could also be seen by
monitoring the e%change gas pressure, as an extra check. When
the 4He level became low compared to the detector, the tempera-
ture would exhibit spikes, and the experiment would be termina-
ted at this point.

The detector temperature could also be changed by a
change 1n the level of incident radiation, such as that produced !

when a high concentration of excitons absorbs a large fraction

s
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’

of the far-infrared radiation giving a potential temperature
difference between I and IO data. This effect could be reduced
by having an aperture at the sample small enough so that the
gquantity of radiation in either case would be sufficiently small
so that the detector temperature was not disturbed. No effects
like this were observed on the temperature monitor, however,
therefore the aperture size was deemed to be satisfactory.

The biggest source of random noise was fluctuations in
the laser power. These were minimized by keeping the laser in
good working order: keeping the mirrors clean and aligned, and
ensuring a sufficiently fast flow of clean cooling water.

Many spectra were averaged to produce the final ad
spectrum, and the spectrum was observed as the averaging took
place. 1If a sudden large change in the average occurred the

spectrum was rejected since a spurious I_ or I spectrum had been

0
added 1in.

(iv) Experaimental Data

An exanple of the experimental data is shown in the dia-
gram. This 1s an example of a higher concentration ad spectrum
and 1s therefore of good quality. The sample temperature was
6.5°K and the laser power incident ;n the sample was approximate-
ly 1 mW. The resolution was 0.3 meV, Five I0 spectra and five
I spectra were averaged togetherqto produce this ad spectrum.
Each of the I and I0 spectra consisted of the Fourier transform

of the average of fifteen interferograms. What might appear to

Jtiae nr



Figure 3-1

A typical sample of experimental data.
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be structure above 4 meV, is noise. ' The concentration of exci-
tons is 1.3x10%% em™3. The concentration is determined by
the strength of the absorption peak at 3 meV following the pro-

cedure of Timusk (Timusk, 1976). It is given by

- 15 -3
nex = O.OQ%n(IO/I)x 10 cm .

About 80% of the far-infrared radiation at this frequency was
absorbed. There is still an absorption of about 15% at the
high energy tail.

Twenty-three ad spectra of this kind were obtaiﬁed over
six separate experiments, at concentrations ranging from -
2.3><1012 cm—3 to 2.3><1014 cm—3, and temperatures ranging from
3.5°K to 7.5°K. They were analysed by taking a set of ad ver-
sus energy points and performing a linear least squares fit to
the logarithms of these values. In the lower concentration data
noise appeared on the high energy end of the spectrum to such
an extent thatrit was necessary to restrict/the range to 4 - 12
mevV. The slope of this fitted line is the quantity x under in-
vestigation. The values of x obtained were between 0.84 and
2.1.

No obvious correlation between x and température seemed
to exist. The values of x were plotted on a phase diagram in
order to examine whether they were correlated with the distance

away from the boundary of the phase transition between. excitons

and electron-hole fluid, but again the result was negative. If

E el e e

there are correlations of this kind they are hidden within the

?
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scatter on the data. For this reason a diagram of this is not
shown.

A plot of -x against concentration showed that the mag-
nitude of x definitely decreased with concentration. The ap-
proximate size of the experimental error may be seen from the
scatter on the data. (No other method of determining error was
used.) The line drawn through the points is a least squares
fit, the slope is 0.12. The value of x predicted by the hydro-
gen theory (-8/3 or -2.7) is significantly higher than all the
data points. It is not possible to obtain data at any lower con-
centration to determine whether or not x does eventually ap-
proach this value.

-1.5 -8/3

The next diagram shows curves of v and v and

the difference of the two. This shows how a shift with respect
to the baseline could distort the value of x, because the dif-
ference function is very slowly varying at energies higher than
1.5 x (ionization energy). A plot of vl and v1-(constant) is
also shown to illustrate this point. (See also discussion in
section (iii) of this chapter.)

As stated in section (iii), however, great care was
taken to eliminate data that would be subject to such shifts. It
would also be extremely unlikely for all the shifts t6 be such
as to produce a decrease in X, since they would randomly affect

I0 or I, and finally they would not explain the concentration

dependent change in x.

B
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Figure 3-2

Plot of -x vs concentration. The line is a least

squares fit to the data. The value expected for

a hydrogen-like atom is shown.
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Figure 3-3 b

The effect of baseline shift on x. Part (a) shows how a con-

stant additive background might distort x in the v depen-

dence of the photoionization, since the difference between

the two plots (v-l’s—v—2'7) is nearly constant for much of the
range. Part (b) shows the change in slope of a logarithmic

plot when a constant is subtracted from the data (c was 20%

of the value of v % at 4 mev) .
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Any concentration dependent shift due to the size of the

aperture would act to increase, rather than decrease, the ap-

parent slope. For a large aperture the grain of the detector

would increase as the concentration of excitons increased, since

less radiation would fall on the detector and its temperature

would be lowered. We have then

Rn(IO/Ixc) = Qn(IO/I)-Qn C

where ¢ is a gain factor greater than one in this case. It has

been seen that subtracting a constant from the spectrum increa-
ses the apparent slope.
The concentration dependence of x, and deviation of x

from -8/3, must therefore be taken to be a real deviation from

the hydrogenic theory.

(v) Discussion of Results
P

) The results show clearly that there is a large discre-
pan;y between the hydrogen and the excitonic ionization behaviours.
Qhere are many differences between a hydrogen aQPm and an exci-
ton in germanidm, but whether any of these differences are suf-

ficient to cause the effects seen has not been determined theo-

retically.

Considering the electron and hole as particles with the

properties given by the band structure we see that the following

differences exist. The mass ratio of the electron to hole is

+ very different to that of the hydrogen electron to nucleus. The

1
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variation of the energy of the constituent particles with wave-
vector is parabolic and isotropic in hydrogen: in the ex-
citon the light hole constant energy surfaces are nearly sphe-
rical, the heavy hole ones less so, and the electron surfaces
are extremely elongated (masses in the ratio of, 20:1) ellip-
soids of revolution. The strength of the interaction between

the particles is less by a factor of ¢, (the static dielectric

0
constant) in the exciton case. There is a spin-orbit coupling
between the spin of the hole and the angular momentum of the ex-
s¢iton which is 860 times bigger than spin-orbit coupling in the
hydrogenic case (Navarro 1979). It is zero for the s states in
hydrogen. (The spin orbit effect due to the proton in hydrogen
is smaller than that due to the electron by the ratio of their
masses, about SXl0—4.)

The effect of many of thege differences has been calcu-
lated, as is reviewed in the thesis of H. Navarro (Navarro
1979).

‘The spin orbit coupling has the effect of shiftiﬁg the
ground state. The exciton Hamiltonian, which can be divided
into terms of different symmetry, spherical,cubic and d-~like
(aé described in chapter two), includes the spin orbit éffect
in the spherical term. .

The anisotropy of the valence band is included in the

cubic symmetryAterm. Once again the effect is to shift the

ground state energy.
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In indirect semiconductors the large axial, or d-like
term resulting from the anisotropy of the electron masses
shifts and splits the ground state. The exciton wavefunction,
which was originally summed over the light and heavy hole states,
now gives the lighter exciton as the lower, more tightly bound,
ground state for a staEiOnary exciton. As the momentum of the
exciton increases, however, the light and heavy states interact
and repel. one another, and the situation is reversed (Kane
1975). From a hydrogenic point of view we would simply expect
the light hole exciton to be less tightly bound than 1ts heavy
counterpart, and both to be much less tightly bound than hydro-
gen (see section (ii)).

A calculation performed for excitons with haghly ellip-
soidal bands (Shinada and Sugano 1966), in effect a "twojdimen-
sional" hydrogen atom, with the heavy mass tending to infinaity,
predicts that the absorption to the conLinuum will show a decline
and then a peak after the ionization threshold, followed by a
slow decline.

In the effective mass method the use of the static die-
electric constant in reducing the strength of the Coulomb inte-
ractiqn merely scales the depth of the energy levels and the
spatial extent of the exciton. This is really valid only for an
electron and a hole separated by large distances. The screening
then depends on the polarization oé:Zhe lattice ions (excitation
of optical phonons). As the separation between electron and

hole decreases the valence electron polarization screens the

Cen
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Coulomb interaction, with the high frequency dielectric con-
stant, since” the rotation frequency of the electron and hole
around each other has 1increased. As this increases still fur-
ther (electron and hole now separated only by the order of lat-
tice constants) the screening will become effectavely zero
(Madelung 1978).

Thus far the differences between the excitons in germa-
nium and hydrogen have been listed, and the theoretical treatment
of them has been described. This must now be applied to account
for the experimental observations of section (iv), a task which
will be attempted qualitatively here.

The effective mass theory has been used to calculate an
energy level scheme which has been compared quite successfully
with experiment. (See, for example, Navarro (l1979) who confirmed
the comparisons of other researchers and also identified new
transitions between levels.) This does not specifically enligh-
ten the present situation however.

Some features due to the anisotropy of the electron mass
have been observed, namely the decline and increase of the con-
tinuum absorption (Buchanan and Timusk 1976) predicted by Shi-
nada and Sugano. ~The data taken for this thesis also seemed to
exhibit this effect. For example, in the sample given two "peaks"
can bé seen. One, centering at 3 MeV, consists of the -peaks due
to the transitions between discrete levels of the exciton, which
cannot be seen separately at the resolution used. The other,

at 4 meV, could be attributed to the aforementioned effect. A
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decrease 1n absorption 18 clearly seen between them. This was
also seen in other, mainly high concentration, data, because the
hirgher signal to noise ratio meant that higher resolution could
be used, and also that 1less noise would be present to obscure
the peaks if they were resolved. Some features of the data
appear to be described by this theory but again the specific
frequency dependence of absorption could not be compared.

The problem of the frequency dependence of transitions
to the ionization continuum has been examined for impurities in
semiconductors. Impurities behaye like excitons to a certain
extent. The conduction electrons®from donor impurities occupy
levels just below the conduction band although the impurity
atoms are fixed. A hydrogen like model has been applied to
these~systems‘and found to describe the ionization frequency de-
pendence incorrectly.

G. Lucovsky (1965) suggested a model which would ac-
count for this. §&tating that the wavelength dependence of the
photo-ionization cross-section depends on the potential between
the electron and the impurity he took as a potential a delta
function at the origin (the ion-core potential), the strength
being determined by the binding encrgy of the impurity. The

wavefunction used was a delta function potential well ground

-r/a
state L e

where a 1s the equivalent of the Bohr radius.
yv2na .

The exact form of the short range potential does not affect the

frequency dependence of the cross-section. His calculation

e b
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«

showed a frequency dependence of v-l's

and a maximum of absorp-
tion’at twice the ionization energy, starting from zero at the
ionization energy. If the delta function is combined with a
long range Coulomb potential, which would be necessary for the
exciton, the absorption 1s still enhanced at higher frequencies
and the absorption maximum varies between one and two times
the binding energy.

This could usefully be applied to the data at hand, if
a reason could be found to justify the use of stronger potential
at short range. As discugsed aboveé, 1f the dielectric constant
varies with the separation of the electron and hole, becoming
unity at zero separation, the potential there could be greatly
enhanced for an electron which approaches closely: this would
apply more to the 1ls electron than any other. If, as a crudeh
estimate, the new wavefunction consisted of a ls wavefunction of
full strength up to one lattice spacing away from the hole in
the central cell, and a dielectric constant reduced wavefunction
outside this radius (y = (71‘33)-1/2e—r/a where a » a/¢ = a/15.8,
a being the exciton Bohr radius), one can see how the use of a
delta potential wave function in this region might not be un-
reasonable, since the % factor in the latter makes the wave
function large at small separations. Pictorially this looks
like a -large spike at the origin.

The central cell model, then, could be used to explain

the large difference between the hydrogenic and observed ioni-

zation cross-section energy dependences. At the lowest concen-

o e e,
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trations measured the excitons are separated by a distance of

‘i

the order of 30 exciton radii. The value of the power of the
cross-section frequency dependence, x, at this point may be
taken to be the value for an isolated exciton. This value was
found to be 1.4(zx 0.2);

At higher concentrations x is weakly dependent on con- Gﬁ
cent;ation, but the central cell model contains nothing to ex-
plain this effect. Indeed, a value below 1.5 cannot eéen be
obtéined.

Attempts to explain the c0ncentra£ion dependent effect
in terms of a'varying balance of light and heavy excitons in
the population-were unsuccessful. A calculation of the cross-
section for a transition in which the mass of a particle changed !
showed that the new cross-section was merely scaled by theymaSS
ratio. The frequency dependence did not change..

As concentration and temperature increase the number of
heavy excitons increases. The heavy exciton state corresponds
to the more weakly bound state, which has a large Bohr radius,
and thus penetrates the central cell less therefore behaving-
more like hydrogen. Thus if an éffect of this type was observed
(which it was not, as”é function of temperature) it would lead
éo an increase, rather than decrease, of x.

A possible explanation is that the spectrum is distorted
by absorption due to the presence of other species such as biexci-~ :

‘tons, trions or plasma. The effects of these are explored in , %

the work of the next chapter.

(g
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CHAPTER 4

EXCITONS AT HIGH CONCENTRATION

(i) Introduction

As the density of excitons in a semi-conductor increa-
ses,at low temperatures, the exciton gas condenses into a me-
tallic fluid of electréné and holes. This fluid can coexist
with gxcitons at a temperature, which varies with concentration,
of 2~-6.5°K or lower. This chapter attempts to examine what
happens as the density is increased, above this temperature;
The excitons may possibly all ionize, forming an electron-hole
plasma, as discussed by Rice {1974). This type of transition
was originally proposed by Landau and Zeldovich (1943). This
may take the form of a metal-insulator transition.

The metal insulator transition was described by Mott,
in 1949, Qho imagined an array of hydrogen-like atoms with a
lattice constant tha§ could ‘be varied. For small values of the
lattice constant the material would be metallic, and for iarge
values, an insulator, (Mott 1974). This can be observed‘in
heavily doped semiconductors as the doping is varied. The den-,
sity criterion for this transition to occur iﬁ e#cgtOns in ger-

manium is n = l.6><10ls

cm_3 (Thomas et al. 1973).
The phase diagram (see chapter 2) shows the density cri-

terion and curves indicating the region where the exciton con-

39 \
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centration is. reduced by 50% due to ionization (Timusk 1976).
As the density of the excitons increases the ionizayion curve
will be moved to lower temperatures due to a reduction of the
exciton binhding energy by screéning in the plasma (Clayton
1%68). The two curves are obtained using different electron
lifetimes and exciton recombination rates. .

.T.M. Ricec?Rice 1974) suggests the possibility of two -
peaks on the'phase diagram corresponding to separate€ electron-
hole fluid to exciton transitions and fluid to plasma transi-
tions.' This would imply a discontinuous change in the nature
of the excitonic mattef as the density increases.

Experimental work done in £his field is ambiguous. Some
workers claim to have observed a metai—insulator transition take
place (e.g. Balslev and Fgrneaux (1979) in Ge; Shah, Combescot
and Dayem (1977) in Si) and others (Thomas and Rice 1977) claim
that only excitons, biexcitons and trions are observed above
theﬁérifibal'density, rather than a plasma.

if is possible that this concentration is higher than
can Ee aehieved and observed. by our equipment. The concentra-.
tion is always subject to uncertainties in the parameters used
to estimate it;’ in/addition , at high concentrations, the ab-
sorption of close to 100% of the far infrared radiation prevents
éstimation of the concentration in the usual way (Timusk 1976)

since it prevents determination of spectral features.

The next section (ii) describes the experimental proce-
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dures undertaken to try and increase the concentration of exci-
tons to levels not previously attained with the equipment.
Section (111) presents the results of the far-infrared spectro-

scopy and section (iv), the discussipn of these.

(ii) Experimental Details

?here are two main classes of methods of increasing the
concentration of excitons in a sample of germanium, assuming
that the given sample is as pure, dislocation-free and clean as
possible: firstly, increasing the absorbed laser power, and
secondly, modifying the sample. The second class was found to
be less effective in terms of increase in concentration. More
success was achieved with the first,

Two methods were tried in the second class: application
of uniform stress and application of non-uniform stress. The
applicationﬂof non-uniform stress has been used successfully in
luminescence experiments on' electron-hole fluid to confinea the
fluid to a small spatial region of the sample (Markiewicz et. al.
1977). Droplets, excitons and free carriers migfate towards re-
gions of maximum strain. If the stress is applied in the <11l1>
direction in germanium,only one such region is obtained. The
maximum lies along the line of application of the stress at a
distance from the point of application that depends on the radius
of curvature of the applicator. The magnitude of the strain well
éroduced depends on the pressure applied. This also affects the

diameter of the well. The effects produced have been calculated

Ty et

I



42

by J. Hertz (188l1) for solids of isotropic elastic properties.

The properties of germanium beiny anisotropic, the problem be-

comes 'too complex to solve analytically. Markiewicz et al.

performed numerical calculations for a germanium sample with

a nylon applicator.

As a trial, a brass applicator with a spherical sur-
face of radius of curvature approximately three inches was used

and an experiment performed using the stress apparatus of G.

Zarate (Zarate 1981).

centration was obtained when stress was applied. The position

of the well was not known, but if it was outside our viewing

aperture the exciton concentration would be expected to decrease

as stress was applied.
fined as readily as fluid. In the absence of a large effect,
however,

it was decided not to pursue this line of endeavour.
Uniform stress was used by I. Balslev and J.E. Furneaux
(1979) in a luminescence experiment, since the application of

a sufficiently high stress in the <111> direction reduces the

concentration of excitons required to obtain the metal-insulator

transition by a factor of three. (That these conditions of

stress would be satisfied was known by comparison to the experi-

ments of G. 24rate). While this would not be sufficient to ob-

serve a sharp transition, since in our case the concentration
would still not be high enough, it was hoped to see effects of
a gradual transition, if such took place, perhaps in the form

of a plasma component appearing in the absorption spectrum at

No significant increase or decrease in con-

It is possible that excitons are not con-
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temperatures below those where ionization should set in. Nor-
mally, a plasma wouid be observed in the region below 2 meV,
but when the stress was applied the exciton peaks shifted to
lower energies and dominated this region.’. The behaviour of
the spectrum in the region where transitions to the continuum
should take place appeared to be quite different to the non-
stressed case, but this coﬁld not be related to any of the ex-~
pected signs of the metal-insulator transition, such as the
appearance of a plasma, or broadening of the exciton lines
(Timusk 1976).

In view of the difficulties encountered with the stress
methods, it was decided to try and produce a higher concentra-
tion of excitons by increasing the lasef power absdrbed in the
sample. This would have two advantages: firstly, the effects
of improving the power absorption were expected to be bigger
than those produced by stressing the sample and, secondly, any
effects seen in the absorption spectrum which were due to the
metal insulator transition.would not be complicated by any ef-

fects due.to the change in band structure.

If the laser beam is focussed to a. smaller spot the same

number of excitons will be generated, but in a smaller volume.
If an optical fibre is used to transmit the laser light to the

sample this effect can be used to increase the concentration.

The laser could be focussed with a strong lens outside the cryo—l

stat to a much smaller spot than could be obtained with the low
power lens already in use, since the minimum spot size of a la-

ser beam depends on the angle of the cone of the focussed ra-
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Figure 4-1

Exciton spectrum under high stress. Note the shifting of

the exciton peaks and "convex" rather than "concave" con-

tinuum region compared to the non-stressed case (see dia-

gram 3-1).
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diatioq. The radiation would then be conducted.to the surface
of the crystal by the fibre, making sure that the beam diver-
gence was within the acceptance angle for the fibre, so that
total internal reflection would be obtained within the fibre
and no light would be lost. The size of the spot on the sample
could be varied by moving the fibre with respect to the sample
ox changing the’position of the input beam at the fibre.

A single index, 0.2 mm diameter, teflon coated quartz
fibre (of loss 3 dB/km) was installed in the equipment. The
laser was focussed and introduced by means of a good quality
microscope objective. At low temperatures however, no power
could be detected at the sample. In a subsequent experiment a
helium neon laser was focussed directiy on the sample, and re-
flected light was observed at the input end of the fibre. 1In
this way any misalignﬁent with teﬁperature change would not be
seen. As the equipment cooled this reflected light gradually
faded. The rea;on for this was later discovered by other wor-
kers (Katsuyama, et al. 1980) to be that as the fibre cools, the

plastic sheath contracts more than the quartz, causing a compres-

" sive strain in the fibre which leads to loss of the light

3

through bendihg losses. A simple experiment later demonstrated
that if He-Ne light was passed through the fibre, and part of .
the fibre was cooled in liquid nitrogen vapour, light could be

seen escaping in the cool region, with a corresponding loss of

emergent light at the end. This effect was totally reversible

PR ettt
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on warming the fibre.

h Work 1is presently under way to investigate the proper-
ties of an uncoated fibre of much larger dimension, l/8".“Pre—
liminary tests show that no low temperature losses occur with
this fibre.

The laser was currently being used at its full single
mode powexr, but four times as much power would be available if
the higher order modes were allowed to propagate by removing
the single mode aperture in the beam path. The divergence and
minimum spot size of the multimode beam are much larger than
those of the single moae, therefore improved focussiné arrange-
ments were required. Careful measurements were made of the pro-
file of the laser beam as a function of distance from the laser,
by traversing the beam with a fine slit and measuring the power
transmitted, and investigatiops into the properties of materials
for lenses were carried‘out./PThe leﬁs had to be situated at the
top of the far-infrared cone, within the cryostat, in order to
maximize the focussing angle thereby minimizing the spot size,
i.e. the lens had to be as close to the sample as possible.

Commercial infrared materials are available, but their
properties have not been determined into the far infrared, and
care had to be taken not to use a lens which, while focussing
the laser, would block the far infrared radiation travelling
the same path. Two main possibilities were considered: a lens
made of glass (which blocks far-infrared radiation) of suffi-

ciently small diameter to permit adequate far-infrared radiation
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to pass, yet large enough to intercept most of the la%er beam,
and a lens made of TPX (a thermoplastic) which passes far-

infrared. The refractive index of TPX was measured and found

to be 1.51#0.03 for red light, and the specifications for a

suitable lens were determined.

The TPX lens was abandoned due to the difficulties of
manufacturing this very soft material into a high quality lens
of good surface finish. It would also be very delicate in use. '
Instead a glass lens of 6 mm diameter and 20 cm focal length,
and a holder, designed to block a minimal amount of radiation,
were obtained. This enabled the multimode beam to be focussgd
to a spot of diaméter 1.1 mm. Méasurements showed that a maxi-
mum of three times the power could be obtained at the sample,
approximately 25% of the multimode beam power being lost due
té the extra lens and holder. This, if obtained, would produce
a greater apsorption of light than could usefully be measured
(ad = 6, see chapter 2}, and thus represents the limit of this
experimentdl system. No further increase of concentration could
even be observed by the absorption of far-infrared radiation.

The main problem with obtaining this absorption of power
was that the alignment of the system had become much more cru-
cial. The finer, sinéle—mode beam would pass throughyghe aper-
ture at the top of the light pipe with little danger of touching

the side of the aperture and could just be pointed at the aper-

ture at the sample. The multimode beam had to pass exactly

P
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through the centre of the aperture since it was of the same dia-
meter, through the centre of the small lens, and meet exactly
the sample aperture. The easliest way to achieve thl? was to
move the aperture at the sample to approximately the correct po-
si1tion and make a fine adjustment by moving the lens, which was
achieved by bending the light pipe slightly. The cam and wedge
system was used for this, see diagram.

The alignment could be checked visually by seeing the
reflective surféce of the sample when looking down the light
pipe, and electrically by measuring the resistance of the sample
when the laser i@pinged on it. The visual method was used to
check tﬁe alignment before the experiment, and also during the
cooling, as misalignment could sometimes dccur at this stage.

In the resistance method, the thermocouple was used as
one contact and the cryostat as the other. As the sample cooled,
the resistance increased from ki to My at 4.2°K, and, when the
laser was aligned, decreased to the order of ohms if very good
alignment was achieved. Thermal changes induced in the sample
by the laser could be seen as a very slow drift in resistance.
Photoexcxtatioé of carriers was seen as an abrupt effect. This
method 1s more useful than the normal procedure of checking the
absorption of far-infrared radiation at the central maximum of
the intergérogram. It can be used before the detector has been
cooled to liguad 3He temperature. It will detect the onset of

alignment at a much lower concentration of carriers, and 1is in-



Figure 4-2 ’

The lightpipe bending apparatus. The block is fixed firmly
to the lightpipe (part (i)) arid the pipe is bent in two
orthogonal directions by rotating the carr, and pulling up

the conical wedge, which then push against the block, being

held in place by the centering plate. The lightpipe is free

to move inside the centering plate. View (1i) shows the

lens and lens holder.
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seﬁsitive to the spectral range of the far infrared filters,
which can cause the laser to be seen as misaligned if the region
under observation contains no excitop or fluid absorption pé;ks.
"0f the experiments performed using these techniques,
- three were productive: the results of these will be described

in the next section.

(iit) Results

Of the three experiments mentioned in section (ii) the
’ s

}
first gave the highest concentration of excitons. It was of
limited success since a small capacity helium dewar was used
(for later experimen£s a larger one was qbtained) which means -

that thé température stability was poor and the running time

was short, since the high laser power evaporates the helium

gquickly. The results suggested, however at very high concen-

trations a 'new, previously unobserved, broad, peaked absorption
. ogtfar—infrared radiatiﬁn occurred between 1 and 2 meV*. This

;5§orpt;Qn wés comparatively small (ad = 1.5) at 4.2°K but
.'_;neariy saturated at 7°K (ad = 3.5). For both spectra all other
‘dﬁsorption (from apéroximately 2 meV to 4 meV) was saturated

(i.e. so close to 100% absorption that only noise could be seen:

‘ad = 4 or above) .

3

*

Buchanan and Timusk (1976) observed a peak from 1.2-1.5 meV
which was much sharper than this one, and seen at lower concen-
tratians.,
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This result was confirmed by the next experiment, where
concentrations of approximately 50% of tgose of the first were
obtained. The concentration could not be estimated from the
height of the 3 méV peak in the normal Qay due to ;he saturation

'effect, but a low power spectrum was taken for comparison with
ordinary exciton spectra, and in this one the peak could be
seen. A rough estimate of the- higher power spectra could then
be obtained if the assumption was made that:exciton concentra-

- tion increased linearly with laser power, as it would be expec-
ted to do at the temperatures of these experiments (Timusk 1976).

The m;ximum estimated. concentration obtained in the first ex-

-3

periment was 3XI015 cm and in the second v 1.6 10lS cm_3

$
The Mott critexion is l.6><lol5 cm_3. If the concentration esti-

mates are correct the data‘should contain information relevant
to the metal-insulator transition.

As in' the previous experiment the broad absorption seen
between 1 and 2 meV was the most obvious feature of the data.
It was present at 4.2°K as a shoulder on the 2.5 meV peak of
normal exciton spectra. ' At 5°K it had developed into a very
broad (full width at half maximum height of the order of 1 meV)
smooth peak; centering at about 1.5 (* .15) meV. The third ex-
periment suggested that any apparent structure on this peak was
probably due to noise since it becamé smoother as more data were
averaged in, although the possibiléty of structyre could not be
ruled out entirely. As the temperature was increased from 5°K

\

to 7.5°K little change was seen in the height of this peak, but
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Figure 4-3

Experimental data: 1.5 meV peak. Data (from run E1S5)

-showing the 1.5 meV peak for a range of pumping powers

and temperatures.
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the height clearly depended on the pumping power. In the low
power comparison spectrﬁm corresponding to a concentration of
2><lO14 cm"3 the peak was just starting to apéear. The height
of the peak appeared to increase approximatgly as the 1.5 power
of that of the exciton peak at 2.5 meV, or of the pumping

power,

No clear evidence was seen of a constant plasma absorp-
tion below 2 meV as observed by Timusk (1976): possibly this
was there but was small compared to the main absorption and
therefore could not be separately identified, or perhaps this ab-
sorption was a lower power precursor of the present data. If
there is a constant background underlying\the,l.s meV peak it
depends on concentration rather than temperature, at 5.5°K or
above.

The low power exciton spectrum agrees well with the data
af Timusk (1976) and Navarxo (1979). Tﬁe peéaks do, however, ap-
pear to be less well resolved in the present data although the
experimental resolution is nominally the same (0.05 meV). As
the power increased the peaks became even broader until the peak
at 2.5 meV could no longer be‘seen separately from the 3 meV
peak. The 3 meV peak coincided with the onset of the saturated

14 =3

cm and_l.6><10_l5 cm3

region in the higher” power spectra (8x10

)

but a region of lower absorption could be seen after this peak

14 14 -3

in-the 4x10 cm-.3 spectrum. For concentrations of 4x10 cm

and above the absorption in, this region appeared tao be almost

flat, and higher, in proportion to the 3 meV peak, than ‘in the

case of lower concentrations. In the spectrum at 2><lO14 cm—‘3

Al



Figure 4-4 °
A spectrum compared to those of other workers

HN Navarro (1979)*

T - Timusk (1976)

-
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the absorption in this region (which corresponds to transitions
to the ionization contiﬁuum) showed a v-o'7 dependence. This
could be accounted for by a constant, or nearly so, background
absorption that depended on concentration. The data below 1
meV are noisy, but do seem to suggest that for spectra at 5.5°K
and above the absorption at the low energy tail of the 1.5 meV
peak does not go to zero but remains finite, and probably increa-
ses with concentration.

\ Finally another very low intensity, broad, peak cente-
ring between 5 and 6 meV was seen on all the data of concentra-

-3 up to 8><lO14 cm-3. Some spectra at the lat-

tion 2><lO14 cm
ter concentration and all.at higher concentrations came too
ndisy for this peak to be determined. The height of the addi-
tional absorption was only of the order of 10% of the continuum
absorption.

To summarize then, the most obvious feature of these
data was the broad absorption at 1.5 meV. Besides this, broa-
. dening of the exciton peaks and possibly a flat, or very slowly
varying background absorption with a broad peak at 5- 6 meV were
seen., All of these we;é concentration dependent. The only tem-
perature dependence occurred fairly rapidly between 4.2°K and
5.5°K when the 1.5 meV peak appeared as a small shoulder and
rapidly developed. The slowly varying background was present

above 5.5°K. No abrupt change as a function of concentration

was observed.
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Figure 4-5

A complete energy range spectrum. The péak at 1.5 meV,
the exciton peaks (2-4 meV) and the weak sbsorption

i

peak at 5~ 6 meV can be seen.
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(iv) Discussion

The concentrations for these experiments were determined
spectroscopically, in the manner detailed in chapter three, for
lower concentrations (ad =2) and scaled to higher concentrations
assuming that the laser power is used equally efficiently at
all concentrations. An estimate was made of the effect collision
broadening would have an the linewidth of the spectra to see if
the concentration estimates could be confirmed and the observed
broadening explained.

Assuming that the excitons each occupy a voluﬁe equiva-
lent to the reciprocal of the concentration (n) and that the
distance an exclton travels before colliding with another cor-
responds to a sphere of this volume a collision length (X) can

be obtained:

1_4 .3
-r-l--—3'ﬂ/\.

If the exciton travels at a thermal velocity given by L'mv2= kT

2
the time between collisions (t) can be determined. (It is pos-
sible to neglect the natural lifetime of the excitons in this
estimate since the collision lifetime is a factor of lO6 shor-

ter.) This is related to the half width at half maximum height,

'y of a Lorentzian shaped peak by 1 = %% where the amplitude of

T 14 -3

the peak is given by A « . At n = 2x10 cm this
2.2
(w-wo) +T

corresponded to = 0.05 meV. Unfortunately, I cannot be clear-

ly measured from our data since it is of the order of the sepa-
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ration between the lines due to the transitions between the
split 1ls and 2p states. The broadening did appear to be grea-
ter than 0.05 meV, however, and increased with concentration.

In the limit that the broadening becomes much larger than the
separation between the lines a Lorentzian lineshape could again
be applied, but this limit was not reached.

Another possibility is that the concentration of exci-
tons iﬁ the sample 1s non-uniform, and that regions of very
high concentration occur where the laser strikes the sample.
This would explain the fact that the spectra in these experi-
ments, with the laser used multimode, appear broader than those
where the laser is used single-mode, for similar concentrations,
since the power/unit area at the surface of the crystal is 2-4
times higher in the former case. It is almost certain that
parts of the exciton cloud were at a density greater than the

metal-insulator transition density, which we take to be l.6><10lS

cm_3, particularly for higher density spectra. The broadening
1s not due to a local high temperature in the crystal since no
thermal plasma absorption was seen.

When the metal-insulator transition is observed for
donors in semiconductors, firstly, as the concentration increa-
ses the electronic tgan51tion lines for individual donors
come broadened, on éhe lower energy edge, which is often

more readily observed, and then become completely merged so

that a smooth broad absorption that ogcupies the same spectral

O
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region as these lines, 1.e. not extending to zero energy, is
seen (see e.g. Capizzi et al. 1979). This 1is approximately

what is seen in our data. At the two extremes of the non-
uniform concentration model just discussed, the strongly ab
sorbing higher concentration would give a smooth absofptlon and
the lower concentration region would give smali exciton peaks,
and the two would be suberimposed. A non-uniform exciton con-
centration would preclude the observation of abrupt changes at
the onset of the transition as concentration was varied, whether
or not these occurred.

In contrast to the concentration dependence the tempera-
ture effects on the spectra are noticed within a relatively
small range of temperature. This seems to suggest the crossing
of a phase boundary as temperature is increased. This tempera-
ture range overlaps the undetermined region in the phase diagram
(see chapter two). Here the work of Thomas et al. (1573) on the
liquid boundary, which is extrapclated past the critical point
by fitting it to a universal liquid gas phase diagram (after Gug-
genheim, 1945) does not smoothly meet the gas liqgia coexistence
line (as was first pointed out by Timusk, 1976) obtained by
threshold measurements of the appearance of electron-hole drops
in the exciton spectrum, as obtained by Pokrovskii (1972), Hen-
sel et.al. (l973), McGroddy et al. (1973), Lo et al. (1973),
Benoit a la Guillaume et al. (1974), Westervelt et al. (1974)
and Timusk (1976). In fact there is an absence of experimental
data between n_ " 2x10%4 cm™3 and & BXI0¥6 em 3

. The concen-

trations measured cover at least part of this region.

T TR T
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The broad absorption at 1.5 meV is, in shape, remini-
scent of the electron-hole fluid ébsorption at 9 meV, and could
perhaps be due to droplets of a similar electron-hole fluid,
occurring at higher temperatures, spch as tpe plasma that would
be found when the metal-insulator transition took place. A

possible modification of the phase diagram is shown. Phase dia~

grams of this form are obtained theoretically by Kraeft et al.

(1975) and Sander and Fairobent (1976).

As the temperature is increased the dashed line (AC) is

. crossed and metallic plasma is formed in drops. This corres-

ponds- to the observed onset between 4 and 5.5°K of the peak as
determined from plots of peak height against temperature for

different pumping powers. As the pumping power is increased

the size of, and volume occupied by, the plasma drops increases

é
relative to the concentration of excitons until only plasma ‘

drops exist and no excitons are left, in an analogous way to

ordinary electron-hole fluid.

’

The heavy solid lines represent behaviour determined
experimentally. The lower concentration line, i.e. the exci-

ton/electron-hole plasma coexistence line (AB), does not move

above a concentration of 4><lO14 cm-3 up to 7.5°K, since at no

time was the concentration of plasma drops observed to go to !

t

zero as the temperature was increased, for this concentration.

P

The onset of the plasma drops occurs at 2x10* em™?

The position of the higher concentration line (CD) was deter-

P

e P B
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Figure 4-6

A B

ﬁodified phase diaéram showing electron-hole plasﬁa/excir

ton coexistence region. The thin solid lines are due to

& previous workers. The thick solid and dashed lines, AB,

CD\aﬁd AC are the'result of the work described herein. The

thin dashed lines are hypothetical.
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mined by comparison with electron-hole drops. The concentra-

2 = nez/m where w

tion of pairs within‘a drop is given by w
is the plasma frequency, € and m the charge and mass of the
particles, gg@ n the con¢entration. We take the ratio of the
concentrations of electrén-holg pairs in the ordinary electron-
hole fluid.and in plasma drops to be eéual to the ratio of the
squares of their observed resonant frequencies. This gives a
value for the density of paifs in plasma dféps of SXLOlS crn-3
(assuming ndrops = 2><1017 cm—3, ané that the péak is observeq
at 9 meV, see e.g. the thesis of G. Zarate, 1981). Since the
peak does not shift as the temperature changes, within the _
range measured, the line on the phasé diagram must be very near-
ly‘vertical. An increase in the concentration results in the
size of the drops inc;easing, rather than‘a change in the con-
centratién of_the pairs, which is'characteristic of a condensed
phase.
An alternative possibility for the 1.5 meV absorption
is the formation of pairs‘of excitons into biexcitons, the
‘equivalent of the hydrogen molecule.Thomas and Rice (Thomas et
al. 1977) perforﬁed a luminestcence experiment in germanium in
which they saw a broadening on Ehe exciton line. By ¢alculating
the shape of the egciton spectrum aﬁd the biexciton spectrum
- [ ]

and adding them/to fit their data they concluded that the

broadening was |due to the presence of biexcitons. They studied

*,;:;m et el e e
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this component at temperatures of 5.5°K and higher, and found
‘that it had a 1.5 power dépendence on exciton concentration,
comparable to the value for our 1.6 meV peak, this being the
only comparison which could be made. ﬁalslev and Furneaux
(Balsev and Furneaux 1979) attribute a similar observation to
a metallic plasma produced by the metal insulator transition,
however, and suggest an amendment to the phase diagram, simi-
lar to thét alfeady discussed. Miniscalco et al. (1977) also
observe a component‘in their luminescence experiments in ger-
manium which th;y attribute to a plasma, likewise Shéh et al.
(1977) for s;licon.' On balance, most evidence seems to favour
the formation of a plasma.

Broadening of the lines in the donor problem is attri-
buted to the farmation of pairs of‘donors (e.g. Toyotomi 1975;
Townsend 1978), but this situation is not really comparable to
‘ours since the separation of the pairs varies from pair to pair
and is fixed: they do not become bound at an equilibrium dis-~.

tance like biexcitons.
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CHAPTER 5

SUMMARY AND DISCUSSION

In the work on the photo-ionization of excitons in ger-
manium (chapter three) it was discovered that the frequency de-

pendence of the cross-section varies as the - 1.4 (20.2) power

of the absorbed frequency for isolated excitons, rather than

the -'2.67 predicted by hydrogenic theory. A theory specific to
the case of excitons in germanium is not available. This pheno-
menon was compared to the case sf donoer impurities in germanium:
here a similar - 1.5 frequency dependencé\occurs although hydro-

genic behaviour is expected. 1In the donor problem this is ex-

1plained by screening& o6f the potential between the electron and

the donor ion (the Lucovsky model). "A justification of the ap-
plication of\;his.model to excitons was given, since the strength
of the potential between the electron and the hole depends on

the dielectric constant of germanium, which changes as the elec-
tron and hole approach one another closely. An examination of

the effects of this correction, which is always neglected in'éx—

citon theory, &n tHe theory is required, in order to see if the

anomalous frequency dependence of the ionization can be explained,

.and ‘check that the agreement between the theoretically and ex-~

perimentally determined energy level schemes would not bg serious-
ly disturbed. -)

64
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Experimentally,'thé effects of stress on the cgntinuum
coula be investigated. A uniform.stress applied to germanium
in the <111> directién removes many of the degeneracies in the
band structure: the conduction band minima are shifted, with
the one in the stress direction being lowered in energy and the
other three raised, so that only the lowes%fﬁs populated, and
the valence band maximum is split into two branches. At very
high stresses the warping of the valeﬁce band coﬁstant energy
surfaces is removed Pnd they become ellipsoids. The band struc- ’
Fure is thus very much simplified. One expe;iment of this kind
was performed (éhapter four) , but;rather than appgoachiﬁg the
hydrogen result, the spectrum appeared to be'totally different.

» *

This may be due to the photo-ionization or the appearance of a

[l

new absorption.

= As concentration is increased the frequency dependence
becgﬁéi weaker. A satisfactory explanation for £his,in texrms
of present knowledge, was not,found. The presence of a back-
ground absorption that varies with concéntratioﬂc but only weak-
1y with‘frequency, was proposed.' The‘higher concentration work
{ohapter four) showed that the cbntinuum absorption became
. even_flétﬁer as the concentration'increased, but a flat ‘back-
ground absorption could not be i%olated in the speétrum'since
absbrption peaks were.séen in all regions investigated (excitohs

at 2 -4 meV; a broad peak at 1-2 mev;‘peaking at 1.5 meV; and

a barely present broad abéorptéon at .5~ 6 meV, on top of the
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continuim absoxrption) If more investigations were performed

aé,extendgd energy ranges it would be possible to check whether
the 5- 6 meV absorption had a large enough range to affect the £
appa}ent frequency dependence of the ionization continuuﬁ. ~This
absorption was not seen in the earlier, wider range, experiments

due to the lower concentrations obtained. An experiment of this
[ 4

’fype ‘could also be used to check the behaviour of the proposed

electron-hole plasma drops. If the range covered included the

4

orhinary electron-hole fluid peak position (9 meV) éndAthe con-
4.

centration was high enough to see the 1.5 meV peak, the tempera-
ture cauld be lowered so that the boundary AC (see phase dia-
gram, chapter four) would be crossed. It should be obseryed
that the 1.5 meV peak disappears and the 9 meV peak appears in

its place.

Other experimental checks on the proposed phase diagram

~

could include onset measurements of the 1.5 meV peak. The height

of the peak would be measured as a function of temperature for

a range of different concentrations between 2 and 4><1014 cm—3,

and the poiht at which it disappeared established. This would

more‘accurately place the *line AB. If a much thinner sample

I

douid be prepared the 4line AB “could be egtendednto higher con-
centration. At présent, the absorption, ad, reaches nearlf.lOO%

for much of the range of power obtainable from the laser. If

1

the thickness of. the crystal was reduced below the exciton cloud
diffusion madjus (v 1 mm) higher values of a could be observed

before saturation of the spectrum occurred. . The concentration
/ . . .

¥
/
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would possibly be increased since the excitons would be more

confined. Experimental difficulties would include the need for

-

a very good surface on both sides of the crystal to avoid higher
surface recombination, which would lower the conceﬂtration, and

fragility of the crystal, since the area would have to remain

4

large in order to dissipate the heat generated by the laser.

It has been shown that the absorption of far-infrared

radiation by excitons in germanium reveals that new and interes-

ting phencemena occur when the exciton concentration is increased

above the limit where they may be considered to be isolated.
This technique is more sensitive than the recombination lumines-

cense technique and should be used to continue the work of

A

resolving the uncertainty regarding the metal-insulator transi-

tion in excitons in germanium.
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