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SOME STUDIES ON GOLD-DOPED GERMANIUM

ABSTRACT

Tyler used Hall coefficient measurements to evaluate
the gold acceptor concemtration in germanium crystallized
from a germanium-gold melt at a temperature between the
melting point of pure germanium and 17°K below this tem-~
perature. The present study reports the results of simi~-
lar measurements in the temperature range of growth from
12° to 80°K below the melting point of germanium. A
crystal grower was designed and constructed for growing
the mounocrystals of gold-doped germanium.

It was found that the {100) direction was the most
favorable direction for eliminating dendritic growth on
gold~rich phase crystallized as inclusions. The
phenomeénon of retrograde solubility was observed. The
maximum solubility (~ 2.8 x 1016 gold acceptor atoms
per c.c.) occurred at about 30°K below the melting point
of pure gérmanium.

- Infra-red absorption in gold-doped germanium was
studied between 4.2° and 298°K over ‘the energy range
from 0.08 to 0.6 e.v. The magnitudes of the absorption
cross~sections for the specimens containing about 3.5 x
1015 and 1.2 x 101 gold acceptor atoms per c.c. were in
close agreement with the data of Johnson and Levinstein.
The cross-section of absorption near the band gap of _
germanium for the heavily gold-doped germanium.(‘7>101
gold acceptor atoms per c.c.) is about the same as in
the case of lightly doped specimens. Whereas in the
case of lightly doped specimens, however, the cross-
section of absorption drops sharply to negligible values
as the energy of the incident photon decreases, the cross-
section of. absorption for the heavily doped specimen
remdains very high. The excess absorption is- found to
remain substantially the same when measurements are
extended to the energy range between 0.032 and 0.044 e.v.

At 298°K, the absorption of infra-red radiation in
gold~doped germanium shows spectral structure associated
with valence band intra-band transitions. For the
lightly doped specimens, with increasing concentration,
the structure in the spectrum becomes less pronounced.
Newman and Tyler have reported studies of the same
effect in-gallium-doped germanium. Our studies indicate



that the effect is more pronounced in gold-doped
germanium than in gallium-doped germanium.

When intra-band absorption is .peeled off from -
the absorption spectra at 195° and 298°K, the
threshold of absorption is at a. higher energy for
the higher temperatures. '

The transmission of infra-red light through both
pure and lightly gold-doped germanium is found to be
enhanced by about 16 per cent at 4,2°K compared .to
that at higher temperatures ( > 60°K). The deter-
mination of surface reflectivity at 4.2°K gives 0,29
and correspondingly a-refractive index (p) of 3. 3
This shows an anomalous behaviour of Sf at low
temperatures, It is known that materidls with the
diamond structure reveal similar extra-ordinary
behaviour in other lattice properties such as the
temperature dependence of their coefficient of
thermal expaunsion and Debye temperatures.
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ABSTRACT

Tyler used Hall coefficient measurements to evaluate the gold-acceptor
concentration in germaniuﬁ crystallized from a germanium-gold melt at a
temperature between the melting point;of pure -germanium and-l?oK below this
temperature. The present study reports the results of similar measurements
in the temperature range of growth from 12° to 80°K below the melting point
of germanium.u~A‘crystal grover was designed-and constructed for growing the
monocrystals of gold-doped germanium.

It was found that the‘<JOO> direction was the most favorable direction
for eliminating dendritic growth on gold-rich phase crystallized as -inclusions.
The phenomenon of retrograde solubility was observed. The maximum solubility

016 gold acceptor atoms per c.c.) occurred at about 30°K below the A

(~v2.8x1
melting point of pure germanium.
' Infra-red absorption in gold-doped germanium was studied between L.2° ana

298K over the energy range from 0.08 to 0.6 e.v. The magnitudes of the

absorption cross-sections for the specimens containing about 3.5 x 1015 and

1.2 x'lO15 gold acceptor atoms per c.c. were in close agreement with the data
of Johnson and ‘Levinstein. The cross-section of absorption near the band

gap of germanium for the heavily gold-doped germanium ("710;5 gold acceptor
atoms per c.c.) is. .about the‘same.as in the case of lightly doped speciméns.
Whereas 'in the case of lightly doped specimens,‘however).the cross-section of
absorption drops sharply to negligible values as the energy of the incident
photon decreases, the cross-section of ébsorption for the heavily doped
spécimen femains very high. The excess absorption is found to remain
substantiélly the-same wﬂen measurements are extended to the energy range

between 0.032 and 0.04h e.v.
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At 2980K, the absorption of infra-red radiation in gold-doped germaniun
shows spectral structure associated with valence band intra-band transitions.
‘For the lightly doped specimens, .with increasing concentration, the -structure
in the gpectrum becomes less pronounced. -Newman and Tyler have reported
studies of the same effect in gallium-doped germaniun. -Our studies indicate
that the effect is more pronounced in gold-doped germaniun than in gallium-
doped germaniun.

‘When intra-band absorption is peeled off from the.absorption spectra
at 1950 and 2980K, the threshold of absorption is at a higher energy for the
higher temperatures.

The transmission of infra-red light through both pure and lightly gold-
doped germanium is found to be enhanced by about 16 per cent at L.2%K compared
to that at higher temperatures (),6OOK). The determination of surface
reflectivity at 4.29K gives 0.29 and correspondingly a refractive index'(/‘)
of 3.3. 'This shows an anomalous behaviour.of ﬁg% at low temperatures.
‘It is known that materials with the diamond structure reveal similar extra-
ordinary behaviour in other lattice properties such as the temperature

dependence of their coefficient of thermal expansion and Debye - temperatures.
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PART 1
. INTRODUCTION

Chapter I

Most semiconductors owe their conductivity to impurities, and these may
be classified electrically as donors or acceptors. Two theoretical approaches
have been used in discﬁssing impurity states. One is the éffective mass
gpproximation; the other is a tight binding approximation.

Detailed application of the method of the effective mass to germanium has
been made with particular reference to donor elements of Group V and acceptor
elements of Group IIT in substitutional sites. The model used in these cases
is that of an impurity center, such as As (valence configuration - 4/5% ‘If‘s )
having one more electron (donor) or Ga ( 4 e 4fﬂ ') one less electron
(acceptor) then is required to £i11 the bonding orbitals of the four tetra-
hedral germanium ( L;A’ Ar3 ) neighbors. Th§ extra electron, or the deficiency
‘(hole), is considered to be bound to the impdrity atom by an attractive Coulomb
force,exerted on the electron or hole by thg oppositely charged impurity atom,
somewhat analogous to that of the hydrogen aéom. "This force 1s modified by
the didectric constant of the crystal. 'The influence of the lattice on the
motion of the -electron is taken‘into account by the use of an'effective mass.
These'elémenté produce centers in germanium introducing localized energy levels
into the otherwise forbidden energy gap that require about 0.01 ev for
ionization of the carrier at 0°%K. |

The basic assumptions underlyihg the method Jjust described are valid for
the large orbits ﬁhich are characteristic of small binding energies. The
_-assumptions are not valid for the case of the impurities having deep levels
discussed below. If, for example, we assume an ionization energy of 0.1 ev or
more, an effective-mass-calculation indicates that a major fraction of the charge

‘density of the excess electron will lie within one lattice spacing of the

impurity -atom. In other words, it lies within a region where the theoretical



procedure must be regarded as invalid. To thé present time, however, there has
not -been any satisfactory theoretical treatment of energies'and wave functions
associated with deep levels.

-Although a quantitative theory of the impurities having deep levels ‘is
not available, a similar consideration permits some rationalization of their
behaviour. Consider, for éxample, the behaviour of the impurities EZn -and
‘Te . The valence configuratioh of ZZ“ is (4;}). If a Z;A -atom goes into
solution substitutionally, it may be expected to form tetrahedrally oriented
bonds with the neighboring germanium atoms. "However, there are two electrons
less than are required for tetrahedral bonding. Thus the 23\ atom must accept
two electrons to completé the tetrahedral Bonding, that 1s, it may act as a
a | . . Te oy

ouble acceptor. 'The valence configuration of /€ 1is ( 54 5/7). There are
two electrons more than are required for tetrahedral bonding; in other words,
the T& may--act as a double donor. Elements such as C,u -and Au having LM

and 6/5 configurations act as triple acceptors, as suggested by the tetra-
‘hedral bonding model.

- The behaviour of gold in germanium may be described aS'follOWS<(Figure l)'

Dunlep (1955 a, 1955 b) . At very low temperatures the 65 electron
NN NN AN conduction band
sha}low 1)) AAT
gold (A). —
t
gold (A) _—
>
o
- - — - L‘_ -.-
N
°
gold (A) '

gold (D)
shallow (
: valence band
Figure 1. Gold and other (shallow) acceptors (A) and donor (D) centres
within the band gap of germanium.



behaves as -a donor.0.05 ev above the valence band, that is, .the strength

of bonding of this electron to an Auzgg pair is less than the strength of
bonding of an electron to a gt'si pair by 0.05 ev. Because of the low-level
of this donor state, it is not possible to see donor action directly. due to
gold in germanium, and the effects are seen only through trapping action
upon F ~-type germénium doped with shallow acceptors. The three acceptor
states represent the three unsaturated Au— bonds. The first acceptor
‘state 'is determined by the energy required to remove an electron from a
nearby 9(,92. bond and to place it on a neutral gold atom, or-dlternatively,
the minimum energy (AJO-16 ev) required to release -a hole. The second is
-above the middle of the forbidden energy band (0.20 ev below conduction
band). Because of the onset of intrfinsic conduction, it is not possible for
an appreciable number of electrons to be excited into these levels. 'Thus

the only source of electrons for the upper level is to trap electrons from

, the higher acceptor or donor -atoms containing available electrons; Thus the
“‘upper‘level is more properly termed an electron trapping level than an
acceptor level. Because of the apparent equality between the number of upper
and lower states, Dunlap (1955 A) suggested that the upper level is merely a
second ionization state, .in which an electron is added to the filled lower
states. The gold ion would thus be A\;—when the upper state is filled, Au:
when the lower state is filled. Similarly, a high-lying 0.0l4 level below the
bottom of the conduction band appears when both lower acceptor levels have
‘been compensated. This 'is another ionization of the gold to form p“;_‘

‘The need for -semiconductor crystals containing accurately controlled
amounts of impurities has stimulated interest in the variation with temperature
of. solid solubilities in these binary systems. The solubility of an impurity
is the maximum concentration of the element possible in the germanium-impurity

solid solution when the system 1s in equilibrium at constant temperature with



-the molten host substance.

The general type of eutectic diagram is as shown in Figure 2.

TemEg;ature

F ’ G
0 Composition of B 100 per cent

Figure 2. 'Equilibrium diagram for a eutectic system
In eutectic systems, the melting points of each metal are depressed by the
addition of the other, and the two liquidus curves AE and BE intersect -at
the eutectic point E. The corresponding solidus curves are AC .and BD and
alloys below the curve ACDB are totally solid. Alloys in the region between
the solidus -and liquidus consist of a mixture of solid and liquid phases, and
at any temperature the compositions of the two phases in equilibrium are
given by the intersection of the temperature ordinate with the curve concerned.
This is known as the lever principle. In the 1iquidus/solidus equilibrium,
we may within 1limits choose the composition of the liquid phase, and once
this choice is made the temperature and the composition of the solid are
established. . Alloys in the region ACE consist of liquid in equilibrium with
the solid solution of B in A which may be called A , whilst those in the
region BED consist of liquid in equilibrium with the solid solution of A in B

denoted by P . At the eutectic temperature CED, liquid of composition E is



in equilibrium with & solid solution of composition C and /3 solid
solution of composition D. Below the eutectic horizontal the -alloys -are
totally solid, and alloys in the region FCEDG consist of a mixture of O(
and {3 solid solutions, the equilibrium composition at any. one temperature
being obtained by drawing a temperature horizontal; thus in Figure 2

an alloy h will, at the temperature shown, consist of a mixture of C*

of composition )X and /3 " of composition y .

"Thus the eutectic.in&olves;a continual increase in the composition of the
solid solution asvthe solidus curve falls from A to C. -?his implies that as the
temperature¢falls»thejlattice of the parent metal A can take up continually
increasing amounts of B into solid solution so long-aS'the'equilibrium
involved is with the liquid phase. It may, however, happen that as the
teméeratﬁre falls the lattice can no -longer accommodate so many éolute atoms,
and in this case the solidus curve is of the form shown in Figure 3, and
exhibits ‘a maximum solubility somewhat below thé ﬁelting pecint of A. This
‘is the phenomena of retrograde solubility. Most impurities:that have been

studied have been shown to be retrograde in germanium (Burton, 1954 ).

ic—

Temperature
o

Composition per cent B
Figure 3.

A retrograde solidus curve,



Tyler (1959) used Hall coefficient measurements to evaluate the gold
acceptor concentrations in germanium, crystallized from a germanium-gold melt
at temperatures between the melting point of pure germanium and l?OK below
this temperature. -Baker and Compton (1960) measured the solid sblubility
of gold in vapor-grown germanium at about 530°K below the melting point using
both radicactive tracer techniques -and Hall coefficient measurements to
evaluate the gold concentration. The results of Baker .and Compton showed
that the solubility obtained from radio-tracer measurements was forty times
higher than that obtained from electrical measurements. Even tne solubility
obtained from electrical measurements was too high in comparison with other
solutes ‘in a crystal grown at that temperature. One of the purposes of this
work is to study the_solid solubility of gold in germanium crystallised from
melt containing.increasing concentrations of gold and consequently decreasing
temperature of crystallisation .determined by the germanium-gold liquidus
diagram (Thurmond and Kowalchick 1960).

Important information about a semiconductor may be obtained by studying‘
its infra-red properties. It is possible to correlate thg-infra-red
properties with other properties of the material by studying different samples
under various conditions. ‘Infra-red absorption in a semiconductor is ciassified
into four different types according to mechanism: intrinsic absorption,
.carrier.absorpﬁion, absorption involving locdlized states, and lattice
-absorption.

By . intrinsic absorption we refer to the absorption due to the rexcitation
of valence electrons to the conduction band across the energy gap. It is
reponsible for semiconductors being opaque .and having metallic reflection in
the optical region. Ax'sufficientlyjlong wave-lengths where the photon energy
is insufficient to excite the electrons across the energy gap, the absorption

becomes small -and the radiation can be transmitted by bulk samples. The wave-



-length at which this occurs.is. in the infra-red formost semiconductors.

The .absorption produced by the free carriers may be observed in the
‘infra-red beyond the edge of the intrinsic absorption. Optical transitions
'between.twowenergy levels of the same band are forbidden by.the .selection
rules. Therefore, free electrons can only be excited to energy bands above
the conduction band and holes can only give rise to excitations of electrons
from energy bands below the valénce band. Unless‘the‘separations.are small
for the ‘energy bands concerned, such excitations will not be possible in the
infra-red region. The absorption by carriers depends then on disturbances
‘in the periodic structure of the crystal (and hence relaxation of the
selection rule), due to lattice vibratiéns or impurities and lattice defects.
Since these factors are -also responsible for the electrical pfopertieé of
the material, there should be correlation between the latter -and the carrier
-absorption. In germanium crystals there are a number of overlapping energy
bands in .the valenceband. In such cases, infra-red absorption due to intra-
band excitations of the free carriers is observed which gives ﬁseful
information on the structure of energy bands.

The optical:. procesées‘that may occur.for acceptor .and donor centers
‘include ‘(a) photoionization absorption involving transitions from the
‘localized acceptor state to the valence band, and since localized states .are
associated with energy. levels wi£hin the forbidden gap such transitions take
place in the infra-red beyond the edge of the intrinsic absorption;

(b) optical-excitation absorption involving transitions of the bound holes
to a higher bound state, which should-appear as narrow bands beyond the long-
wavelength photoionization absorption limit. Energy levels and other
information of:interest for impurity and imperfection centers may be deduced

from absorption studies.



The excitation absofption of Group III impurities in germanium has been
seen before and recently (Fisher and Fan, 1960) experimental investigation
has been extended to two acceptor impurities,ZZh }and(:A , of higher
ionization enérgies. The -absorption spectrum of neutralzrp,-singly charg@iZy;,and
neutralePin germanium has shown structure attributable to excited states.
Studies have been made on the singly charged G;' in germanium but no
observation of the excitation lines have been reported. The line-width
is determined mainly by the broadening of the ground.state, aﬁd for
germanium the ratio of the widths is expected to be {Tax and Burstein, 1955)
of the order of the reciprocal of the Bohr radius squared. As the broadening
of the ground state increases with decreasing orbit dimensions the failure
to observe the excitation of CL: might be caused by large broadening.

The ionization absorption of Au in germanium has been observed
before (Fan, l95@ and Johnson and Ie&instein, 1960) at 77°K but no observation
of excitation lines has been reported. Since the line-width increases with
temperature, excitation lines -are most likely to be observable at low
temperatures (e.g. 4.29K). -As mentioned earlier, excited states have been
observed for singly ionised ZZv: (ionisation energy ~ 0.09 ev) but not for
singly ionised C:. (_ionisation energy 0.33 ev). Neutral A\: happens to have
an ionization energy (0.16 ev) lying between the above two and présumably
also an intermediate Bohr "radius".

The effective mass formalism would not apply for the ground state
but may still be valid for the excited states. The absorption spectrum

measurements made at L4.2°K provides the means to check this assumption and

to reveal effects due to differences in the ground states.

The organization of this thesis is as follows: 'In Part IT we deal with'
the solid éolubility of gold in germanium as .a function of temperature. 'The
intermediate range infra-red properties of gold-doped and pure germanium at

different temperatures are discussed in Part III.



PART II. SOLID SOIUBILITY OF GOLD IN GERMANIUM

Chapter 2. Crystal Growing

To study the solid solubility of gold in germanium as a function of

temperature, monocrystals have been grown by dipping a germanium seed in a

melt containing germanium and gold in known proportions. Before the desired
gold-doped germanium crystals could be prepared it was necessary to design

and construct a crystal grower. 'The Czockralski withdrawal technique was
employed in our method of growing gold-doped germanium crystals. This consists
basically of a molten pool of the alloy, the temperature of which is controlled
accurately at any value, and a seed of germanium monocrystal 'is held such

that it can be rotated and lifted vertically at a slow rate.

The question of the purity of the additions is a crucial one in such a
study as the present one. The gold used3(99.999% minimum purity) came from
‘Sigmund Cohn Inc. in the form of wire assayed by qualitative spectrographic
analysis in the Iucius‘Pitkihs Laboratories. It was checked for 25 elements
suspected to occur naturally with gold. Of these only copper and silver
were detected and these were present in concentrations less than 0.0009%.

"The germanium for these studies was initially in the form of a zone-refined

bar having a resistivity of 50 ohm-cm. at 25°C. 'To reduce surface contaminants,
the ingot material and the seed were etched in the mixture CP4 Medium having
the following composition:-

Glacial Acetic acid .20 c.c.
‘Nitric acid'(concentrated) 25 c.c.
Hydrofluoric acid (48%) 10 c.c.
Bromine lc.c.

"The-étchant - was then rinsed off with de-ionized water. -All water was then
meticulously dried 6ff the germanium using clean filter paper. 'The
germanium was then stored in a desiccator before it was ready to be put into
the crucible. Prior to use, the crucible was baked at 1200°C for fifteen

minutes to drive off residual contaminants.
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About 1/8 inch of the seed was dipped into the melt by lowering the
rotating vertical shaft. After the seed was -inserted into the melt,
.sufficient time and a high enough melt temperature was provided to assure
complete melting of the original surface of the seed where it touched the
liquid. A source‘of error arises if an appreciable portion of the seed
crystal is dissolved in the melt. Care was taken to keep this at a minimum.
The shaft with the seed crystal was then slowly raised, and at the same
time the heat supplied to the melt was slightly reduced so that the
temperature of the melt at that position might be just equal to the freezing
point in order to prevent the seed crystal from melting away. In a normal
freezing of an eutectic system a particle of the phase with the lowest
surface energy will freeze out, this being that of the seed material. ' The
diameter of the crystal during its initial growth was kept as small as
possible to provide maximum opportunity for dislocations to grow out. This
requires that the temperature of the melt be kept relatively high at first.
The growth of the initidl small diameter portion was maintained for a
distance equal to several times its diameter. (Dash, 1959). The melt
temperature was then lowered to increase the diameter of the crystal.

"The incorporation of impurity in the crystal may be characterized by

a segregation coefficient. In treating a binary solution having solid and
liquid phases, one may. define .an equilibrium segregation coefficient K, as the
ratio of the concentration of solute in the solid.C& to that in the liquid
C“. , when equilibrium exists between the two phases at a given temperature.
WhenAthe solute composition of the system is decreased, so that the
-equilibrium temperature approaches the melting point of the pure solvent,

K., converges to -a.constant value. With solutions of gold in germanium,
Ko<<' (ko: "’bx';f near the melting point of germanium (Tyler, 1959)

When crystallization occurs very slowly, the solid forming at any moment
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from the melt has composition Clsz kiqu— , provided one may -assume
diffusion in the solid to be negligible. As the crystallization proceeds,
the rejection of solute by the solid enriches the melt. If the temperature
of the crucible is held constant, then, as expected from the constitutional
diagram (Figure 2),theninterface rises from the surface, the melt holdiﬁg
on to the growing crystal by surface tension. The resulting interface is
curved and the cross-section of the growing crystal progresively narrows.
When a curved interface is obtained a radial témperature gradient will
-exist, thus causing cross-sectional variations of the impurity concentration.
If the interface is flat, as is the case for a monocrystal growing with
constant diameter, the impurity concentration is practically homogeneous
over the entire cross-section (Dikhoff, 1960).

"The crystal geometry was controlled by regulafing the heat input to
the system and the rate of withdrawal. When the desired crystal diameter
vas attained (about 1 cm.), the heat input to the system was regulated to
‘keep the diameter uniform for the rest of the crystallization while it grew
-at a constant velocity equal to the pull velocity of the seed holder.
Constancy of the diameter was considered to be indicative of a steady state.

It was assumed that diffusion in the solid was negligible, andAmixing
in the liquid was complete (that is, concentration in the liquid was
uniform). These assumptions are discussed in the following:

Since gold has a very.low diffusion coefficient in germanium
(AJ.5 X 10"9cm2 per second at 900°C,(Dunlap'195%90,it is reasonable to assume
that no change in concentration took place after crystallization due to
transport in the solid state during the period of crystal growth (about three

hours ).
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If crystallization does not proceed slowly, solute atoms are rejected
by the .advancing solid at a greater rate than they can diffuse into the bulk of
the melt. The preparations -of menocrystals containing high concentrations of
gold was more difficult than the preparation of lightly doped materisgls.
~Assuming a segregation coefficient considerably less than unity the answer
lies principally in the pile-up of the rejected impurity elemént in a depletion
Jlayer'(depleted with .respect to ‘the semiconductor) adjacent to the solid-
‘1iquid growth interface. It is this solute-enriched region which directly
determines the rate of solute incorporation inte the éolid. "In order to pull
a sound menocrystal it is necessary that semiconductor from the bulk melt
enter this depletion layer, either by diffusion or mixing of some sort,.at a
rate equal to the growth rate of the crystal. Otherwise, dendritic grewth
or ecclusion of liquid in .the crystal results. In preparing heavily doped
crystals it was necessary to grow-frbm more heavily doped melts‘(that is,
melts more dilute with respect to the semiconductor)}so that i%'was.more
difficult to feed the semiconductor into the depletion layer ét~a sufficiently
rapid rate. Hence, lower pull ratgg were required for the more heavily
.doped melts. At these low pull rates, smdll thermal or mechanical fluctuations
which atvthe higher pull rates resulted in negligible growth rate fluctuations,
now become -0f considerable importance. These heévily-doped crystalé'were
grown with pull rates of 3 x lO'ucm. per sec. and rotation rates of around
60 r.p.m. This ensured proper fluid flow conditions in the melt to give the
effective segregation coefficient of gold its equilibrium value-(Bufton.and
Slichter, 1958).

A further complication .is the effect of crystal orientation on the
amount of impurity incorporated into the crystal. 'In the preparation of

heavily doped materials the main concern was the preparatien of sound mono-

crystals of the-desired doping. Several different trial experiments were
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made in f,{hich germanium seeds of ¢ 110) ,11I) and<I100) were dipped and
pulled from the melt containing germanium and gold. ‘It was found that the.

<:10d> direction was the most favorable direction fbr-éliminating dendritic

growth or gold-rich phase crystallized as inclusions. This can be. shewn. by
-noting that an ad-atom on a {'100} piane makes half -its bonds with a completed
underlying plane (2 bonds); whereas, a pair of ad-atomé‘oh the~&liO} plane

-are required to make half their bonds with each other and the underlying

plane, end a trio of ad-atoms on the {111} plang~are:required to meke half

their bonds~yith each othef~and the underlying.plane;(Bolling-and Tiller,‘l960).
The small segregation coefficient and low. solubility suggest that-the gold

atoms do‘not fit into the lattice too well."From the point of fundamental
mechanism of the atomic kinetics of growth .at the‘l}quid-éolid interface

'for diamond cubic lattice described above, it is likely that the inceorporation

of a gold atom in a diamond lattice is best facilitated iﬁ the {109} plane

in which case the ad-atom makes half its bonds with a completed underlying

plane -and are not required tq bonds with each other; whereas ‘in the cases

of‘{llO} and {lll} groﬁth planes multiple ad-atoms make half their bonds with

the underlying plane and half with_each other. ’Invcase.thevad-atqmsvare gold, the
ch@néé*toLbohd'with‘éabh other results. in the possibility of crystallization of x
thevgold-richvphase.

When the gold.concentration of the melt was too high, a gold rich phase
6ccured in the crystal or there was extensive polycrystallinity. "It was
.fbund-that when the gold concentration in the melt was approaching an atomic
fraction of 0.1, the mono-crystal character tended to deteriorate - first
indications of lineage, .in the form of numerous fineilineS'in the etched
surface, éppeared} and, ‘in a fairly narrow belt, the crystal became poly-
-crystalline. 'This-was studied after etching in a three percent solution .of

boiling hydrogen peroxide, which céﬁstifq@es'a useful slow preferential etchant.
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"This showed a large number of pockets containing metallic gold in this
region of the qrystal. By taking great care while regulating the‘heat"input
to the system in order to maintain a uniform diameter for the crystal .and
thus minimizing growth,raté fluctuations, monocrystals free of lineage

" were grown from melts containing up to about -0.18 atom fraction of gold.

The -inclusions -of the gold-rich phase ‘increased towards the -end.last to
freeze. Obviously, as the crystal was pulled, the gold content of the
iiquid:waS'increased so that the numberwand size of the inclusions
‘increased, and in the-eﬁched crystal fine parallel cracks began to..appear
when the germanium dissolved;éway.

" The temperature‘of solidification was obtained from‘the relative
concentrations.of gold: and germanium ip the melt at different stages during
growth. ‘Instead of using the-phase -diagram, the 'liquidus. curve evaluated
from the liquidus equation was assumed (Thurmond;and Kowsalchik.), and
~at ‘known concentrations;vth;:éppropriate temperature-ét the interface was
 read off from the 'liquidus curve.

"Four gold-doped germanium crystals were grown with different concentrations
of gold.in the melt. -With a small amount of overlapping, these four crystals

~covered a range of temperatures from about 825°C to 925°C.
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3 Chapter 3. Determination of concentration of gold acceptors. 1.7
.1
Hall effect. ,
- The Hall effect occurs when a substance carrying a current is subjeqted

- to .a magnetic field perpendicular to the direction of the current. If tﬁe
-current is flowing in.the-x-direction and the magnetic field is applied in
the z direction a field will appear across the sample in the y direction
(Figure 4). This transverse field is found to be proportional to the product
of the curfent density in the sample -and the -applied magnetic field; the
rconstént of proportionality is called the Hall coefficient. This can be
expressed as follows

E, = RJ;Hz

J | (1)

‘Where E& is-the Hall field, ;[ the current density, Pf the ‘applied magnetic

z
field and R the Hall coefficient. Usually the Hall .coefficient is measured in
terms of the transverse voltage produced by the transverse field between two
directly opposite points on the sample. If the sample is ‘a rectangular solid
of thickness 'b' cm. and if the distribution of current is assumed uniform,

‘(l);can be rewritten in terms of the total current j amperes, the Hall
voltage Vy end the dimemrgion of the sample

V= B @

the magnetic field Hz being expressed in gauss.

X y

Figure y. Voltage components for conduction by holes in a magnetic field.
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3.2

Pfeparation of Specimens

Several thin slices were cut from the crystals perpendicular to their
axes for maximum homogeneity. A wire saw was used for this purpose ‘which cut
the crystal by a reciprocating tungsten wire carrying a slurry of fine carbo-
rundum powder‘(#600) in grease. The cut slices were lapped on-a gfound glass
plate using a water slurr& of carborundumvpowder'#600 to ensure flat and
parallel faces. In general a high polish was not required.

The homogeneity was checked by éxploring the reéistivity over their
surfaces with a four-point probe uniti(Valdes, 1954 ). The-resolution was
~somewhap limited by the point'épacing'(O;IS cm. ). The variation measured
‘was of the order'of four percent.

After checks were made for crystal defects and homogeneity, as -discussed
in the foregoing, specimens were prepared for‘uée in Hall‘coefficient
measurements. The specimens used for Hall coefficient measurements’had
side-arm Hall contacts with dumb-bell ends -and was cut out of the slice with
a die (made'of'stainless steel)_driven‘by an ultrasonic oscillator, cutting
in a water-mivgd.slurry of boron carbide.powdef (#600) driven into the semi-
conductor by the motion .of the tool. It is very importent in this type of
cutting to haye the wofk firmly anchored to a backing plate free of air
pockets,  since -otherwise the :area of contact becomes small and any shifting
results in c}gcking of the tiny filaments or bars. A suitable procedure was
to mount the semicénductor blank on to a glass backing plate using Eastman
‘910 adhesive. The mounted slice was then left for about an hour a£ room
temperature for curing. The semiconductor being cut was -advanced against
the cutting die by moﬁnting it on a pivoted arm which was coeunter-balanced.
By incorporating a digl gauge on the feeding mechanism and by knowing the
thickness of the blank (about 0.03 cm.),.it was possible to deduce from the

dial reading when the tool had passed through the blank. 'The cut-out sample
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was then detached from the glass backing plate by heating on a hot plate to
about 100°C for .about three minutes; this broke-the Eastman 910 adhesive bond.
- Current carrying contacts to the -ends of the sample.and electrical

connections to the side-;rms were made using the gold alloy technique.
Bits of Eastman 910 adhesive were first removed by cautiously grinding the
‘specimen with #600 carborandum on a ground glass plate. The samples were
then cleaned by boiling in a 3 percent hydrogen peroxide solution. Great
care was taken to avoid conﬁamination of the samples. 'Immediately prior to
alloying, the samples were -‘etched in CPL.

The -alleying was -carried out by localized heating Vith a small michroeme
coll éf the germanium cut-out in an inert atmosphere of flowing nitrogen.
Gold (99.999 percent) wire of 0.005 in. diameter was cleaned of surface
contaminants using alcohol (95 percent) and carried in glass dispensers.
These dispensers were mounted in a pair of micromanipulaters having a reduction
ratio of four to one. The michreme heater powered by a variable transformer
was brought to the proper tempéfature-which‘was judgeﬁﬂby color. The wire
was then brought into contact with the heated germanium which was gripped
by a pair-of-self-locking»étainless*steel tweezers, the exact positioning
of the contactibeing oﬁserved_through-a binocular microscope. Since gold
and germanium‘formAanvalloy with an eutectic point around 350°C a‘small pool
of ailoy was formed which could be worked into the desired contact aréé.
‘When thié'pool was 'slowly cooled (over about 30 seconds) some of ‘the excess
germanium recrystallized before the remaining alloy ‘froze,using the
'uhderlying.substrate;as.a»seed.

After alloying the contacts, the specimens were dipped in boiling
3 percent hydrogen pefoxide to remove any.surface.contamination.

The Hall potential probes were:gt a position no less then three sample
‘widths from the -end of a uniform‘samﬁle-so that negligible error was .introduced

due to short-circuiting of the Hall potential by the current contacts (Dunlap, 1950).
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3.3

Measurements

The -sample -was mounted on a ceramic holder. It was supported only by
the gold wire leads to minimize mechanical strain on the specimen and contacts.
The holder was then fitted into a test tube for sample protection and
positioning.

For measurements at moderately low temperatures the containing test
tube was filled withgiyimnl.and was .lmmersed in a small dewar of freezing
mixtures; the dewar‘fiited between the magnet poleﬁpieées. "The freezing
mixtures used were common salt:and ice, -and. ether and dry ice. The mounted
.sample was‘iﬁmersed in the dewar containing boiling oxygenvand boiling
nitrogen @or measureméﬁts'at these temperatures. The sample was .allowed to
warm up slowly from these .temperatures by keeping only the dewar partly
filled with the refrigerent while keeping the éample.iSOlated‘in the test
tube. ‘With this apparatus, temperatures:from that of room temperature down
to 779K could be -achieved. The low temperatures were measurea with a copper-
constantan thermocouple-placed-in the proximity of the sample and connected
to a potentibmeter'(Leedsfand'North§wp). With this i1t was possible to notice
.a change in temperature of lOC,v_Ovéf the periddvof time that was required
to complete the measurement -at a given temperature, no change .in sample
temperature was noted.

To provide temperatures above that of room temperature the mounted
sample was put in a test tube filled with Varchlor and surrounded by a
nichrome heater coil. The test tube with the heater was immersed>iﬁ mineral
éil inside the dewar. The heater temperafures were set -and controlled
electronically (Burgess, 1957) using a slice -of n-type germanium as the
temperature'sensor.. Temperatures from room temperature to about 100°¢

could be produced and maintained to within half a degree and over 100°C the

control was within a degree. Two mercury-in-glass thermometors (graduated
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from 15°C to L0O°C in o;osoc divisions and 0° to 200°C in 0.2°C divisions) were
used to measure up to 200°C. For higher temperatures the copper-constantan
thermo-couple was again used measuring temperature changes to within half

a degree.

Ohmic contacts were necessary‘to-avoid metal-semiconductor contact
effects. . .o .71 -An ohmic contact is defined as one which serves
purely as-a‘means-for getting current into or out -of the semi-conductor,
but plays nb part in the -active processes occuring in thevdevice. The
following experiment was performed to test theAcurrent-carrying contacts.

The overall resistande betﬁeen the gold leads was ﬁeasured-as.a functien of
cﬁrrent deﬁsity in both directions -at room and boiling nitrogen temperatures.

The current was measured by a Weston Model 901 d.c. milliammeter in the range O to
1.5 mA: A potentiometer. (Lieeds and Northrup Medel.8662).was used to measure

the potential drop in the sample. No defendence-on current direction was

‘noted and also, no appreciable change of the resistance was .observed when

the current density was -changed by a factor of 20 at each of the -above
temperatureg. These were judged to be satisfactorily ohmic behaviour.  The
current density was well within the range of those used in Hall experiments.

To provide the magnetic field necessary fof the Hall measurements, an
electromagnet was used. It had flat pole pieces. They were 4 in. in
diameter and had a gap of 2% in. between the pole pieces. The magnet coils
were water-cooled. 'The electric current was supplied by a d.c. moter
generator. To permit an accurate measurement‘of the magnet current a
potentiometer (Leeds-and'Northr@b, capable of mgasuriﬁg from 0.0 to 70.0
millivolts, was used to measure the potential drop across a Weston 0.25
milliohm resistor capable -of carrying up to 200 amperes. The magnet was
calibrated using a fluxmeter (Rawson type 504) and a search coil, and was
checked by observing the nuclear magnetic resonance -of lithium. 1The>field

was checked -for homogeneity and was found to be satisfactory.
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For most Hall coefficient measurements, the current was supplied by a
power supply with a decade resistance box in series for regulétion. ‘The«éurrent
vwas measured by a d.c. milli ammeter. A Rubicon model 2730 potentiometer capable
1of measuring from 0.000 to 0.161 volts or from 0.00 to 1.61 on a second scale
was used for measuring Hall voltages. A switching\system was included to
permit rapid reversal of polarity in any current or potential lead.

In the meaéurement‘of_the Hall voltage, .certain associated effects give
‘rise ﬁo potentials which must be corrected in order to:avoid error in the
measured value. iThe largest of these effects is the potential, NGR )
which appears because of the -experimental difficulty in aligning the measuring
probes on the ‘same ‘equipotential plane. Transverse or longitudinal.thermal
gradients can intrqquce unwanted potentials. ‘A transverse gradient intrbduces
a fhermo~electric potential. In addition, there are three thermo- and
galvano-magnetic effects. .A longitudinal thermal gradient results in a
"longitudinal thermsl flow which in the preSénce»of the magnetic field. produces
4a.transverse Nernst potential or a transverse Righi-Leduc temperature
difference which in turn gives a thermo-electric potential.: The 1ongitudinal
current and the magnetic field produce a transverse temperature difference
leading to an additional potential knéwn as the Ettingsha#sen‘éffect. Ir
a series of four measurements 1is taken reversing the magnetic field and the
sample current in all possible combinations thén a method is available for
elimating all the undesired associated effects except the Ettingshausen.:

The Ettingshaﬁsen effect has associated a certain time delay which is
required for the temperature gradient to become -established. Due to the thermal
capacity of the filament, this effect can be eliminated by a.c.vmeasuréménts.
Some test measurements were made using a Hall effect measurement circuit
described by Dauphinee and Mooser'(1955),.and built in this laboratory (Jones,

1961). -Such measurements were performed at a frequency of 35 cycles per second
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on a few .specimens covering the impurity range used and it was Tound.that
negligible .error would result from using the d.c. measurements and ignoring this

i

last effect.

3.4
Method of analysis.

The Hall effect provides;aﬁdirect measurement of the carrier type.and coencen-
tration. For the case of p-ytpe ggrmanium,:let MS'denotg the density of heavy
holes by py; and that of light holes.by pp. -In:the limit of strong magnetic fields
the Haill coefficient;gttainsva steady value'(Williardson,'Harman.and Beer, 1954) |

R\Hf )

where W ‘is the magnitude of the €lectronic charge in coulembs. -In.this case,

(3)

the extrinsic Hall coefficient . is related only to the total extfinsic carrier
concentration and involves no-weighfing'factors containing mebilities. -In
~applying this -equation, .exorbitant magnetic fields are not required for:high
mobiility maferials-in order to obtain results -which approximate the limiting
values given. by the equation (Harman, WilliardS®nﬁand-Beer,:1954). The measure;
ments were made.at a magnetic field of-about 20 kilogauss.

We now-consider'the~problem.of determining the cencentration of -acceptor center;iu
knowing the -hole concentration. as-a function of temperature. .. Although in geld-
doped germanium (p—type)_the number of holes available -is exactly the same.as the
number of .states, .such a situation is.seldom realized. At low temperatures there
are usually fewer available-holes as there are donor;atems,presentaas.an unavoid-
able impurity. A number of‘donoruétoms-are‘ionized in filiing.up the acceptors.
We-let Na 3 Nd denote.the‘cpncentrations‘of-acceptor and doner-atoms -respectively,
N; ™ Nd+ the concentration of ionizedlaccépfofs-and donors, ,and ng, ny the concen-

tration. of unionized acceptors and donors. It may be-shown that the‘probability

% ~of the lower gold accepteor level being occupied by electrons.is given by

\
/%’ Fot At W
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where AE is the energy separation between the geold accéptor’levelvand the
top of the valence band, the energy E,; .is called the Fermi lgvel and acts
as a normalizing parameter varyinngith.temperature in such .a way. that the
integral of occupied levels over the whole of the'énergy scale 1is -equal to
the number of electrons in the crystal and.(b is a statistical weight factor
depending on the free energy due to electron spins -in acceptor centers
(smith,.1959), -k is BolﬁZmannfs‘constant.and T the -absolute ‘temperature.

The -expression for % ds not rigoreusly correct. It fails teo take
into account the ionization of the lower gold,acceptor'level‘when‘the gold
donor is not completely.filled. -For the case 'in question, when any pair of
the gold energy‘lgvels is separated by many times kT at all temperatures under
consideration, it gives an accuraﬁe formulation of the preblem.

We' then have. the concentration of. ionized acceptors.

N = N“ | (5)

o —— r__lw

‘The number of unionized acceptors 7\a'is given by

[‘—ﬂ

6
I+/su~i~ hT (6)

We-require the electrical neutrality of the system as a whole. The
statement that the number of positive chafges must equdl the number of negative
charges ‘is expressed by the equation .

+N A n ='“*“A*No ;
o :
F d v (7)°
Na.7 Ny and we consider only the region of partial ionization so .that the
Fermi level lies several times KT above the valence‘bbnd and close to the
impurity level. It is convenient to .assume further that there is .a sufficient

number of acceptors present to give enough holes to suppress n,.the electron
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concentration, to a value much below the intrinsic -value at sufficiently low
temperatures. The suppression occurs because the law of mass action:requires
the product h? to be constant, thus if F is increased by -a certain factor,

TN -is decreased by a reciprocal factor. Fortunately, . in this condition, we may
neglect the contribution from the free electrons as well -as having 7¥l small

.and cobtain for the equation which determines the Fermi level
= - - N
P =N, -Ni-ma @

We suppose -that the equilibrium cencentration of holes near the top of
the vdlence band behave as free particles with effective mass m, taken to

be 0.4 times the free electron mass‘(Lax and Ma@roides,~l955), and -are given

"
b= (A oy (- ) (9)

Using (6) and (9), (8) reduces to

by

N,
EPvY:
l+[wf leziT—

-Ny o)

intfoducing the notatien n,
o
9 11(1n¥§T >
Nv_- N (11)

being referred to.as the effective density of states in the valence band.
' ‘ -t
By;rearranging,-(lO) may be written as a quadratic equation for gm+ (_ﬁfi
T

namely

at
N, =t iz

AE
PN+ Ny 33

T =0 (12)

at
?NU-\— NAQ'%\’ -k—'\'

o (- Lél)“,(}; < %>__ WM”‘Q)
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and so the Fermi energy is determined by
[}

. ~l+ E+ 4N, = %}{p(wa-@] H
4%)’('?,-): PN, N, o} £V

3
i NV ewr KT

PN\:‘\'NAWf %

(13)

We evaluate E7 in two limiting situations. ‘First we suppose
b {N wp FHEONE s
= 7
N, <p 4E-
(ﬁNV"’ et kT

corresponding to large Napor'low T.

‘We have then approximately

F:‘ {va(Na-NA>§‘1“’P -2-—_42:_'_‘? | (1)

We note that, under the above.approximate conditions, -straight lines are
obtained of slope -equal to half thei(negative of the) ionization energy AE ,
when klmr is plotted against %F

‘In a second -limit we suppose |
4 {NrE (PN <]

AE V>
(?Nv* N, "“\°_'E'—F

corresponding to small Na' or high T.

Now we -have .approximately

- N;NA _4E ,
r-(sNV ,__.A em’b( ’E) (15)
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‘Care must be taken, however, in doing this sinceia binomial expansion of the
square-root of the right-hand side ‘is permissible only under the above
conditions. In this case the slope of a plot of k«L\Y against .% involves
only the (negative of the) ienization energy AE. It is thus seen that the

slope of the line obtained from plotting {h? -against Jf is either jig

k
or AT , depending on the degree of compensatioen.
I - -

We have obtained an experimental curve of &\r' as -a function of
temperature by measuring the Hall .coefficient R over a range of temperatures.
Because in the germanium under consideration only gold is deliberately
“intreoduced, geold is the deminant impurity.and the product is always p-type.
The rextrahgous donor density present as .a compensating impurity will be of
negligible amount. This may be tested from the slope of the 'Lﬂk -against
|

= curve‘mentionedjabove.' Under this approximate condition, that ‘is when NJ
is very small so that %—é M.? QEL_“? K p &< N, we have

approximately

NNy = pr ]= ) C”W\\{T) ""AY (16)

obtained~fr0m(12) The (negatlve of the) slope of a plot of t versus
A K)_ WY\‘(\T) . \ . .
ives = . This vdlue of can then be
B\ “”r gives & ! P

used to obtain the’ gold acceptor concentration in germanium>from’(l6),

-utilizing,vsay,,room temperature Hall teefficient data.
3.5
Results

a) Influence of shallow -acceptors and donors.

The method given in the previous -section for finding the gold acceptor
concentration assumed that other impurities have negligible influence on the
-electrical properties. The possibility,of misinterpretation, based on
fortuitous .addition of impurities due to contamination arising in the-furnéce

during growth was precluded by the following considerations.
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‘Denoting by the subscript -'f' any foreign impurity

C Ky [ St

1 - (c,
Cou 7 oysted Kaw N A St

.where C's denote cencentrations and K's segregation coefficient. -For -deep-
lying impurities -—ﬁ :;' so that their presence in the crystdl can be
discounted. Howevertwshallow.impurities have :a high segregation coefficient
compared-yith that of gold,énd relatively small traces of these in the melt
could lead to relatively larger concentrations in the grown crystals.

The carrier behaviour of gold-doped germanium may ‘be described- as
-follows. The ‘6’electron behaves as..a donor 0.05 ev -above the valence band.
Gold can give up this electron to low-lying empty . levels and thereby become

Auf._ When the sample is heated from 0°K to higher temperatures, the gold
levels ‘initially possess 'fche charge Au\* . .About the temperature 100%K, most
of the €lectrons that had been trapped by the shallow acceptor states are
re-excited to the gold -levels and these become /\J. We -see that .at higher
temperatures the gold dopor“levels add no free carriers, and their primary
effect is that of a trapping state. Because of the low level of the gold.
donor state, it 1s not possible to -see donor action directly due to gold in
germanium, .and the effects-are seen only through the ‘trapping acfion upon

F -type germanium.

On go;ng to temperatures higher'than about'lOOOK,the electrons in the
valence band have enough -energy to be excited directly te the lowest gold
acceptor level and the gold becomes Au— .

'Because in the germanium under consideration only gold is deliberately
_intfoduced,:the product is always F»-type. ‘The extraneous doner density
present .as -a compensating. impurity will be of neg1igible;amount. ‘This may
be tested from the slope of log f> against -# curve, (Figure 5) in the

manner mentioned in the previous section,  in the deionization region of lower
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acceptor centers of gold. The slope of the straight line in this region is
dodbled > to give 0.14 ev-as the ionization energy fulfulling the approximate
conditions of ‘(1};), .and thus ‘Nd «ln <L N, - The estimation of the
ionization energy,is'fqrther-discussed in the next'eub-section.

It is iﬁteresting to note that,fdue to the -ampheteric.action of gold
in germanium, information about accidental shallow acceptors.can. alse be
obtained from. the shape of the curvelog;F against L entering the ionization

=
region (under 125°K) of the 0.05 gold donor level. We have seen that at lower

temperatures‘the 64 electrons -from the gold donor level compensates ‘the
impurity eenters.thataare:located at the ‘lowest -energy levels through
trépping action. When the sample‘is heated from 0°K to higher temperatures,
the gold vl_evels initiglly possess the charge Au\+ . About the temperature
125°K, most of the electrons that had been trapped by the shallow acceptor

: . °
states are re—excited»to the gold levels and these become lxu , :the shallow
acceptor states being simultaneocusly . filled by‘electrons from the valence
band. Alternatlvely, .as the temperature ‘is ralsed, .€lectrons are excited
from the valence band with increasing ease inte the vacated Au levels; if

N :> (N;;Ngoshallow, . .excitation of electrons occurs into the

An
(N;‘K&)shallew vacated gold levels. -In.either case, .the gold donor states

are entirely filled by .about :125°K ‘with an ionization energy ~ 0.ofev~and;

“there remain (N;’Ni)ehallow holes in the valence band at this temperature;
.the crystal is r -type. qu@‘Figuree5,4the Hall coefficient near”lESQK

o ‘ L b '
gives (N -N )ga110y - @pproximately 10 . If (N -N )gpaiiey > O the

gold donor level is filled as described above, and an-electronrwill net be
excited into gold acceptor level of the particula; gold atom until the gold
donor level for that atom is filled. That is, the gold donor level 'is almost
completely filled with electrons near 125°K and the gold acceptor level has

not yet started to fill, so that thereuare'(N N ) ‘holes (the 0°K

-shallow
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population of A:), in the valence band at these temperatures. -If shallow Na( >
-shallow Na ; the gold donor level would not be.active at. any temperature -and
there would be no holes in the Valence_band.due to  this geld denor level.
"From the~;bove discussion we see that the fereign. shallow acceptor concentration
is greater than the~foreign shallow donor concentrafion,_and that both of
them .are negligible compared to the gold concentration.

AtrtemperatureS'belqw lESqK,-the ionization energy of the gold donor
:1evel,cgn be obtained from the slope of the log F'versus 4? curve of
Figure 5. A value'ofv0,0h8,eyris found using the approximate conditions of
(14). This is in good agreement with the values between 0.041 and 0.05
found by other workers'(Dunlapjl95SB{ Klein and‘Debye’1960,‘Holland»and.
Paul 1962). A majorisimplificgtion'implied in the use of the :@gbove mentioned
analysis is that, .because -the ionization energy of the gold donor is large
in comparison both to L‘T_and to the ionizationvenergy of the shallow

acceptors, we can neglect the statistical effect of the shallew acceptor’

states.and regard them:aS’paft of the valence band.

Similar curves for samples with different gold concentrations.were of

the same general form..

b) »Det—erminatiori'of AE
In. Flgure 6. a plot -is shown of L 4\(%1-‘) against L for one
T
sample rather than k%%r agalnst Jf . It is approximately.a straight

line in the delonlzatlon temperature range from-3OOo to :1259%K. ‘The slope
- &

. -
“has been used to obtain the value for Z&E]for gold-acceptors ‘in germanium.
We note that,'uhder_the approximate conditions of (lh); the ‘slope of the

-étraight line.is -doubled-i‘:o give AE ~ 0.14 ev :in good agreement with

L

the ‘wglue of O.l6.ey Teportea by Tyier Vhichvis used in the calculations. v

Iow temperature infra-red studies of the :abserption edge corresponding to

ionizatien, which is.presented laﬁér,_confirmed the value used for Z&E.'
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c) Determination of P . X
2 -2
3
A plot of t: versus \i (M) L;)r AE. 55 shown in
2 \/\'v LT
Figure 7. The slope gives an approximate value of /5-35»%. This is. in

~agreement with that reportediby,Brooks(l955), rather than 8.5 reported by Klein,

Debye..and Ruprecht {(1960).

d) Determination of Na‘

Figure 8 (Syed,:l962)_shOWS values of N plotted-as a function of temperature
(degrees below the melting point of germanium) derived from the Hall coefficient
studies using (16). ‘The main source of error is due to.flﬁctuation in. the
magnetic field which is about U4 per cent. The centribution of this-aﬁd other
-errors'(sgch‘as in‘the specimen;thickness ahd the temperatgre) to thé final
value is -about .+ 10 per cent.

The results of Tyler have been included in 'Figure 8 for comparison.

‘The phenomenon of retrograde solid selubility is ebserved -as expected. The

16

maximum solubility of gold ( ~2.8 x 10°° atems per c.c.) eccurs at . about
309K below the melting point of pure germanium. -The 'solubility decreases

exponentially at lower temperatures.
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ZkaT £
Fig.7, Plet of p vs < \>nm*k‘ for a gold doped

germanlum sample (the same used for figure 5)

10.
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-Chapter 4. Theoretical»calculation of segregation coefficient.

The thermodynamical relatiens determining the variatien of sggregation
coefficient and solubility>with\temperaturejhave been discussedlby Thurmond. and
Struthers'(l953) éhd by Kozlovskaya and Rubinshtein (1962). ‘The -equatien
derived‘byifhﬁrmondland-Struthers was -6btained in the fellewing manner.

The reference state of the "impurity was tsken as the selid impurity
at its melting point. The change in. chemical potentigl'in terms of enthalpy -
;and.entropy‘differences-waS'thengexpressed for the transfer‘of.impurityjatoms
to .the host.crystal to a concentration Cs on the.one hand, and-into the molten
host materiél to a concentration CQ on the other hand. . By setting the chemical
potentidls of the ilmpurity in the host’crystal:and‘in the'meltaequal to~each
other ‘it -was possible to-solve the equation for the ratio 9& ,,which;,by
definition, is -equal to the segregation coefficient K. In-t%is manner the
authors arrived at the following expressions:

Lok ook + 43 (T -0 Can
where>11t 1is the melting point of.germanium'(lZiOQK),-and K*. the segregation
coefficient .at the melting point of germanium. éh% is the entropy of fusion
at the melting point of the solute. The entrepies of. fusioen ofvmost metals
‘do not differ much -and 3 cal. per deg. was takenVas-representative’(Kelly,-1935).

‘The 'solidus curve was calculated from (17) andhplotﬁed'in fhe'same
figureSWith:thesexperimental values. Good.correspondence 'is observed between
the ¢alculated and experiméntal values for crystals-grown;frpm dilute selutions.
The temperatures corresponding to maximum solubility deo not agree and the
rate of. decrease of solidvsolubilityfié much higher than calculated for crystals
grown with increasing concentrations of gold in the melt. For crystals grown
at about.BOoK below. the melting point of pure germanium,uthé discrepancy
- between the.calculated values of the solubility..and the experimental -data

from electrical measurements is up to an order of magnitude. It is pessible
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that this discrepancy . is due to.a crystallographic arrangement different
from that of the primary solid.selution, -such that -each of one element forms
more bonds~with‘the'otherfelement;and fewer with its own -kind. -Such an
arrangement constitutes an intermetallic compeund and-is further discussed
in Part III. The -intermetallic compound tends to form at the -expense of
the primary solid solution. Since wel:are dealing here with a molecular
bond no electrical effect due to it can be expected.

Recently Kozlovskaya -and Rubinshtein obpained»a thermodynamiCArelation
.almost similar.te (17) by taking the vapor pressure of. the dopant as a measure

of the chemical potential.
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PART III. INFRA=RED STUDIES

Chaepter 5. Experimental
5.1 : :

“Apparatus..and Procedure.

A modified Model 12B"Perkin Elmer Spectrophotometer which has a single
beam double-pass monochrommator eguipped with 60° rock salt prism was mainly used for
the infra-red studies. Figure 9 shows the optical path of the instrument.
Radiation from the Globar source Sy 'was focussed on the variable width
entrance slit 5, of the'monb-chrommator by:the»plane mirror’Mi -and spherical -
mirror Mp . ‘The portion of the beam which passed (path 1) through the entrance
slit was collimated by the off-akis paraboloid M3 and- a parallel beam was
refracted by the prism P. The Littrow mirror Mh ‘returned the radiation which
was refracted again by the prism. Energy was focussed by the paraboloid in
the dispersed field in the Vicinity,of the entrance -glit (path'2). A portion
of the field w§5'intercepted by mirror M5qand came to a focus between the
halves of split mirror'Mé, Mg reflected the beam (path 3) back fhrough the
system, - slightly displaced so that, after a second traversal through the
parabola-prism-Littrow system, .it was brought'(path L) to a focus on the -exit
slit 52, after reflection from M7. ‘Near the entrance slit the energy was
modulated by -a semi-circular chopper (CH) at a frequency:of.13 cycles per
second. The exit slit:passed chopped radiation of ‘a narrow. energy range of
photons whose-band width depended on the slit width -and whose mid-band energy
.depended on the Littrow”anglé setting. -The energy interval of photons which
passed thfough 52~wa5'focussed'w1th the.hgip of the -spherical mirror'Mfsand
‘plane mirror Mg_onto the specimenj -the transmitted energy was then collécted
:and focussed on the detector by the ellipsoid)hg producing a pulsating signal
which was proportional to the intensity of the beam. . An evacuated high-speed
thermocouple provided yith a caeéium iodide window was -employed as the Qetector.

The pulsating electro-motive force at. the -‘thermocouple was amplified by -a
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Fig.9 Optical path of modified Perkin Elmer model 12B single beam infra-red
spectrometer with double pass monochromater :
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13 cps,amplifier'(Parkiﬁ‘Elmer Model:lOY). ‘The chopped radiation signal was
rectified by breaker-type synchronomns rectifiers, actuated by rotations of the
chopper shaft. The -amplified signal was recorded by a Honeywell electronic
potenticmeter on strip chart. , |

The characteristics of the*PefkinaElmer thermocouple weres-

The minimum<radiation flux observable with the detector:.

undef given conditions (sensitivity): 4 microvolts per microwatt.

‘Response time: 75% of -d.c. response at 13 cps. modulatioen,

Target size: 0.2 x'2 mm.,

Resistance: 12-ohms.

In each burst of light .the number of.photonc-waS'Very;smal; compared
to thé totél number cf gold:atoms ‘in the specimen. During the time'interval
when the radiation~wa5'stopped by the chopper blade, .the 'sample returned to
equilibrium. Thus no saturation effects occured.

The effective transmission '1imit of the monochromater WéS'0.0B ev,
imposed by -absorption in the prism material. -When~working~atvphoton-energics
‘less then about 0.16 ev, the intensity of scattered radiation of higher
photon energies was reduced by using'a Kodak series 230 Far Infra-red Filter,
.through which the transmission of radiation of energy greater than 0.4 ev is
under~3%} ‘The remaining high -energy photons merelyvcontributﬁd to the
continuous-background, and was within eiperimental'error'the‘same through .a
pure and doped specimen. Any possible heating of the -specimen due to “the:
radiation is negligible as well.

The spectrometer was calibrated by identifying the -@bsorption bands
of atmosphefic\water vapor, carbon dicﬁide,ammonia,-(Oetgen, Kao Chao-Ian.
and Randall, 1942), and caesium iodide (Plyler and Phelps, .1952).. In the
course of a measurementvdry nitrogen gas, obtained by boiling;liquid nitrogen,
was blown continuously to reduce the absorption due to atmosphere water vapor

and carbon dioxide.
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The experiments consisted of measuring the transmission ratios of gold-
doped germanium and pure germanium as functioné of the energy of the incident
photon for Various:temperatﬁres-and concentrations of gold-doped‘germanium.

‘The megsurements~weretmade-at'the'temperatures corresponding to the
boiling points at atmospheric pressure of helium (4.2°K), nitrogen (77.4°K),
oxygen (90.1OK),.at'the temperature of dry ice (1950K), of pumped nitrogen
(60+3°K) and at room temperature (298° + 2°K).  The refrigerants were
contained in. a metal cryostat’vessel,,thgfbase of which was located near a
focus of the radiation leaving the monochcmmater. The radiatien ports were
covered with rocksalt windowsﬂ Parallel-sided specimens were -attached
to .a flat copper bleock -at :the base of the coolant container, with facilities
for rotating;alternativelyjthe doped or a pure specimen into-.the path of the
radiation. . Thermal contact between the'copper'blpck-and the -specimens was
achieved by means of vacuum grease cpntaining~a’suspension of'silver-dust of
grit numbef 325{

The specimens were held in place by -a flat copper strip»With~a_hole in
its center for the passage of the radiation. Care was taken to.avoid straining
the specimens.

‘The specimens were cut transverse to the direction of crystal‘growth(to
maximize homogeneity) with the help of a wire-saw from monocrystal ingots
grown by the Czochralskil technigue. -The specimen surfaces were ground on
glass.with slurries of progressively,finer_grades of boron carbide powder
and polished on a polishing wheel covered by . Selvyt polishing cloth of medium
nap'with'boron carbide powder of grit number 600. The final polish was on
Selvyt with levigated alumina (Linde B abrasive). Before mounting in the
cryostat, .the surfaces-were degreased in an ultrasonic cleaning bath containing

acetone.
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Gold acceptor concentrations in the 1lightly doped specimens were
determined from the*reéisti?ity,of;each speéimen'measured'by'the four-probe.method,app-
fopriateIY'Corfeétéd.for?thicknéss'(Vélaes)f-' Their resistivities at
room temperature were 1.4 ohm-cm. and.3.5 ohm cm..giving hole concentrations
of .2.50 x 101° per c.c. and.1.05-x 1012 per c.c. respectively (Hemmat -and
Mchonald,-l96l). Using'(16) these figures yield estimated gold acceptor cdncen-
trations of-3+5(40.15) 10" per ce.and ,l.-2'(-3-197'.1.)&;':10\;. per.cc respectively.
They had thickpesses of 0.24 cm. and 0.36 cm. respgctively. ‘The variation
in the acceptor concentrations indicated ébove is derived from the variation
in resistivity of + 0.2 qhm-cm.,from one -end of the specimens to the other.

The ‘evaluationsof the concentratien of gold acceptors in samples adjacent
to the heavily doped specimens.used-were carried‘out'usinngall.cqefficient
measurements'(Part II) yielding 2.6,x'1016 and~l.7:x'lol6 per c.c. of gold‘
acceptor atoms. ThéAfirsttspecimen:had-a thickness -of 0.45 cm. (and was
nearly the largest thicknessrto be readily:accommodated in thenavailable
cryosfat). It was‘lgter cut .into two of thicknesses=Otlh-cm.~and 0.26 cm.

The one of latterlconcentration was.0.22 cm. - thick.
-The‘follqwinguclarification may'be~in order. :At first the~infrafred
studies were carried out.onvspecimens containing over'ld;6 gold acceptor atoms

per c.c., revealing certaln extraneous.absorption (described .subsequently).
-In order to understand the mature of this-excess-absorption it became necessary

' 1
.To perform aebsorption studies on lightly-doped (containing-about 10 >

gold
‘acceptors per c.c. ) speci@ens-which<were'notaanticipgtedw ‘The "1lightly-doped
monocrystalsvwere'thus grown~later»and instead of deﬁermining the gold
acceptor“condentrationsvin the -adjacent éamples by Hdall-effect, four-probe

-resistivityvmeasurémentsvwere performed directly en the -specimens used for

the infra-red studies.
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The menocrystals were feound to-have.a dislecation density of
about 2 x'lO% to b x 104 per cm.2

The specimeng used in the present:investigation‘were thick enough that
interference fringes could net be observed With'the.resqlution available.

The .absorption of radiation can be-described in terms of -an absorptioen
ceoefficient d' such :that ~the.amplitude of the 1light wave of frequency" )
decreases "in the-ratiO’lziexpf(-°9 * '),in'traversipg3a~layer of thickness d.

_ The monochrommatic .absorption coefficient d/ ‘was obtained from the expression
for the'enefgy trensmitted by a piate with parallel faces.at normal incidence{
taking into account multiple reflections, givep by:

¢ = (-7)" b (- 4)
T en® e (-2d,d)

where N 'is the reflectlvity = of.the surface. The transmission of the pure

(18)

material beyond the intrinsic.absogrption edge is then given by

= n ' ;
A 1
t° s (19)

Hence the transmission ratio of doped te pure germanium becomes

t _ (-2 enp (-4d)

—

t T -t e (- 2o d) (20)

This is the ratio that was obtained by .arithmetical reduction from the basic
data measured in a typical experiment. -Some experiments were -also performed
determining the transmission for.a doped specimen relative to air using'(lB)

which reduces to

2
L20-0wpeyd) | o d s (21)
.However, there are several -advantages to the first method. The exact value
for the reflectivity is considerably”less'important for calculating the
.absorption coefficient in (20) rather than when (18) is used. ‘In addition,

scattered high energy phlotons.can be -expected to be more nearly the same and
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thus cancel in the ratio, when the deped specimen is compared to an intrinsic
‘one, réther thaniwith no specimen in the light path. Determination of surface
reflectivity'h,;was made for pure.and gold-doped germanium by observing the
maximum transmission in the transparent region of the 'spectra. Under these
conditions emf L—d,d)ﬁll .and N .was calculated usipg”(l9), giving
0.36/i Q.@Z for temperatures .above 6OOK5 Within experimental error the
reflectivity remained .constant over the region of incident photon energies
under study (0.08 ev to 0.6 ev) and the témperatures investigated except
at 4.2%K.

‘In. the preceding outline for.the calculation of the abserption coefficient,
it was. -assumed that a parallel beam of light is at noermal incidence on a
parallel-sided specimen. -Actually,.the light beamrwas not-parallél. -However,
éince the m@ximum angle of incidence in the converging beam was only @O, no
correction for convergence was qeeded to be~ap§lied-(Born and Wolf, 1959).

?he valueS'obtainedffor the spectral slit width with the -slit widths
-employed were 3 x'lO'h, 1:x 1073 and 5 x 10-3 ev-at :0.14, 0.21 and 0.35
 electronvvolts respectively. The intensityflimited resolving povers j&

-with .the ;}itﬂwidths;employed were about 30,;100,.300 and 200 at 3,v4,.7;and

-
»

12 microns respectively.s

‘Transmission measurements ‘on some heavily doped specimens were also
taken between ph'oton energies of 0.032 ev .and 0.0Lk ev with .a Perkin-
Flmer spectrometer modified to house .a Bausch and Lomb grating with .30 grooves
per millimeter blazed at 30 microns ‘in the first order. The'intensity of
highef-energy ppotons~was‘reduced by -sooting the mirror.in thé entrance
optics and by using two reflections from calcium fluoride plates. This
reduced the higher energy phptons.tO“less'than-3% of the total (Colbow,

Bichard and Giles, 1962).
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5.2
Results -and Discussion of Errorsg

Transmission measurements were made on several specimens differing in
thickness and gold concentration. It was most convenient to plot the
measured transmission ratio, %: ,,ldrawfa smooth. curve through the experimental

: ' .
points and select -smoothed values of T; .from which teo calculate AI(UNT»'
Using the above procedure graphs of absorption coefficient qu (ck?)
against:energy'(ev)Aof incident pltotons were obtaiﬁed.

Résults'from measurements -on specimens, containing 3.5 x'lOlslper c.c.
and 1.2 x 10%2 per c.c. of gold-acceptor atoms, .at 77°K,:l95?K\and 298%K are
.shown in'Figures'lo, 11 :.and 12 respectively.

vFigﬁres‘l3'and~1hrshow the absorption in heavily doped specimens
containing over'lOl6 per c.c. of gold atoms at 4.2°K, . 77:°K, 195°K and 298°K.

‘Inlall.éases“lattice-absorption'(Briggs,-1952;:and‘Simeral 1953) has
been subtracted.

.One source of -error is fhe presence of some backgreund vibrational
lines -due to atmosphericiwater~vapor. ‘Incomplete cancellation of the rather
strong water vapor vibratienal absorption band may:pg responsible for sorme
uncertainty in the 'infra-red tpansmiésion. o

The smoothed'éurve from which d;4 were calculated was an average
obtained by taking a very large number of measurements. Thus the bands
4in th¢ graphs of J¢(amf') against photon energy (ev) involve judgment
és-well. For the 1lightly doped specimens,,the*accompanyinglfluctuationSJin
a particular value of %t give corresponding fluctuatiens for the Qalculgted
og} of 0.03 cm. "L about the plotted average. This "seems to depend upon the
-accuracy with which each reading of basic -data (t and t.i) can be made in

the midst of -amplifier noise. For the rather large .absorption in the heavily

doped materials (in which case (21) is used), the fluctuation is 0.3 em:t
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Fig 12. Absorption coefficient vs photon energy for
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€1 Chapter 6. Interpretation of Data

General
The.absorption spectra-at'77QK,of the specimens containing.about

-3.54x'1015‘and’1.2 x'1015 gold acceptor atoms per c.c. . is shown in Figure 10.
In Figure 15 the absorption coefficient A hes been divided by the gold
concentration te obtain a croés;section and a comparison of results of this
investigation (marked by *) and those of previous investigations (Jphnson and Ievin
stein . 1960; Fan,:1956)is shown. The magnitude of the .absorption cross-section
is in closer agreement with the data of "Johnson and Levinstein. -Each
absorption curve shows a distinct’ rise near 0.16 ev, the -energy corresponding
to the first ionization of the gold acceptor center«and continues to rise
throughout the observed region."3Johnsop_and»Levinstein-proposed that the
absorption continuumvto'higher'energies4at sufficientlyiléw‘temperatures
arises from the~vertical.hole'transitidns from Orlé,eV~acceptorsrto~valen¢e
band states which are far removed from the center of the Brillonin .zone
-at k=0, A hole bound teo.a deep acceptor implies .a greater -spread in k-épace
than a hole bound to.a shallow groupuIiI acceptor. -Localizing.a hole on.a
0.16 ev gold acceptor .to.a radius appfopriate to an,absorption cross-éection
of 2 x 10'16 cmg,.requireé momentum components 4k -in the bound hole wave

function as-follows: dk= (from Heisenkerg's uncertainty principle)

an
|
~ (Utao';‘)i )
~ 107 um.
in k-space, that is, all the way to the zone boundary. -The -absorptien to
'higher-energies.at;sufficientlyjlow*temperaturgs-would represent then the
shape of a valence band energy -surface (probably the heavy mass band) between

points well removed from k=0 and.the zone boundary. 'The transitions .are shown

schematically in Figure 1h(a). . In contrast,.in shallow acceptors bound holes
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possess, according to Johnson and Levinstein, wave vector components

1. 'Fan.(1956) .on the other.hand suggested that the

extending only to 107 em”
rise in absorption to higher energies is caused by the excitation of eleqtrons
'from the V3‘band to the acceptor ‘level.

‘Figure 12 shows~absorption as.a function of plroton energy-at 298QK. "In
‘Figure 17 thelabsorption.coefficient ¢A has been divided by the free hole
concentration obtained from room temperature resistivity measurements to
obtain a cross-section and:a comparison of results of this investigation
(marked by *) with those of previous investigations (Johnson, Levinstein ;

Fan, 1956) is shown.  Here again the magnitude of the absorption =
cross-section is in closer agreement with the data of Johnson .and Levinsteinf
A comparison'of the absorption spectra 4t room temperature of gold-doped
germanium -and k ~-type germanium -doped With group III.acceptors (Briggs and
Fletcher, 1953) is .also shown in Figure -17.

'-At:2980K, the. absorption of infra-red radiation in gold-doped germanium
shows spectral structure. -Figure 12 shows the absorption curve bf the
specimen containing.about 3.5 X'lOlB gold acceptor atoms per clic. Ata2980K,
2.5 x lO15 holes per c.c. of these .are free .and give rise to absorption
assoclated with valence band intxa—band transitions. ‘Only one wegk band is
Observable“at~0.26Aev fqllowed by¢avsmoothlyjrising~absorption beginning
around 0.23 ev. On the high:energy;side gold-doped germanium -exhibits  a
rise in absorption beginning.at 0.3 ev-and an additional riée in absorption
at.O.h?_ev which extends on.to the main absorption edgefat10.65 ev. -The
specimen containing about 1.2 x“lO15 gold-acceptor ‘atoms per c.c. (1.05 x'lQ15
holes per c.c. in the wvalence band at:298°K),exhibits-a dip in ab;orption
beginning-at 0.36 ev and then continues to rise at<O.5vev-extending’on to

the main.absorptiohvedge~at 0.65 ev.
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L.

’The:absorptioﬁ.bélow-O.ZM,ev‘is‘attributéd.to:the=intraband tranéitions
‘between V5 -and Vy (Figure 16(b)) and,we—observel(Figurg'17) that the‘magnitude
of the cross—se9tion oanbsorption is . in close .agreement Mith‘that'obtainedk
by Briggs.and-Fletcher. .An absorption:peak‘is~observ¢d at.reoﬁ tempergﬁure
for a photon energy_of;about-0.26i§y..'ThiS'is-expléined on the basis of |
transitions of holes between V2~and_V3"(Figure 16(b)). Optical transitions between
‘these'bangs,are,forﬁidden4atjk50ﬁ rAway'from'k:O,fthis s€lec¢tion rule breaks down
.and electric ‘dipole transitionS'gan,occﬁr. (Kehn, 1955).
‘Several overlapping bands ‘due to~the’following'mechanismsAare proposed
for the~absbrption-above 0.3 evs
.(i)‘.Iﬁir&-bénd hole transitions between V, and Vs
(ii) Hole transitions‘from'Q¢l6-eV’accepporS'to valence band_statgs-which
<are*far‘removed.from the center of theiBrillouip-zqne=at k=0
'(J;hnson_and Ievinstein) or due to«the*éxcitation;0f~electrons
"~ from the Vs_bénq to the»acteptorf;evélsu(Fan-1956).
(ii1) ,Photo~ionization-transition td'Vl‘from the-gold;accepté;‘statg'
0.2 ev from the:conductien,bandf(Fan,-1956). ‘Since this state
~appear5’whehuan-electron-occgpies:ohe=of the -other levels the
‘dénsity.Of the :0.2 -ev state is 2.5 x-~lO15 per c.c..at room temperature.
‘The dip in-the,absorptioq<curve:of the.speqimeﬁ-containing'1.05 xldl5
holeg}per cic. in the.valenceibandgat1298bK'beginning-at'0.36:ev may be
.attributéd tovthe éame abéprption band-duevto-iﬁtra-baqd»hqle'transitions
'betyeen'v3;and Vl' In Figure 17 we note that,;when-reduced tO'unitrhele
copcentfation, all'therdifferent3absorption?bands:observed—are'naerWer'for
the specimen with :the lower holerconcentratibn, 'Newﬁgn_gnd.Tyler.(l957)
reported studieS'of‘the:effectS'of free hole-copcentration~and total‘impurity
,cdncentration on.the'intra-band‘hole-absorption. NWith-increasing‘conceﬁtration

the structure in the spectrum becomes”lessipronounced. ‘Figure 12 shows the



same effgct for gold—dqpednggrmanium toward the high-energy,side'of-Vljto~V3
transition. -Newman and Tyler‘have>shown,the-importénce of two effects in the
interpretation of impuritygeffectS‘qn the ‘intra-band hole -absorption in
germaniumg chgnges*in'Fermiilevél position within the valence band, and
non-vertical transitions ‘induced by charged impurity centers. Our
observations .are consistent with the -second mechanismf ‘Kane suggested the

idesa that scattefing,of-a carrier by-a charged center produces -a mixing of

the k StateS‘WhiCh describe the motion of the carrier. ThiS‘resultS‘in a
relaxation of the selection rule» A-k=0. The-éffect on the spectrum ié to

tend to wash out the'structure‘(Newmanlandeyler). Our studies also -indicate
(Figure 12) that this effect of sharpening of absorption bands -with the lowering
of impurity concentration is more pronounced in gold-doped‘germaniumu(dbserved |
only~at>robm tempergture) than in equ{valent‘lightly doped gallium-dopgd_
germanium(shown by,the-dashedAlings'f§r'77QK}where.this-effect is~sgpposed to
be most pronouncedl(Newman_and Tyler». 1Newmanvand Tyler's‘repoyt indicates
that thiSAeffect appearS'only»when the impufity,concentration_is higher than

5 x 1012 ‘atoms per c.c. in gallium-doped germanium.

The intra;bandxhole;absorptionAhas‘been caléulated'by‘Kane’(1956). ‘He
gave the general second order perturbation equation for the-ene;gy;bands
'includingfspin—orbit coupling.as a sixth order determinaﬁtmand he derived
the sixth order secular equation as ‘the leading term of a perturbation expansion
of two perturbationé‘of'different'orders. -He’calculated‘the matrix element;
for ‘direct optical transitions‘between the valence pands.from the cyclotren
:fesonance constants and computed the intra—baﬂd hole abserption from the
band structure calculations for four directions. :The weighted average for
'3OOOK is included in Figure 17 for comparison.

At room temperature, further rise in_absofption takes place for energies
above 0.5 ev. Electron transitions from the 0.16 ev level to the conduction

band are also possible .at this temperature (Johnson and Levinstein).
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At 195°K;the,absorption observed as -a function of photon energy is
shown in Figure 11. 'The broad absorption band below 0.2 ev is attributed to
intra-band transitions between V, and V; (Figure 16(b)). -The absorption rises

5

more sharply for the specimen containing 1.2 xfldl gold acceptor atoms per
c.c. -than for the-specimenvcontainingﬂ3.5 x‘ldl5Agold acceptor;atoms per
c.co in-which case the absorption coefficient attains nearly constant values
for photon energies under 0.14 ev.

The-absorptiqﬁ begins a sharp rise forrenérgies.above=Q.23bev. As 'in
the case-at-298OK,vthe presence of overlapping bands: is ﬁroposed for this
absorption. Again the steeper rise of the absor?tion.band due to :intra-band
hole transitions between Vo and V; for the specimen containing fewer gold
-acceptor density  may be understood. from Kane's mechanism, namely, indirect
transitions induced by fewer charged impﬁrity_centers‘(Newman_and Tyler).

‘The .absorption peak observed  at room temperature'fof a-pboton_energy
of 0.26 ev (explained on the basis of transitions of holes between'yé‘ and
fVé )_éisappears-at”lower'temperatures.‘ This is explained- according to Kane's
modellin the following manner. It has been stated that'optical'transitions
“between these‘bands;are~forbiddeh.at‘kuO apd,away from k=0, this selection
rule breaks down and electric dipole transitions can.opcur. ‘As'the
temperature ‘is lowered the V, band will beceme depopulated away from k=0 -and
the assbéiated absorption maximum di sappears. Tpps one would expect to find
:absorption bands with widths-stronglygdependent.on temperature.

At 195°K most of the hole5~arising,from_tﬁe gold atoms are trapped -at
gold acceptors and vertiqal hOle transitions from 0.16 ev-acceptors to
éalence band states ‘in the proximity of .the center of the Brillouin zone
at k=0 are also possible. The absorption due to this mechanism is obscured by

that -due-to :the intra-band hole transitions between Vo and V.
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“In Figure‘18.thevamount'ofsabsorptién due to intra-band transitiens
befween‘Vé;and'Vl_has'been subtragted-froﬁ the‘obsérved-absorption at different
temperatures,-using.the créss-section data-of Briggs -and Fletcher at those
temperatures -and multiplying'by'the valence band hole densities. At 77°K
all holes-arisiﬁglfrom the gold atoms are trapped-at gold acceptors thus

intra-band transitions. -will not be observed. -So the absorption at 770K

has been ‘included untampered in Figure 18 for comparison. ‘It .is to be
emphasized that the graphs are meant at best to give only a qualitative
indication of the'chénge'of the mechanism of absorption process at different
temperatureé. This 'is mainly because ‘the exact shaﬁe of the absorption

band due to<the-intra-bandvéransition is ‘dependent on ‘the hole concentration.
At 195%K and 779K, we obserQe’that higher amounts of absorption in excess of
~the'intra¥band.hole transitions . are present, indicating the pakeover'of
absorption by Johnson and Levinstein's mechanism (vertical hole transitions
from the O.l6,ev-acceptorsito valence bﬁnd states which .are far removed from
the center of the Brillouiﬁ zone -at k=0). Again in thermal -equilibrium at.

a suffic}entiy high teﬁperature'most'of the holes will be at the vadlence band
in the proximity of k=0. Ihe‘holes still bound to the acceptor states will
belorg to sites farther away from k=0 and one would expect the threshold of
absorption by Johnson.and Ievinstein's process to shift to correspondiﬁgly
‘higher -energies. This effect is just what is observed from the "lower
curves in Figure 18.

As a matter of.fact,‘if»we'applyjthe'considerations of McLean and Paige
(1962) ,  associated with the optical edge broadening in germanium, to the
-absorption associated-with the=exqitation of electrons from the V3 band to
the acceptor level ( Fan's (1956) mechanismj,the'lgtter is indistinguishable
from the mechansim suggested by Johnson. and Levinstein. This is because1of

the broadening due to the large probabilify_of holeslat’V3 being scattered
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to the large density of states around Vy (Figure 16)'accompanied by the
emission of almost exclusively .optical photons. The deeper the level lies
within a band, :the broader it is at all temperatures following from a

consideration of.availability ef final states.
6.2
JFnhanced infra-red transmission through germanium at*h.EOK.
nWhilefinvestigating the transmitted intermediate range infra-red
spectrum at’A.ZOK of germanium lightly doped with gold it was noticed that
the .amount of transmitted light throughout .the range 0.09. ev to 0.4 ev

increased by .about 16 per cent compared to that-at 77°K.

Similar magnitudes of transmission maxima were observed fecently by
Hadni,.Claudel,-Decompes,_?erbauxhand'Strimer:(l962) while examining &bsorption
in-arsenic-dopedvgermanium at‘h.2°K of photons having eﬁefgies'around 0.01 ev.

lAlso,:Macfarlane,'McLeén, Quarrington.and-Roberts'(1957) stated that the 'infra-
‘red transmission of“éll'théir pure germanium specimens-increased by_about;E%
on coblingvtO'h.EoK betweeg the»absorption,edge-and 0.53.ev. 'They attributed
this to be-a lowering ef the -surface reflectivity_rather'than_a significant
reduction in absorption and they thought this to be consistent with Briggs'
observation (1952) thatith;'refractive index of germanium increased on heating.

‘It was decided to make a detgiled study of this effect with pure
monocrystalline germanium of different thicknesses. The.resistivity,of the
germanium was -about 50 ohm cm. at room temperature. The final polish»was
with leYigaﬁed alu@ﬂm.(Linde B;abrasivg- onfparticlejdiaméter4vTOLl rf) on -
1 Selvyt! édiishingrcloth of medium nap. --The “specimens were ‘cut from the same
ingot of germanium monocrystal grown infthiSTLaborato}y‘by the Czochralski
technique.

The results.of this s£udyJare illustrated in. Figure '19. No significant
spectral depend%pce of the infra-red trénsmission was obsefved in the range

0.18 to 0.30 ev, .in the limit of our accuracy.
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‘We attempt to. explain this effect in the following discourse.

The reflectivity -for noermal ‘incidence 'is

(/‘")‘La— \f-_t
(pri)>ar’

n -

(22)

(where /A'is the refractive index and K the extinction coefficient), being

the ratio of the ‘intensities in the reflected and incident waves. With a good

polish the reflectivity can be made to be clese te the value given by . this

expression, .correspending to' the optiéal constants of the crystal. .Usually

the extinction ceefficient is 'small and can be neglected in (22). It follows

from (22) that in the event .of -any change in reflectivity,.there will be .a

corresponding change in the refractive index.

We. alse know that the transmission is given by -

‘. (-1 o (=%d)
- ) - ;\'yam/}, (r?-o(} 0()

when of = o, thetransmission is given by

2
t =
:or fof?— %f**tg =0 1s quadratic having roots
ﬁ" 1-\;‘%—“&:'

=t

(18)

(19)

(23)

(2%)

Unique measurements of. the refractive index of germanium above 77QK

has been reported by a number of authors. -Cardona,.Paul and Brooksl(l959)

determined /ﬁ by the method of minimum deviation.and frem interference 'in

a thin germanium plate cut from a monocrystal and polished. These
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-measuremghtSuwere carried out in a temperature~range‘between.77° énd‘hO@K'and
range of photon energies 0.26 ev‘tq Qm65 ev. In addition,,there:a?e the

recent measurements made by Tukes (1960), -in the photon energy range of 0.26 ev
" t0 0.68 ev -and the temperature range of 100° -to 5409K using the method of
minimum deviatien. .Abeve works -give richang;ng,fromz3,95 tolkbetween‘77QK and
‘room temperature. - Substituting this value in (23) and'(l9):we get t;ru 0.48

' andfm'v0f35;respectively. ’Thewabove value t;-is‘in;agreementvwith our
observations -over 60%K. -Thé-value'of n alse coincides with the result of
\Lark—Horovitz~and~Meissnef (1949).

. If the -increased transmission-at)LQOK represents a réduction.in‘absorption
then (18) gi&és‘0.6.cm;'l.for the sbsorption coefficient at higher temperatures
using'the~transmission values of the 0.22 cm. thick -specimen. This Valﬁe’of
absorption coefficient then gives ‘0.43 as the transmission of the thicker
specimen (0.33 cm.) instead of the ebserved 0.47. Thus we attribute the'inpreased
transmission atih.2OK1to~a“lowering of the surface reflectivity-rather than
:to,a significant reductien in ébsorp?ion.

~Having‘thus<eliminated-absorption in the bulk as a possible-reason for
-the change -ininfra-red transmissien, the~above~phenomenonawas'examinedgas a
function of the surface condition-in the follewing manner. -The spectral
transmission of one of the-speciﬁensv(of‘thickness'0.22 cm. ) was observed
after pplishing with #600 beron carbide only. The results .obtained. are
‘i1llustrated in ‘Figure-19. We notice that the percentage increase'in.infra—
‘red trénsmission”atﬁk.eoK_is'the same:in spite of different surface polish.

The pessibility,of'a non—reflectingvcoating being ‘formed on the surface
of the-specimenAat~h:2oK was -also :looked into. The specimen inside the low
temperature optical cell was always kept under high vacuum (better than
6

.5’x'lO' mn. of mercury),using,an oil diffusion pump with boiling nitrogen

trap. However, it was possible that during the precooling process prior to
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the transfer of 1liquid helium into the cryostat thg'double-O-ring-joinﬁ

at the neck of the cryestat leaked due to extreme chill. .'It was found that
thé rhenomenon persisted: even after eoverhauling the double-<0-ring joint. No
udifferenceﬁin-the~effect was neticed onushutting the‘taps‘to-the'pumps;after
the. transfer of ‘liquid helium.  Anether test was made by placing the 'specimen,
during the preceoling, behind the shield maintained-at ‘boiling nitrogen:
»température,_thus’making it -difficult to form deposits en the specimen.

This also left the'effect'unaffected.

*(19) gives for reflectivity

_ ""tu .
7L’ l*tc (25)

Substituting for 'hc‘(=0a55),in'(25) from our measurements.at 4.2%K gives Nn=zol9
and similar substitution in (2k) gives

JE {3.3 (26)
©.3

Only the top value neeéd be considered since germanium .1s denser. than gir
and -its refractive “index with. respect to>air.mqst be greater than-1.

lThe-slight:difference'in tran;mission between<the-two-specimens of v
different thicknesses polished by the ‘fine abrasive may be due to ﬁhe'iﬁability
to obtain an'identiéal surface finish.

The temperature dependence‘of the refractive -index-and the dielectric
constant of hemepelar semi-gonductors»with a diamend structure was derived by
An%oncik (1956) within theﬂframeﬁork of Kramers-Hei;;hbqutheory,_from.which

it follows that the .square power of the refractive index

N [ |
j‘:\—\" \/"L"JL (27)

\

Here -summation is. extended to all dispersion frequencies,)};')'beingltheﬁlight

_1)-

frequency -in wave numbers (cm. The corresponding values ﬂ,are on the

‘ L
one hand propertional to the density of the crystal f’ , .and on the other hand
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to the probability of transition between the corresponding energy levels.

,6 , can therefore be written in the form

=17 (28)

1}. is.a number characterlstlc of’ the atem and the transition but independent
of /9 » as long-as r ~1s not.so large that the collisiens -among the atoms
become important (Korff and Breit, .1932). By differentiating relation (27)

we ebtain

2/*.&&-:2 M ._'L__’—J\JE(@)

OKT. v J(m- \?
From (28)
Ay o 2 Af (30)
= far % AT
But

% - __/vy (31)

where ‘l 1s the -cubical ceefficient of thermal expansion.. Following
Ramachandran's (1947) work .on diamond, . Antencik assumed that the term in (30)
containing the temperature dependence of the probability ef transitibnscan
be neglected.

"The use of the Kramers-Heisenberg relation (27) for non-polar materials

‘haVing the same crystal structure, due to the complicated energy spectrum

of the valence electrons, . implies a considerable simplification of the-problem.

.Antoncik ceonsidered that the dispersion fregquencies correspond in the- band
scheme essentially to the direct transitions of the electrons between the
valence .and conduction bands and théf the temperature dependence of these
frequencies'is'éonditioned by the temperature dependence of the energy levels

in both bands, so that (27) corresponds very well for -i=1-and

M, M _ L dE

.._-l - ———Lg - 2
AT T AT L\c AT (32)
‘1s expressed 1n ergs.

energy gap Eg

s



50.

Altheugh. the values éﬁéb -are determined:byvthe region of the .absorption
curve cerrespending te :indirect transitiens -and ‘Aﬁ in the region of
direct transitiens, the assumption of the -equality (32) turned out te be
qualitatively satisfactory upen comparisen with the measurements of
Macfarlane, .McLean, Quarrington -and Roberts (1958) shewing that the variation

of direct gap Eo-and;the-indirect‘gap"E with the temperature are

¢

substantially similar -in shape. 'Thus‘(29) becomes

| A L—-‘ - x- 24 )\Jr; o
o po ;ﬁ-_(ﬁ D, A ]\-;-:j‘-_ T (33)

.Since y <L F“%"\ %.AJ)._.‘_% for | < \°°°K s
~ \

-

~according to this theory 3&? in this temperature range is practically
determined by the second term on the right hand side in (33).

For the dependence /M-:‘f(T),-the agreement>between theory .and experiments
'mentiohed_earlier-is on -the -whole satisfactory 'in the temperature range :above
'779K. .HoWever,-neither‘the‘refractive:indeX-nor itS“temperature dependenée
had so far been determined experimenﬁally;atih.2°K. Only in the=work mentioned
‘in the beginninggwith photon\energies1under‘O.Ol2~ev, Hadni, .Claude€l,

Decompes, Gerbaux and Strimer ebserved that for pure germanium the transmission
remained very high .and the refractive index -as a function of photen energy
remained constant with 'lower energies of incident photons.

In_the»above'theory,the-influehge'of the first term in (33) involving
the fhérmal:expansion coefficient 1s negligible. -Novikéva‘(l960) determined
the ‘thermal expansion coefficient of germanium down to32°K -and.found that at
'hSOKvthe thermal expansion-coefficient of germaniumhbecomesvzero.and on
further lowering of temperature 1t becomes negative. However, \Y\zis of the

N _ Al
order of 1077 (and~lower)_per degree centigrade whereas —vzﬁ?jt J:%EP
' \

1s of .the order“lo’n below 4O°K. Thus Y has ‘1ittle -influence on-the sum

of the right-hand side of (33) despite the change of sign.
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) is taken to be 1.5.x 105 e (0.2 ev). Values of Jl~and AJe9
are derived from the measurements of Macfarlane, McLean, .Quarrington and
Roberts’(l957) mentioned previously. The coefficient of thermal expansion

of germanium below 32°K was-estimated in the following manner. Daniels (1962)

calculated the Gruneisen factor

4 n 0,

VP o TT o)

where QD “is‘the’Debye'temperature~and V the velume per mole, to .obtain

a fit with.the~exﬁerimental data of Novikeva. as

LY |

where 7( 'ls the compressibility--and Cu,the';pecifiC'heat at constant
volumef Danie€ls further obtained the limiting value of -%h as Tuapproaches
ZETO. Vaiues of‘sy were restored from the above results using (35). Other
data used are the folloWing: Cb;from.the values of -QD of Flubvacher,
:Ieadbetter and Morrison (1959),'X.from the wvalues of‘Fine‘(1955) and McSkinner
(1953), and a value for v of 13.6 c.c. per mole.

The results of the abeve calculations show the same -qualitative
behaviour of jé£; as g}&en-in the calculations of Lukes (1960), (Figure 20),
vthat'is, most of the change of refractive index with temperature takes place
-above SOOK,:and the decrease of refractive index is negligible under this
‘temperature. -Thus:we'see that our requirement of about sixteen per cent
.decrease of thé refractive index between 60O and hoKfis unacceuntable from
‘the Viewpoint.ofuthe4ab9vewtheofy: |

Attempts were made to determine experimentsdlly the refraction index

of germanium<at'h.é°K uéing’interfprence technique. -But no fringes were
obtained with a germanium plate of about’SmilSw thick, cut from a monecrystal

and polished, probably because the beam of light shining on the crystal was
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‘notﬁparallel: However, interference fringes were obtained Vithiabout’Y/w
thick germanium evaporated @n'mylar. But -the separation of the fringes
did not change_between'77Ofand'h.29K~as required. .Anyheﬁ, that measurement
:;should not be considered in‘thisrcontextlas materidls. in the form of
.evaporated layers proved tp have very strong minds of their own and to
- display propertigs»quite»differenf'from those of the bulk materiall(Heavens,
1955).

The-basic difficulty in thg eyaluation of the experimental results in
the 1light of the dependence of the refractive index of germanium on
temperature:is‘the fact}that angeXplicit quantum-mechanical relationship
Tor the refractive -index dees not exist at present Vhich‘is‘in harmony with
the band theory of semi-conductors. .Also it has been assumed in the -above

discourse that the ‘term in (30) centaining the temperature dependence of the

probability of .twéngitions A% 1s ‘insignificant. "This may bhe
AT '

®
true as long-as ?ﬁ~is-independent of /o . The validity of the above -assumption
may be doubtful at temperatures sufficiently low such that f’.reaches
a maximum and-anomalous thermal;expansioﬁ‘takeS'place (Korffaand Breit).

6.3

Extrinsicnabsorption.atflow temperature .and excited states.

Measurements of the>infra-red-absorption-spectrpﬁ.were made -at 900 £0°,
,h¢2%Cinraddition.to 77OK for the specimen doped with,approximatély;3m5,x‘1015
gold acceptor -atoms. per c.c. . from 0.6 -ev down to 0.09 ev. nﬁetérmination of
surface reflectivity R at 4.2°K of pure and gold-deped germanium was made by
observing the tfansmissi@nvin the transparent regien of thevspectrau Under
these conditions wmf(-dd)ﬂf , and & was calculated using (19), giving
0.29-+ 0.02. Within,experimentalverror-the reflectivity remained constant
-at "4.29K over £he'region.of3incident photen energies under study (0.09 ev .to

vOuE ev). -The value 0.29 was used for the measurements at 4.2%K.
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Within experimental error,. the extrinsic absorption at the above
temperatures-were identical. -No excitation lines were seen for the [\:
state in the germanium crystal.
The broadening of. absorption lines has been treated theoretically
‘(Lax and Burs£ein,Al955).on the basis of the scattering of the bound hole
by the acoustical vibration of . the lattice. ‘The'basic~physical-assumption
made ‘in that paper 1s that the-broadening of. the dimpurity levels is.preoduced
by the lattice vibrations through the electron-lattice interaction. Using
the Born-Oppenheimer viewpoint, they say that the energy of a trapped hole

is a function of .the nuclear co-ordinates. The energy difference between a
ground .and excited impurity state depend on the nuclear configuration.

‘The frequency of the .absorbed radiation will then vary.as the nuclei .oscillate,
_thus leading to a broadening of the absorption. Thus at absolute. zero there
will be a zero-point width associated with the zero-point.oscillations of

the lattice. The theory indicates that the modes of importance have wave-
lengths of the order of the Bohr radius of the trapped carrier state.
-According to this treatment, which used the hydrogen approximation for “the
impurity, the width is determined mainly by the broadening of the ground state
and the r.m.s width of the line. at OOK_iS"expected to be of the order of
the reciprocgl of .the Bohr radius squared. The orbit of the hole in the
ground state may be sufficiently small for gold in germanium as indicated

on page 39 that a major fraction of.the carrier wave function will:lie

‘within one ‘lattice spacing of. the impurity. atom. As the broadening of the
giound,state-increases'with decreasing orbit dimension, the failure to

observe the excitation of A; might be caused by large broadening even .at

Iy, 20K,
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6.4

-Infra-red absorption in germanium heavily doped with gold.
Figures 13 and-14 show the absorption ih heavily doped specimens

O16

containing over 1 per c.c. of gold-acceptor atoms.at 4.2%,77°,195%na 298°K.

‘In Figure'ls,thé»absorption coefficient o for the specimen containing

16 and 1.7 x 1016 gold acceptors.per c.c. has been divided by the

.2.6 x10
acceptor concentrations to obtain a cross-section. Near the band gap of
germanium the cross-section ofrab30rption at 779K is nearly the same as in
.the case of lightly -doped specimens‘(concentration of -the order of’lO15 gbld.:
acceptor atoms per c.c:). But while in-the>case of lightly doped specimens
the cross-section of absorption drops sharply as energy of the incident bhoton
decreases towards the energy corresponding to the first :ionization of the

gold . acceptor center, the cross-section of absorption for the heavily doped
specimen remains very high. At 0.16 ev, -the energy corresponding to the

first ionization of the -gold-acceptor center, the-cross-sectionsof»absorption
for the heavily doped specimensiare T x 10-15 and 1.7 x‘10-16 cmz., whereas
for the 1lightly doped specimensthe :cross-section shrink. to negligible values.
Measurements of .optical absorption . in the same range were made for the
heavily doped speéimens‘at-h.2°K;and_the-observed absorption was no different
:from that observed at 779K.

Checks made between photon energies of 0.032 ev .and 0.04k ev.incident
on heavily doped specimens showed that the absorption remained substantially
the same at the corresponding temperatures as for the higher incident photon
energies.

The curves in Figure 21 show theVexces5~absorp£ion in the heavily doped
specimens plotted-as.a function of the ‘incident photon energy. The ﬁagnitude
of the excess absorption at 779K was obtained, for example, by'multiplying

16

by.2.6 x 10 the absorption * | cross-section for the lightly doped

specimen (containing 3.5 x 1015 gold acceptor atoms per c.c.).and subtracting
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this figure -from the observed absorption ceefficient at 770K for the specimen

.containingi2j6,xflol6 gold acceptor -atoms.per c.c. at the same incident photon
energy. This may be expressed as .
/
- - ° e oIS
bt d e '2‘6,‘I X AK(Q»#K'D)
enisss ok 77K (2:bx10 )

‘Wwhere is the absorption cross-section for the ‘lightly

g 15
A“('B,S)ﬂo )
deped specimen containing 3.5 x'lO15 gold acceptor -atoms per c.c.

At a higher temperature‘T (when~intra-band absorption is present) the
ﬁotal expected -absorption may be regarded-as a sum of the intra-band hole

N

-abserption and absorption by holes &t gold -acceptor centers,

dz %otobea %An (36)

- To obtdin (;(ML we-first peel off the intra-band -absorption from the
absorptien coefficients for the lightly doped specimen (containing, say,
3.5_X'1015 gold;aceeptors per c.c.) using the method described in page L4
that -is,

/
oA ond” Plrom™ o - (say)

.
;

F ‘being the hole'density,and Qhﬁ,) being the cross-section of absorption

due.to intra~band transitions at-a temperature T as givenbyBriggs and Fletcher.

For .room temperature data this procedure is carried out in the region above

0.4 ev and the resulting curve is extrapolated to zero absorption at 0.16 ev.

‘We -then obtain an absorption.cross;section (@) for this by dividing o(b

. by the density of un-ionized gold acceptor atoms'(/VA?(un-ionizedDIHesent

in the lightly doped specimen at that temperature,

o

= [»)

NA‘M ( M—\'O”\AZEA)
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‘We then multiply the @ thus obtgined with density of un-ionized acceptor
centers present -at the particular temperature in heavily -doped specimens
to obtain dﬂu expected for those specimens.
[} intraggéna is estimated by multiplying the Briggs and Fletcher
H

cross-section-at that temperature with the density of holes ( f ') present

-in the velence band of the heavily deped specimen,

"

A bonr bard f o

Thus ‘the -total -expected absorption for the:heavily doped specimens described
in the -sum of (36) is obtained. The figure thus obtdined-at the different
phoﬁon.eneréies‘is.subtracted'from the observed. absorption at corresponding
eneréies in:the heavily doped specimens te get the excess absorption at.a
temperature T. We recognizé‘that'the procedure outlined for the determination
of excess absorption at the higher temperatures (195° and 298°K) is very
crud€ .and much credenpe“should.not be placed on the absolute values of the
excessﬂabsorption, ‘The -idea is.te obtain merely‘a qualitative picture

of the temperature dependence, . if any, of the excess-absorption. -However,
‘no.appreciable difference was found in the excess -absorption for a
particular“incident.photon energy -at different temperatures.

. Similar.calculatiqns for the excess absorption in the specimen containing
ﬁl.7'xflOl6 gold acceptor atoms per c.c.were performed_andharé.also plotted in
Figure -21 as a function of incident photon energy.

‘In the previous paragraphs we have refeffédto the -low transmission
in concentrated alloys at low energies of the incident photon as excess
absérption. ;In.the~following»we~describe how other possibile reasons for

this. low transmission- were ruled out.

‘Kaiser -and Fan (195h),also obtained very:low transmission of infra-red

radiation through gold-doped germanium and they attributed this to the
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.precipitated gold which was. stated te ﬁe clearly visible on the surface of
their specimen. Careful metallographic examinations described below showed
the existence of inclusions near the periphery of our. crystals. Nevertheless,
.the particular specimens used by us both for electrical -and optical
measurements appeared to be sipgle crystal and single phase. The specimens
used-in the present work were examined under the microscope.after being
etched in 3% boiling hydrogen peroxide;but ne precipated gold was
observedAin the path of the infra-red beam. Also, the surface reflectivity
N was determined by measuring the -transmission of .a number of speciméns‘
~of different thicknesses. The .observed departure of N from 0.35 was
hardly sufficient to account for the enormous decrease in transmission
observed invthe'heavily-doped,alloys.

The possibility of the excess absorption being due to the broad band:
of Vy to‘ngintra-band hole transition prompted by the accidental presence
of shallow .acceptors is ruled out becausée the said band is characterized
by a sharp rise 'in absorption under“0:16.ev-whereas the excess. absorption
in the heavily geld-doped specimens continues unchanged in magnitude under
‘O.l6vev..,Also‘the'possibility,of this -excess absorption being due to free
electrons prompted by the.accidental presence of excessive shallow donors
is ruled out because for free electrons the: absorption varies directly with

:%; where Q is the frequency of radiation, for incident photons under 0.2 ev
-(Fan  and Becker (1951). No such dependence is observed in this case(Fig 22). These
evidences.are in sgreement with the electrical measurementS‘(Part-II).

We mentioned that Kaiser and Fan (1954) also obtained very low
transmission of infra-red radiation through gold-doped germanium and
.attributed this to the precipitated gold in the specimen. In case that the
gold-rich phase is existing simultaneously-with germanium in the bulk. of the

specimen we should:expect that the excess absorption to follow a dependence
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}with incident photon energyvsimilar to that of gold. Studies of absorption
in gold by infra-red between 0.16 ev- and 0.60 ev made by Hodgson (1955) show
that the absorption ceefficient of gold remains unchanged with the change
of photon energy /in this range. :In our case the excess absorption changes
by ..a faétbr@ of two within this:range. Thus absorption due to the possible
presence of gold crystals.in the specimen may be ruled out.

-It has also been suggested.that dislocations mgy be caused by -excessive
impurity,concentration~where the solute.-atoms are misfits (Ellis,.1957).

. Furthermore, .the creation of dislocations in a crystal involves the motion
-and mutual interaction of dislocations producing many vacancies, incipient
vacancies and vacancy .clusters. .All such lattice debris should distort

the fundamentalkabsorption in its vicinity, and should produce an extension,
.a ‘long wave-length tail, to the.absorption by the crystal'(Dexter,:l95M).
‘But the obsefvations of ‘dislocation densities in light and heavily doped
specimens did not-show any. appreciable difference (2 x lOu to 4 x lOu pér’
sq.cm. ).

The excess absorption being an absorption band arising from localized
centres in the forbidden gap bearing -trapped electrons or holes was dlso
considered. But the absence of any significant temperature deﬁendence
‘in the observed effect makes the -above process unlikely.

Baker and Compton reported measurements of infra-red transmission
observed in samples. of gold-doped vapor-grown germanium. .Although their
measurements were -inconclusive, they toe showed -a generally high absorption
.coefficient. Baker .and Compton measured the -solid solpbility,of gold in
germanium grown at gbout 530°C below the melting point using both radio-
_active tracer techniques and Hall coefficient measurements. -The results
indicated that not .all gold atomsuincorpofated were electrically active.

Only about ene atom in forty appeared to be-in substitutional positions
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and even the fligure of 7 x lO15 atoms .per c.c. reported (obtained from

Hall coefficient measurements) to be the solubility.in vapor-grown germanium
vat'hOSQC,is far higher .than to be -expected (~ ldl“ atems.per c.c.) .in melt-
grown germanium at that temperature. -Baker. and Compton sﬁggested “that
‘electrically -inactive gold may be incorporated“in non-substitional positions
~in the lattice. .Similar cases of electrically ‘inactive arsenic 'in the
germanium lattice-has also been reported (Minden, 1960).

Our result of the lack of temperature dependence provides an important
clue for the understgnding of the excess absorption. . The temperature
independentVabsorption iﬁdicates that we ‘are dealing here with a moleéﬁlar
‘stretching vibration similar -to the stretching vibrations of the germanium-
-oxygen bond (Kaiser, :Keck and Lange; -1956). The-intermetallic compound
tends to ferm at the expense of'the‘pfimaryysolid sqlution when the difference
in electronegativity is large. In view of the fact that: -a difference in
the €lectronegativity adds stability. te both the_primary;solid solution. and
the intermetallic compound, .it is difficult to.assign a general value to
the diffefence in electronegativity above which extensive primary solid
solutiqn is hinderedibyjthe-tendency toward-compound formation. .Darken
-and Gurry((l953).stated, however, that the difference is usually ‘in the
vicinity of one-half unit on the electronegativity scale. Electronegativity
values assigned bylPauling.(l96Q) for germanium and gold are 1.8 and 2.4
respectively, thus éiving an electronegativity difference of 0.6.

It is difficult to state the form of aggregation of the excess gold
atoms with germanium. Gold has been described as going into germanium
_substitutionally,with the é4 electron sharing . a covalent bond with one
electron of the tetravalent germanium atom and thué forming triple acceptor
states. .Although it ‘has been suggested in the past‘(Trumbore, 1960) that

.gold may be present interstitially in germanium, .on the basis of -a
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.theoretical treatment of solubility of interstitial impurities, Weiser

(1960) considered it improbable that gold can exist as an interstitial atom
to an. appreciable -extent. If there 'is more gold present than is €lectrically
cactive it may be in-the-form of gold - -atoms linked to germanium with a
double-bondvinﬁthe following way: one-'d' electron is promoted to 64
vrequifing»about 1.5:ev; this:may be further promoted to a 6’7 state with a
further 4.8 ev.and then the gold atom is able to form a hybrid ,5F3

double bond with germaniums:

A\A.—-'—“ e
‘The total promotion of energy, 6.3 ev (Circular 467, U.S. Nat. Bur.
Btds. (1958)) from the normal.donfiguration.of.gold '

( ’{w és' J),is”less‘than' 4$4f3 promotion energy in germenium (~ 82V ,
following’Pauling). On the other ‘hand, the;absence of :any discrete spectrum
in.the~excess~aﬁsorption makes ‘such a ‘definite configuration of the excess
gold in germanium rather unlikely -and is suggestive of perhaps a lack of
‘any short-range order. "It is also possible that four gold atoms are linked
tetrahedrally with germahium-with_a valency of one.
'Figure~2l-also~sﬁbWS'the’excess absorption for the specimen containing

16 gold acceptor.atoms per c.c. and we see that the shape of the

51.7.x 16
.excess absorption remains substantially the same while‘the magnitude of
~absorption -is.higher. ThiS‘samR;e was grown at about 50°C below the melting
.point of germanium while the specimen gontaining higher acceptor concentration
(2.6~x‘1016 per. c.c.) was groﬁn at -about 5300 below tﬁe melting point. - Thus
the -excess absorption is higher with~lower-temperaturé’of growth although it
has lower gold acceptor concentration. This demonstrates support to Baker
-and Compton's suggestion. that since the incorpgration of impurity is a rate
»prodéss, higher than equilibrium amounts of . impurity may;bé'built-in during
growth and remain frozen-in, since ‘the growth temperature is too low for

rapid atom movements to occur. These impurity atoms may form molecular
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binding with nearest neighbors as discussed in the previous paragraph.
-Specimens.large enough for conducting optical measurements were not
.available from mono-crystals grown under 50°C below the melting point of pure

germanium.
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