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Abstract

Isotopically enriched 70Ge and 74Ge single crystals were successfully grown by a
newly developed vertical Bridgman method. The system allows us to reliably grow high
purity Ge single crystals of approximately 1 ¢cm3 volume.

To our knowledge, we have grown the first 70Ge single crystal. The electrically
active chemical impurity concentration for both crystals was found to be ~2x10!2 ¢cm-3
which is two order of magnitude better that of 74Ge crystals previously grown by two
different groups. [1,2] Isotopic enrichment of the 70Ge and the 74Ge crystals is 96.3%
and 96.8%, respectively. The residual chemical impurities present in both crystals were
identified as phosphorus, copper, aluminum, and indium. A wide variety of experiments

which take advantage of the isotopic purity of our crystals are discussed.
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1. Introduction

Along with the substantial progress of semiconductor science and technology, the
contrel of the isotopic composition semiconductor materials has started to draw strong
attention recently [1-7]. Because each element in the periodic table consists of a number of
stable isotopes in fractions given by nature, the isotopic composition of all standard
semiconductor materials is pre-determined unless a special isotope separation process is
applied. However, it is well known that the isotopic composition of semiconductor
matenals can influence many basic physical parameters of the matenal [8.9]. Parameters
which show such isotope effects include the lattice constant, the energy gap and all phonon
related parameters (heat capacity, thermal conductivity, phonon propagation, etc.).
Therefore, the investigation of the effect of various isotopes on fundamental solid state
properties is of great scientific interest. To date the growth of only a few different types of
isotopically enriched semiconductor crystals has been reported: 74Ge single crystals [1,2]
and 12C and 13C diamond single crystals [3-6]. With these crystals the isotope shift of the
thermal conductivity [2,3], the energy gap [4,5], and the lattice constant [6,7] were
measured.

In this masters thesis [ will describe the purification, growth and characterization of
chemically pure, isotopically enriched 79Ge and 74Ge single crystals. Our starting
materials were isotopically separated 70Ge and 74Ge powders (~100g each) provided by
Professor V. Ozhogin of the Kurchatov Institute in Moscow. The isotope separation was
performed in Moscow by the gas centrifuge method similar to the one explained in Ref. 10.
Because of the small starting quantities, a smail volume zone refining technique and a
special crystal growth system were developed. The very simple but effective ~4g Ge
crystal growth systems will be discussed in detail in Sec. 2. The 79Ge and 74Ge crystals
were characterized by 77K resistivity measurement, variable temperature Hall effect,

photothermal ionization spectroscopy (PTIS) and chemical etching technique. The
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characterization results will be shown in Sec. 3. Finally, Sec. 4 will summarize and
conclude this masters project.

Because of its achievable high chemical purity and crystalline perfection,
germanium continues to be one of the most suitable materials for nuclear radiation detectors
[11], thermistors used for phonon-mediated detectors developed for dark matter searches
and neutrino physics [12,13], cosmic ray background measurements [14], far infrared
photoconductive detectors (Ge doped with Be, Ga, Zn, Cu, etc.) [15-17] and applications
in other fundamental research in the field of solid state physics. The highest purity
achieved in Ge is in the range of 107 electrically active impurities per cm3 (compare with
4X1022 cm-3 Ge atoms!), while the purest Si and the GaAs is normally found to be on the
order of 101 lcm-3 and 1012cm3 * | respectively.

Natural Ge consists of five stable isotopes with well known relative abundances:
70Ge (20.5%), 72Ge (27.4%), 73Ge (7.8%), 74Ge (36.5%) and 76Ge (7.8%) [18].
Among these Ge isotopes, 70Ge and 74Ge were chosen for this project because they can be
doped with shallow dopants by the neutron transmutation doping (NTD) technique. The
70Ge crystal becomes Ga doped, i.e., p-type after the thermal neutron capture, while the
74Ge tumns n-type as a result of the As formation. The NTD technique is known as the best
choice in achieving a homogeneous and random dopant distribution [19]. It should be
notéd at this point that Ge is the only common semiconductor material which produces both
donor (n-type) and acceptor (p-type) through the NTD process. Other materials \such as Si
and GaAs can only produce n-type impurities through NTD. This may be a serious
limitation for physical systems in which the ratio of n and p-type concentration, i.e., the
compensation ratio is important.

In Sec. 5 I will describe various future experiments which will make use of these

unique isotopically controlled Ge crystals. The first half of this section will start with the

* This result can only be achieved for liquid phase grown GaAs which leads to thin films
only.




explanation of the NTD technique followed by a description of the NTD related projects. A
few examples of the NTD related topics that will be covered in Sec. 5 are given below.

One primary goal of our project is to fabricate highly sensitive, isotopically
controlled NTD Ge thermistors whose operation temperature lies in the range of 10 to 100
milliKelvin. The physics of semiconductor thermistors will be raised together with the
discussion of the possible contribution of isotopically enriched Ge to the improvement of
the thermistor resolution.

The homogeneity achieved with the NTD technique may also allow us to study
semiconductor to metal transition phenomena over a wide range of compensation ratios.
Because the same type of transition occurs in the multi-element, high T¢ superconducting
materials [20], the investigation of the metal-insulator transition phenomenon in simple
semiconductors is expected to be important for an improved understanding of the
superconducting mechanisms.

Isotopically controlled Ge will also allow us to explore many important impurity
and defect properties that cannot be studied without this material. For example, the
elimination of stable 73Ge isotopes (nuclear spin I = 9/2) from Ge single crystals will
improve the line widths in electron paramagnetic spin resonance (EPR) studies of defects in
Ge. These studies may help the development of Ge based future devices (Si-Ge strained
layers, etc.).

In the second half of Sec. 5 1 will discuss phonon related experiments such as the
isotope related shift of the phonon frequency, the band gap, the heat capacity, etc. Various
phonon related topics will be explained briefly with simple approximations of shifts we
expect for each parameter.

Finally, it is worth mentioning that the 70Ge and 7Ge crystals grown in this work
have already initiated several international, scientific collaborations. We have performed
the Raman spectroscopy studies on the 70Ge crystal [21] with Professor M. Cardona et al.

at the Max-Planck-Institute in Stuttgart, Germany. The isotope shift of the band gap




between 70Ge and 74Ge is under investigation with Professor G. Davies et al. at King's

College in London, England. (Preliminary results are presented in Sec.5.2.2). Other

collaborations are under discussion.



2. Purification and crystal growth of isotopically enriched Ge crystals
2.1 Purification

We obtained 100g each of isotopically enriched 70Ge and 74Ge materials in a
granular powder form. In order to determine the purity of these materials, one 79Ge single
crystal was grown without any purification. The impurity concentration in the crystal was
so high (>1X1017cm-3, n-type) that it exhibited metallic conduction. Such donor

concentrations are too high for most scientific experiments and purification is necessary.

2.1.1 The zone refining method

Zone refining [22] is the standard purification technique for many metals and
semiconductors.” The method relies on the phenomenon of impurity segregation at the
solid-liquid interface which is responsible for the impurity redistribution. Fig. 2.1 shows
a schematic of the zone refining apparatus. A rod of Ge lies in a boat made of ultra-pure
graphite. Either the sample area is evacuated or a continuous flow of a pure, non-reactive
gas (N2 or Hp) is supplied. An electro-magnetic field created by the RF heater couples to
the graphite boat leading to a narrow, molten Ge zone. Moving the RF heater coil, the zone
travels from one end to another at a slow, steady speed (~2mm/min in our case). As liquid

Ge resolidifies, the motion of impurities across the solid-liguid interface is determined by

a—— RF Heater

Solid refrozen Solid

- s

-~ > Direction of zone travel
X 1

Fig. 2.1 Schematic of zone refining

1* The invention of the zone refining technique of 1953 was first applied to germanium
[23].




the thermodynamically deduced distribution coefficient. The equilibrium distribution
coefficient kg for a particular impurity is defined as

ko=Cs/CL (2.1)
where Cg is the impurity concentration in the resolidified Ge and C, the concentration of
the impurity in the Ge liquid. For the actual zone refining process, ko should be replaced
by the effective distribution coefficient kefr since it is a non-equilibrium process. The
definition and derivation of kg and kegf are given in Appendix A. When the effective
distribution coefficient for a particular impurity is larger than 1, more solute atoms remain
in the molten zone than in the solid. Thus with a movement of the molten zone, impurity
atoms are transported to the end of the Ge rod where the final molten zone solidifies.
When kefr>1, the effect is opposite, and impurity atoms are transported to the starting end
of the bar. Values of distribution coefficients for selected impurities in Ge are tabulated in
Table 2.1. If the initial concentration Cg of the solute is uniform throughout the bar, the

impurity concentration profile in the bar after one pass is:

S- [1-(1 - k) exp(- Kt ] 22)

where Cg is the concentration in the solid after a single pass, [ the length of the molten

Table 2.1 Equilibrium distribution coefficient of various elements in Ge [24].

Element Keff
Boron 17
Aluminium 0.073
Gallium 0.087
Indium 0.001
Phosphorous 0.080
Aresenic 0.02
Antimony 0.0030
Copper 1.5X10 -5
Zinc 4.0X10 4
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Fig. 2.2 Concentration profile afrter a single pass of zone refining

zone and x the length of the resolidified Ge sulid. Fig. 2.2 shows the typical concentration
profile for kefr<1 after one pass. It is possible to repeat this process many times and
achieve theoretically an infinitely small concentration of impurity atoms in the initial part of
the Ge bar (if all impurities have kegr<1). However, the interaction between the liquid Ge
and the surrounding environment (boat, atmosphere) as well as impurity diffusion effects
limit the ultimate impurity concentration to certain minimum levels. For example, even the
purest graphite available may contain some impuziiies (P, B, Al, etc.), and the impurity
transfer between the boat and the Ge seems to reach equilibrium when the concentration
comes down to ~10}icm3. The purest Ge bars (109~1010¢m-3) are typically obtained by

zone refining in a synthetic silica (Si0O7) boat.[25].

2.1.2 Zone Refining of a small quantity of Ge (~100 g)

Prior to the zone purification, it is necessary to transform the material into a
continuous solid bar. It turned out that this process required some patience especially when
the small quantity of 100g Ge needed to be shaped into a ~50cm long bar. During zone
refining the partially melted Ge bar of a small cross section (~0.4cm?) tended to separate
into many drops because of the large surface tension of molten Ge. Nevertheless, this
problem was solved by the careful adjustment of both the RF heater power and the tilt angle

of the bar. The ultra-pure graphite boat shown in Fig. 2.3 was specially designed and




Fig. 2.3 Zone refining boat and a zone refined Ge bar



fabricated for this purpose. Along with the boat the zone refined Ge bar #746 (46cm long,
100g) is shown in Fig. 2.3. This bar originally contained ~5%1016cm-3 gallium acceptor
impurities. Fig. 2.4 shows Ga concentration profiles in Ge bar #746 measured after 1, 2,
3, 4 and 40 zone refining cycles. Assuming all carriers arise from Ga, the room
temperature four point probe resistivity measurement was employed to determined the
profiles after each of the first four passes. The bottom curve in Fig. 2.4 was measured at
77K in the dark by the resistivity technique. To reduce the total number of impurities, the
impure end of the bar was removed twice between the 25th and the 40th passes.
Therefore, the area under the curve (i.e., the total number of impurity) after 40 passes is
significantly smaller than that of others. With Eq. 2.2 the distribution coefficient of the Ga

for our refining system was calculated to be ~0.11. This is in good agreement with
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the equilibrium value of 0.087 listed in Table Z.1. Subsequently, the isotopically enriched
materials were zone refined in the same fashion. Fig. 2.5 shows the result of the ~100g,

70Ge bar impurity profile after 25 passes. Similar results were also obtained for the 74Ge

bar.
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Fig. 2.5 Net carrier concentration profile of the 70-Ge bar after 25 zone refining passes

2.2 Crystal growth

In order to grow ~4 grams isotopically enriched Ge single crystals, the vertical
Bridgman crystal growth method was chosen. Because it is very important to conserve the
isotopic composition of the starting material, the use of a seed crystal made of natural Ge
must have been avoided. This section describes the "seed-less" vertical Bridgman system

which allows us to grow single crystals of pure Ge reliably.
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2.2.1 Vertical Bridgman crystal growth
Fig.2.6 shows the schematic of the vertical Bridgman crystal growth process of
Ge. After all the Ge in the crucible is melted, the temperature is slowly lowered from the
bottom. With no seed crystals the initial nucleation with an arbitrary crystallographic
orientation occurs at the bottom, narrow end of the crucible. A single crystal grows
upward in the direction of the temperature gradient shown in Fig. 2.6. The growth
interface is roughly situated at the melting temperature of Ge (Tm}~936°C). This type of
solidification is known as the normal freeze process. When a impurity with a distribution
coefficient k is present in the starting material, the concentration profile of the impurity in
the crystal grown by the equilibrium normal freeze process is given by
Cs(g) =k Co (1 - g)k-l (2.3)
where Csg is the impurity concentration in the solid, C,, the original concentration in liquid,
k the distrit;ution coefficient, and g the fraction of melt which has been frozen. Since the

actual crystal growth is a non-equilibrium process, Eq. 2.3 may only be used as an

estimate.
Tm Temp.
|
|
=
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2] Liquid I
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Fig. 2.6 Verticle Bridgman (Normal freezing) process
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2.2.2 Small Ge (~4g) crystal growth system

The system cdeveloped in this work allows us to grow Ge single crystals of
~4 grams in weight. It is specifically designed for easy handling and rapid high purity
growth. This system is designed such that it requires no seed crystal in order to preserve
the isotopic purity of the starting material. The growth direction of the crystal cannot be
chosen. The ability to control some important parameters for crystal growth (growth rate,
interface temperature gradient, etc.) is limited because of the small dimension of the
system. Nevertheless, after careful "trial and error” calibrations the system can reliably
produce high purity single crystals. For high purity starting materials the net impurity
concentration of ~2X1012cm-3 is achieved in crystals grown with this system. This purity
is very good especially for such a small crystal having a volume to surface ratio that is
unfavorable for the exclusion of impurities. Besides the growth of high purity crystals,
this method may be also used for the growth of crystals doped with various impurities.
Whereas many expensive, large crystal growers must be dedicated to the growth of certain
crystals in order to avoid cross-contaminations, this system can be inexpensively cleaned
by simply changing one pair of quartz tubes and the graphite crucible.

Fig. 2.7 (a) shows the specially designed ultra-pure graphite crucible in the
disassembled state. It consists of one pair of split molds and a cap. The crystal sits inside
of the molds which are machined in the shape shown in Fig. 2.7 (a). In Fig.2.7 (b) we see
the assembled crucible. In order to grow high purity crystals, the purity of the graphite
plays a crucial factor. The graphite crucibie used in this work was annealed at ~3000°C in a
chlorine atmosphere to reduce the metal impurity contamination as far as possible [26].
Prior to the crystal growth, the interior of the split-off molds is coated with a thick carbon
soot layer by using an oxygen-butane (C4Hj¢) flame. The soft carbon layer acts as an
cushion which provides the extra space of expansion when the molten Ge solidifies.

Carbon is a neutral impurity in Ge and the solubility of C in Ge ~1014 cm3 near the melting

12



Fig. 2.7 Ultra-pure graphite crucible for a high purity Ge crystal growth.
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(a) disassembled and (b) assembled
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point [27]. Therefore carbon in direct contact with molten Ge is of no concem regarding
purity. Fig. 2.8 shows the system developed for the crystal growth of isotopically
enriched Ge crystals. The graphite crucible containing Ge starting material is placed inside
the double-wall quartz tube. One end of the tube is closed, and crucible loading and gas
feeding is performed through the open end. The diameter of the outer tube is roughly 3cm.
The open end of the quartz tube is sealed by an "Ultra-torr" stainless steel fitting
manufactured by Swagelock cooperation, USA. The crucible rests on the inner quartz
support which is standing on the stainless steel fitting. The quartz tute is positioned inside
the vertical furnace such that the crucible sits at a well calibrated position of the furnace.
During heating forming gas is fed (mixture of N2~1//min and H~200cc/min ) through the
gas in valve in order to 1) avoid oxidation and 2) passivate impurities with hydrogen. The
gas travels along the path shown by arrows in the figure and exits through the gas outlet
valve. When the germanium inside the crucible is completely melted, the furnace
temperature is slowly lowered. At the same time the flow rate of the gas is increased so
that the gas hitting the bottom of the crucible creates a temperature gradient similar to that

shown in Fig. 2.6. Consequently, a single crystal grows gradually from the bottom.

2.2.3 Sample preparation procedure prior to the crystal growth

Prior to the crystal growth of isotopically enriched 70Ge and 74Ge crystals, small
pieces cleaved from the polycrystalline zone refined bar were treated in the following way;

(1) Etching in a HiNO3 HF (20:1) solution for 10 seconds to clean the surface.

(2) Washing with distilled and deionized (DDI) water

(3) Immersion in 10wt% KCN solution for a minute to remove any surface copper

contaminations introduced by HNO3 solution.
(5) Washing with DDI water
(6) Washing with distilled methanol.

(7) Blowing dry with a boil off nitrogen gun.

14
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3. Characterization of isotopically enriched 70Ge and 74Ge single crystals

Fig. 3.1 is a photograph of isotopically enriched 70Ge crystal #4 and 74Ge crystal
#2 grown by the method described in the previous chapter. A U. S. ten-cent coin is shown
to give a scale. Both crystals are about 4 grams in weight, 6.5mm in diameter and 4.5cm
in length. The following characterization measurements were performed on these crystals;
(1) Isotopic composition measurement (SIMS technique)
(2) Crystal orientation measurement (Optical reflection technique)
(3) Dislocation density (Chemical etching technique)
(4) Net impurity concentration profile along the growth direction
(Resistivity measurement)
(5) Temperature dependence of the free carrier concentration
(Variable temperature Hall effect)
(6) Impurity identification (PTIS technique)

3.1 lsotopic composition measurement (SIMS technique)

The isotopic composition of 70Ge#4 and 74Ge#2 crystals is found by secondary ion
mass spectrometry (SIMS)."! The result is shown in Table 3.1 together with the isotopic
composition of natural Ge. Both 79Ge#4 and 74Ge#2 crystals were found to exceed an
isotopic enrichment of 96%. With these enrichments it is possible to perform various new
experiments which will be discussed in Sec. 5. Because no natural Ge was added during
purification and growth, the isotopic composition of these crystals can be regarded as the

isotopic composition of the starting granular powder Ge materials.

*1 See Appendix B for a brief explanation of this measurement.
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Fig. 3.1 Isotopically enriched 79Ge crystal #4 and 74Ge crystal #2
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Table 3.1 Isotopic composition of 70Ge#4 and 74Ge#2 (unit: at.%)

Sample 0Ge 72Ge 73Ge 74Ge 76Ge
Natural Ge 20.5% 27.4% 71.8% 36.5% 7.8%
10Ge#4 96.3% 3.7%

TAGe#?2 0.5% 0.17% 2.2% 96.8% 0.33%

3.2 Orientation of 70Ge#4 and 74Ge#2 crystals

Optical reflection measurements 2 revealed that the orientations of 70Ge#4 and
T4Ge#2 crystal axes lie near <1 7 9> and <2 4 9>, respectively. The orientation
measurements were necessary because both crystals were grown without seed crystals.
Prior to the growth of the isotopically enriched crystals, more than seventy natural Ge
crystals were grown by using the same method. After the statistical examination of the
orientation distribution of these crystals, the <113> direction was found to be the preferred
growth direction of crystals grown with this system. Indeed 74Ge#2 came out near <113>.
However there were many exceptions as one can see in the case of 70Ge#4. Consequently

the distribution of the single crystal growth crientations is quite broad.

3.3 Dislocation density

The dislocation densities in the 70Ge#4 and 74Ge#2 crystals were found by means
of the chemical etching technique.”3 The 74Ge#2 crystal was found to contain 103cm-2
dislocations distributed homogeneously. On the other hand, 70Ge#4 possesses an
inhomogeneous dislocation distribution, an average of 103cm-2 with two small highly
dislocated spots (~109cm-2) running along the crystal growth axis. Fig. 3.2 shows an
example of the inhomogeneous dislocation distribution in the wafer cut from the natural Ge

ingot #60 and grown by the same method. The average dislocation density of this wafer is

*2 Process of this technique is explained in Appendix C.
*3 See Appendix D for the procedure
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Fig. 3.2 Inhomogeneous dislocation distribution in the natural Ge crystal #60
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estimated to be ~103cm-2 with one highly dense region corresponding to ~105cm-2. The
study of dislocation distribution indicate the following potential sources for dislocations:

(1) External stress arising from the sticking of the solidifying Ge to the inner wall of
the carbon crucible. (Therefore a careful carbon coating of the inner wall is
necessary to avoid sticking.)

(2) Gas bubbles contained in the Ge liquid acting as stress sources during the
solidification. {Evacuation of the growth system after melting is completed may be
helpful in suppressing gas bubbles.)

(3) Carbon particles contained in the Ge liquid which are not able to escape to the
surface during the Ge solidification.

The third source seems to be the least avoidable. Carbon was chosen to coat the inner
wall of the cruciple because its solubility in Ge solids is negligibly small. However, the
growth rate of our system is rather rapid, and it may not allow all carbon particles to escape
to the surface. Unfortunately the control of the growth rate is very difficult at present due
to the small dimensions of the crystal. Therefore the complete elimination of the dislocation
sources is yet to be achieved. Nevertheless, fifty percent of the last 40 crystals grown
came out with a homogeneous 103 dislocations /cm-2 distribution.

Perfect dislocations in Ge have a Burgers vector a/2<110> and glide on {111}
planes. Dislocation preferentially lies along <110>, and the Burgers vectors lie at 3C° or
60° to the dislocation lines [28]. Once highly dislocated regions are created within the
crystal, the propagation behavior of dislocations depends on the growth direction. As
stated in the last section, <113> is the statistically most preferred growth direction. In this
case dislocations lines are 30° off from the growth axis and they can grow out of the
crystal. On the other hand, some crystals have their axes very close to the <110>
orientation. Indeed this was the case for the 70Ge#4 crystal in which two highly dislocated
spots propagate along the growth axis all the way to the end. Therefore it is highly

undesirable to grow crystals near <110> axis with this system.
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Fig. 3.3 Net impurity concentration profiles of crystals 70Ge#4 and 74Ge#2

3.4 Net impurity concentration profiles of crystals 70Ge#4 and T4Ge#2

To find the net-impurity concentration 4 profiles in crystals 70Ge#4 and 74Ge#2,
resistivity measurements were performed.”>  The results displayed in Fig. 3.3 show that
more than 70% of each crystal achieved a net-impurity concentration of the order of
1012cm3. It was also found that 74Ge#2 is entirely p-type whereas 70Ge#4 contains a p-n-
junction with p-type being on the growth énd side. As stated in Sec. 2.2.1, the vertical

Bridgman technique is a normal freeze process for which the concentration profile can be °

*4 The net impurity concentration is defined by INA-Npl where Na and Np are acceptor
and donor concentration, respectively.

*5 See Appendix E for the description of this technique
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estimated by Eq. 2.3. Therefore, p-type impurities redistributed more to the growth end
than n-type impurities in 70Ge#4 implies that the effective distribution coefficient of p-type
impurities is smaller than that of n-type impurities in this crystal. Referrirs to Table 2.1,
we find indium to be the only shallow acceptor whose distribution coetficient is smaller
than that of other shallow donors. However, it is also possible that deep acceptors (Zn,
Cu, etc.) that have even smaller distribution coefficient than In were introduced during the
growth process. In the following two sections it will be proved that the majority acceptor
is indeed Cu. As shown in Table 2.1, Cu atoms, which have a very small kg value in Ge,
were efficiently transported to the tail end of the crystals during the growth of 70Ge#4 and

T4Ge#2.

3.5 Temperature dependence of free carrier concentration.

The temperature dependence of the free carrier concentration of four wafers cut
from 70Ge#4 and 7*Ge#2 was investigated by using the variable temperature Hall effect
technique. The concept of variable temperature Hall effect technique will not be explained
in this thesis since it is extensively covered in many textbooks [8,9,29,30]. By knowing
the temperature dependence of the net-carrier concentration, one can obtain information
such as the majority impurity concentration, the minority impurity concentration, the
ionization energy of the majority impurity and the presence of deep levels. In order to
obtain this information, it is necessary to understand the basic physics of temperature
dependent electrical conduction in semiconductors.™S

Fig. 3.4 shows the temperature dependent free carrier concentration of two wafers
cut from 74Ge#2. Wafers 74Ge#2-12 and 74Ge#2-32 were cut at 1.8cm and 4.2cm from
the seed end, respectively. They are bc .h p-type, and the net impurity concentration

results, 2X1012cm-3 for 74Ge#2-12 and 1X10'4cm-3 for 74Ge#2-32, agree very well with

* . . . .
6 The basic physics of the temperature dependence of the free carrier concentration and
resistvity in semiconductors are given in Appendix F.
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Fig. 3.4 Arrhenius plot of the free carrier concentration and the absolute temperature of the
74Ge#2-12 and 74Ge#2-32 samples

resistivity measurement shown in Fig. 3.3. The ionization energy of a majority impurity
can be calculated from the slope of the freeze out curve as explained in Appendix F.
Following this method, the jonization energies of the p-type impurity in both samples were
calculated to be ~40meV. Comparing this result with the list of ionization energies for
various accepters in Ge [24], we found copper (listed value 43meV) to be the most likely
majority impurity. It is also seen in Fig. 3.4 that there are clear changes in slopes for both
samples in the freeze out region in which the low temperature slopes are twice as steep as
the higher temperature ones. Therefore the compensating donor concentration of
74Ge#2-12 and 74Ge#2-32 were found to be 2X1012cm-3 and 3X1011cm-3, respectively.
Fig. 3.5 shows the temperature dependence of the mobility of 74Ge#2-12 and 74Ge#2-32

samples
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Fig. 3.6 shows the Hall effect result of two wafers cut from crystal 70Ge#4. By the same
token, 70Ge#4-12 and 70Ge#4-32 were situated at 1.8cm and 4.2cm from the seed end.
This time 70Ge#4-12 is n-type and 70Ge#4-32 is p-type. Unfortunately n-type ohmic
contacts prepared on 70Ge#4-12 by the In(1%Sb) eutectic method failed to operate at
temperatures below 20K. (Typically it is more difficult to fabricate n-type contacts on Ge
than p-type boron implanted ohmic contacts for a low temperature operation.) Therefore it
was not possible to find the compensation level and the ionization energy of the majority
impurity in 70Ge#4-12. However it can be still concluded that the net-impurity
concentration of 70Ge#4-12 is 2X1012cm3, and the majority impurity is one of the shallow
donors since the curve does not freeze out down to 20K. The 70Ge#4-32 curve shows two
big steps suggesting the presence of both shallow and deep acceptors. The concentration

of deep acceptors is 7X1013cm3 and of the shallow acceptors is 5X1012cm3. Net-impurity
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concentration results on 70Ge#4-12 and 70Ge#4-32 obtained by the Hall effect are also in a
good agreement with the resistivity results in Fig. 3.3. The ionization energy of the
shallow acceptor calculated from the slope is 12.4meV, which is a typical value for a
hydrogenic impurity predicted by the effective mass theory. It is not possible to identify a
half slope region in the freeze-out curve. This indicates that the compensating donor
concentration is very close to the majority shallow impurity concentration of 5X1012¢m-3.
Fig. 3.7 also shows the temperature dependence of the mobility in 70Ge#4-32 sample.

In a conclusion, the presence of the triple acceptor Cu was confirmed for both
samples. Nevertheless 75% of both crystals achieved the net impurity concentration of low

1012cm-3, which is comparable to the purest silicon available.

3.6 Impurity identification with PTIS

The photothermal ionization spectroscopy (PTIS) technique was employed to
identify impurities in crystals 70Ge#4 and 74Ge#2. This technique is known to be
extremely sensitive with detection limits of less than 108cm-3 shallow impurities in
favorable cases. A short description of this technique is given in Appendix G. "6

Fig. 3.8 shows the PTIS spectrum obtained with 74Ge#2-32. The positions of
three peaks exactly match with the B, C, and D transitions of copper. This confirms
unambiguously the presence of copper consistent with the result of the Hall effect
measurements. No peaks due to Zn were observed in this PTIS measurement. Similar
copper peaks were also observed in sample 70Ge#4-32.

Fig. 3.9 shows the PTIS spectrum of 70Ge#4-12. As seen in Fig.1.5, this sample
is n-type with the net impurity concentration of ~2X1012cm-3. Although some peak

positions are shifted possibly due to a stress within the crystal, the strong peak at 90 cm-!

*6 For a detailed description of this method one should refer to Ref. 31-33.

27




unit)

Intensity (Arb.

Intensity (Arb. unit)

Cu
|

T T Y T v T : T v T v T T
315 320 325 330 335 340 345 350
Wavenumber (cmA-1)

Fig. 3.8 PTI spectrum of 74 Ge#2-32

[l " [l " [ " 1 2 [} 2
2P o 3P, 2P, 3P, 4P,
P T T 1

50 60 70 80 90 100 110
Wavenumber (cmA-1)

Fig. 3.9 PTI spectrum of "0 Ge#4-12

28



confirms the presence of phosphorus. Phosphorus was also found in 74Ge#2
crystal.Because phosphorus was detected in most natural Ge crystals grown in the same
system, its origin is thought to be in the growtl: system rather than in the starting material.
Lastly the shallow acceptors of 70Ge#4-32 were examined. Fig. 3.10 shows the
PTIS spectrum of the lower wave number range of 70Ge#4-32. Many peaks are present,
“and each peak is assigned as shown in Fig. 3.10. The analysis shows that the shallow

acceptors are aluminium with smaller amounts of gallium and indium.
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Fig.3.10 PTI spectrum of 70 Ge#4-32
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4. Summary

Table 4.1 shows the summary of the characterization results on 70Ge#4 and
T4Ge#2 crystals. The most important parameter, the "isotopic enrichment" was found to be
over 96% in both crystals. The isotopic enrichment of the starting materials was conserved
by the development of the growth system which did not require seed crystals.

In spite of the small size of the ingots (i.e., unfavorable surface to volume ratio for
a high-purity crystal growth), nearly 75% of both crystals contain 2X1012cm-3 residual net
impurities which is two order of magnitude less than those of the 74Ge enriched crystals
previously grown by two different groups [1,2]. This was achieved by the zone
purification and the careful cleaning and maintenance of the crystal growth system.

With these enrichments and purities, I believe that 70Ge#4 and 74Ge#2 crystals are
suitable for a large number of the isotope effect related experiments in the fields of materials
science and solid state physics. (Some will be explained in the following section.)

Although the vertical Bridgman crystal growth system we developed in this
master's thesis project exhibited the ability to grow 74Ge#2 which contained
homogeneously distributed ~103cm2 dislocations, this result is not 100% reproducible.
Once in a while crystals with inhomogeneous dislocation distribution are grown as already
shown in Fig. 3.2. Elimination of dislocation sources and good control of the growth rate
must be developed further in the future.

Both crystals were found to contain copper impurities. Although the Cu
concentration is less than 2X1012cm-3 in all the crystals grown by this system, Cu is a very
fast diffuser and forms a triple acceptor in Ge. Therefore it is important to suppress Cu
contamination as much as possible. Because natural Ge crystals purified by the same zone
refining system but grown by different crystal grower do not suffer from Cu
contamination, we know that the Cu source is located somewhere within the growth system

developed for this project. The search for the Cu source must be continued.
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Table 4.1 Summary of characterization results on 70Ge#4 and 74Ge#2

Crystal 0Ge#4 14Gei#2
Isotopic enrichment 96.3% 96.8%
Orientation <179> <249>
Dislocation density 103~105¢m-2 103cm-2
Net impurity concentration

(Pure side of the crystal) 2X1012¢m-3 2X1012cm-3
Type (n or p) n p

Majority impurity P Cu
Minority Impurity [Cu}<1012¢cm-3 [P]<1012cm-3
Other impurities

(Total less than 101lcm-3) Al, Ga, In Al, Ga, In
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5. On Going and Future Experiments with Isotopically Controlled Ge

Isotopically controlled Ge crystals will provide an opportunity to investigate many
interesting problems in materials science and solid state physics. This section is devoted to
a description of experiments which will be possible because of the availability of this
material. A brief background on experimental and theoretical aspects will also be

presented. The following is a list of planned experiments:

1. Neutron Transmutation Doping (NTD) Related Topics
(@) NTD Ge thermistors - hopping conduction
(b) Metal-Insulator Transition

(c) Electron Paramagnetic Spin Resonance (EPR) study of impurities in
Ge
(d) Study of selenium (Se) in Ge
(e) Selectively doped isotope superlattices
2. Phonon Related Topics
(e) Isotope shift of the phonon frequency - Raman spectroscopy
6 Isotope shift of the band gap
(g)  Isotope shift of the heat capacity
(h) Isotope shift of the thermal conductivity

(h)  Low temperature ballistic phonon transport - Phonon focusing

5.1 Neutron Transmutation Doping (NTD) Related Topics
5.1.1. Neutron Transmutation Doping (NTD) of Semiconductors

The neutron transmutation doping (NTD) technique is a well established method for
obtaining uniform and homogeneous dopant distributions in semiconductor materials [15].

During NTD the semiconductor materials are irradiated with thermal neutrons. While a
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large number of thermal neutrons travel unhindered through the crystal, a few are captured
by the host semiconductor material. When a neutron is captured, the new neutron to proton
ratio in the nucleus may not be stable. An unstable nucleus decays by B* and B~ emission
or electron capture. The new elements created by this process act as impurities or dopants
in the substrate. Their identity depends on the original host isotope and the decay mode.
The reactions of stable isotopes after capture of thermal neutrons for natural Si, Ge and
GaAs crystals are shown in Table 5.1. For example, natural Si consists of three stable
isotopes 288i, 29Si and 30Si present in a given concentration ratio. Applications of the
NTD process to Si yields the reactions displayed in Table 5.1, i.e., 28Si, 295i, 30Si nuclei
become 29Si, 30Si, 31P, respectively. The important reaction is 30Si—31P since
phosphorus acts as a donor in Si. Obviously, the two other reactions 285i—298i and
298i-530Si do not change the electronic property of the original Si material because 29Si
and 30Si are stable isotopes. Thus, the NTD technique results in Si doped with P atoms.

In general, the impurity concentration (Nx) due to a particular isotope following
NTD is given by:

Ny =P X[50 Oc 0 (5.1)
where p is the number density of host semiconductor atoms (cm-3), X[go is the abundance
of the particular isotope, O is the thermal neutron capture cross section of each nucleus
(cm2), and n is the fluence of thermal neutrons (cm2). The most significant feature of the
NTD method the "uniformity" is due to the completely random distribution of the various
host isotopes in the semiconductor crystals and the very small capture cross section of each
nucleus as tabulated in Table 5.1 (1 barn = 10-24 cm?2). Becausc the capture cross section
of each isotope is very small, most of the thermal neutrons travel through the sample
without interacting with nuclei. Therefore the probability of a nuclear reaction is nearly
equal everywhere in the crystal. A good example of application of NTD are a high-voltage,

high-power silicon controlled rectifiers for which uniform doping is crucial [19].
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Table 5.1 NTD Process in Silicon, Germanium and Gallium Arsenide

Silicon (Si)

Dopant
Isotopes Abundance o Neutron Capture and Reactions Type
(%) (barn)
%si 0 923 1aSi(n,y) TaSi
fasi 47 14Si(n,y) 1asi
19si 3.1 0.108  14Si(n,y) 1451 5B~ Ti=2.62 his  15P n
Germanium (Ge)
Dopant
Cc Neutron Capture and Reactions Iype
(%) (barn)
13Ge 20.5 3.25 ggGe(n,y) glzGe%EC,Tllz=ll.2days-—) 1iGa p
$3Ge 274 1.0 33Ge(n,y)13Ge
.
Ce 78 150  33Ge(n,y) 33Ge
15Ge 36.5 0.52 ggGe(n,y) gSZGe——)B"TIIZ=82.2min——> PAs n
7
15Ge 7.8 0.16 ggGC(n,'y) ;%Gc—)ﬂ'rTlfl=11.3hr—-) JiAs
:7573AS—>B--T1/2=38.8hr—> 318e n
Gallium Arsenide (GaAs)
Dopant
Isotopes Abundance g Neutron Capture and Reactions Type
(%) (barn)
6
$1Ga 60.1 1.7 $iGa(n,y) 19Ga 58+ Tip=21.1min— 390€ n
;
{1Ga 39.9 4.6 gllGa(n,y) g%Ga-aB"Tm:M.lhr-—) 35Ge n
75
3348 100 4.4 gsaAS(n,y) ggAs—)[}-»Tm=26.3hr~—> gﬁs«: n
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Unfortunately, the type of dopants resulting from the NTD process cannot be determined
arbitrarily since it solely depends on the available stable isotopes in the host semiconductor.
For example, Si and GaAs can only be doped with n-type impurities. On the other hand
Ge is unique because it contains isotopes which decay into both acceptors and donors. The
isotope composition of natural Ge is such that the compensation ratio, K, in NTD natural
Ge is fixed at:

K = Nas +2Nse _ 37 (5.2)
NGa

where N A, Nse, NGa are the concentration of As, Se, and Ga, respectively. However, the
compensation ratio of NTD Ge can be controlled by changing the isotope composition of
the starting Ge material. Therefore, it would be advantageous to gow isotopically
controlled Ge and therefore determine the compensation ratio. Ge also has a further
advantage over Si and GaAs in terms of the achievable purity as already stated in Sec. 1.
The most interesting isotopes of Ge from the NTD point of view are 70Ge and 74Ge, since
they decay to the well understood shallow impurities Ga and As, respectively. By
combining 70Ge and 74Ge in various concentration ratios (from pure 70Ge to pure 74Ge), a
series of samples with well defined compensation can be generated.
Lastly, in the interest of completeness, three shortcomings of the NTD process shall
be stated;
(1) Fast neutrons leads to radiation damage. (Complete eliminaiion of the fast
neutrons in the reactor is impossible or impractical for the necessary neutron
fluencies)
(2) Long duration of exposure to the thermal neutrons may induce

secondary reactions such as 70Ge—71Ga—72Ge and 74Ge—T5As—76Se.
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(3) Fast neutrons may also lead to radioactive spallation products (e.g., 48Ge from n,
3n reaction of 70Ge) which maybe detrimental in some astrophysical detector
applications.

Thermal annealing at the appropriate temperature is usually sufficient to repair the
lattice damage created by fast neutrons [34-36]. The secondary reactions produced from
70Ge and 74Ge nuclei are 72Ge and 76Se. Obviously, 72Ge does not cause any problem
but 76Se is a double donor in Ge. Nevertheless, the amount of 76Se produced is usually

negligible at the standard doping levels.

5.1.2 NTD Ge Thermistors

The term "thermistor" refers to a device which reproducibly changes its resistance
with a change of temperature. Thus, after proper calibration, one can measure the
temperature increase caused by photons absorbed by the thermistor. In general,
temperature is directly related to the energy of the incident photons (E~kgT, kg: Boltzman
constant). In this sense, one can regard a thermistor as an energy sensor. A typical
electrical circuit for semiconductor thermistors is shown in Fig. 5.1. The system is
maintained at an appropriate temperature and the temperature increase of the thermistor due
to the energy of incident particles is detected by the change in the resistance. A constant

sensing current I is applied so that the change in resistance can be determined by the change

in the voltage drop AVg across the thermistor. Fig. 5.2 shows the temperature dependc..ce
of resistivity of NTD Ge in the milliKelvin range [37]. The higher resistivity samples with
steep slopes are lightly doped whereas the low resistivity samples are heavily doped. In all
cases, the starting material was natwral Ge resulting in a fixed compensation ratio (p-type,
K~0.32). The low temperature conduction mechanism which is responsible for the

temperature dependence of all the of NTD Ge samples shown in Fig. 5.2 is "variable range
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Fig. 5.1 Electrical circuit for a thermistor. In order to maintain its operating temperature,
the thermistor is thermally connected to the heat sink through a thermal link of conductance G

hopping conduction".”! Variable range hopping conduction theory predicts the following

temperature dependence of the resistivity p for doped germanium; [38,39]

P = Po exp (%9)% (5.3)
where pg and Tg are parameters which depend on dopant concentration and compensation
rato. Eq. 5.3 can be rewritten as,

Inp =Te!2 T2 +1n pg (5.3)
Therefore, the slope of each curve in Fig. 5.2 is T01/2 while the In p axis (y-axis)
intersection value is given by po. The sensitivity of the thermistor depends on the slope
(To1/2). Because one measures resistivity to obtain the temperature, the steeper the slope
(larger value of Tp), the higher the sensitivity. It is also important to "design" the
resistivity curve so that the resistance stays within the optimum range (105~107Q) for an
electronic measurement given by the ambliﬁcr in the temperature range of interest. In order

to obtain the desired In p - T}/2 dependence, pg and To must lie within a certain range of

*1 See appendix F for a description of the hopping conduction in semiconductors.
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values. For example, thermistors which operate in ~30mK range require a slope as steep
as possible while maintaining the resistivity between 103 and 10© Qcm. Thus, the control
of both dopant concentration and the compensation ratio are crucial since pg and Ty
strongly depend on them. As stated earlier the compensation of the natural NTD Ge is
fixed at 0.32. Therefore, isotopically controlled NTD Ge whose acceptor and donor
concentration can be controlled independently may lead to materials with significantly

improved thermistor sensitivity.

Resistivity of NTD Germanium
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Fig. 5.2 Temperature dependence of resistivity of NTD Ge in the milliKelvin range
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5.1.3. Compensation dependence of hopping conduction

The values of the two constants pg and Tg in Eq. 5.3 depend on the dopant concentration
and the compensation ratio. The concentration dependence of hopping conduction has been
extensively studied since the early 1960s [40]. However, only a few groups have
considered the compensation dependence of hopping conduction [41-43]. Davis and
Compton studied the compensation dependence of the nearest neighbor hopping conduction
with Ge:Sb in 1965 {43].*2 They found the resistivity p to be a minimum when K~0.4
and p to increase approximately parabolically for K—0 and K—1. This result is easily
understood because with K~0, nearly all donor sites are filled with electrons and there are
not enough empty donor sites for electrons to hop into. Similarly, when K~1, nearly all
donor sites are empty and the number of conducting electrons goes to zero. Davis and
Compton also deduced the compensation dependence of pg and the activation energy fora
hopping (E,) in Eq. F.2 in Appendix F. Their result has served as an excellent qualitative
guidance for other researchers who worked in this field. However, it is important for
fabrication of thermistors to obtain quantitatively reliable data of the both nearest neighbor
and variable range hopping conductions. The data obtained by Davis and Compton may be
improved by the following measurements:

1) The lowest temperature they used was 2 K, i.e., at this temperature only the nearest
neighbor hopping conduction still dominates. In order to obtain data for variable
range hopping conduction, it is necessary to go to lower temperature.

2) The compensating centers in their case were deep acceptor defects which resulted
from fast neutron irradiation. Thus the precise structure of the defects was
unknown. There could have been deep donor formations affecting their results.

Therefore, a sample which contains well defined dopants such as shallow

*2 See Appendix F for a description of the nearest neighbor hopping conduction.
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hydrogenic rh‘ajority and minority impurities is desirable for obtaining quantitative
data.

3) The Ge:Sb they investigated was prepared by growth from a doped melt. The
uniformity of the dopant distribution of melt doped crystals is known to be much
worse than that of the NTD method. An inhomogeneous Sb distribution (striation)
may have been present due to fluctuations in the segregation coefficient caused by
local fluctuations in melt flow near the growth interface. The remelting
temperature fluctuations lead to growth velocity changes which in turn affect the
effective segregation coefficient.

The first conductivity measurement of isotopically enriched Ge was performed by
Shlimak et al. with a NTD 74Ge:As (~98% enriched) crystal [1]. The compensation ratioK
of their crystal was 0.0027. However, the measured values of pg as a function of the
arsenic concentration fluctuate strongly and we assume there must have been some
unaccounted problems in their measurements. Theoretically, NT D isotopically controlled
Ge should provide the ideal sample in terms of doping control, i.e., it is a ideal sample for

a quantitative study of the compensation dependence of hopping conduction.

5.1.4 Metal-Insulator (MI) transition.

Increase of the dopant concentration in semiconductors eventually leads to an
overlap of impurity electron wave functions. The overlap allows electrons to move rather
freely from one impurity site to another without special excitation, resulting in a resistivity
which is independent of the temperature. This is called "metallic conduct'ion" in
semiconductors. The subject of the interest is how the transition from semiconductor to
metallic occurs. Is the conductivity continuous or abrupt across the transition ? At what
impurity concentration should the transition occur ? These common questions in the field
of "metal-insulator (MI) transition" have been intensively studied with various

semiconductor systems [38]. Two of the major difficulties in the study of the MI transition
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in semiconductors have been the production of samples with a microscopically
homogeneous impurity distribution and the precise control of compensation. It has been
also difficult to determine the compensation accurately when K is greater than 0.2.
However, NTD Ge crystals consisting of 70Ge and 74Ge isotopes in a well controlled ratio
will have excellent homogeneity in the dopant distribution and well defined compensation

assuming an accurate knowledge of the neutron capture cross sections of each isotope.

5.1.4.1 Mott vs. Anderson MI transition in doped semiconductors
In 1949, Mott described the metal-insulator transition by imagining a crystalline array of

hydrogen-like atoms with a lattice constant that could be varied [44]. He predicted that a
discontinuous, abrupt MI transition with varying concentration should occur when

nl3 ayg=0.2 (5.4)
where n is the number of electrons per unit volume and ay the hydrogen radius. In the case
of a semiconductor which is doped with hydrogen-like shallow impurities, one can apply
the same type of equation

nlBa* =027 (5.5)

where a* is the Bohr radius of the shallow impurity center which is given by

2
at=—lCK (5.6)
4rtm g

where x=4mner 5. In Eq. 5.6, h is Planck's constant, m* the effective mass, q the charge,
€r the relative dielectric constant of the medium, and g, the permitivity of free space. The
value 0.27 in Eq. 5.5 was determined cipcrimentally and it applies to a wide variety of
uncompensated materials as summarized by Edwards and Sienko [45].

However, in 1958, Anderson pointed out that the effect of random positioning of
impurities must be taken into account when considering the MI transition of a disordered

system [46]. In the framework of the "scaling theory" developed by Anderson et al. [47],
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the critical behavior of zero temperature conductivity 6(0) as the transition is approached

from the metallic side is described by the form;

o(0) = oo (ncf‘_ 1)“ where o = 1 (5.7)

where o is the prefactor, n the concentration, n¢ the transition concentration, and o=1 the
critical exponent. Thus, the Anderson MI transition is a continuous transition as seen in
Eq. 5.7.

Therefore, there are two different types of MI transition: Mott type (first order
transition) and Anderson type (second order transition). All the doped semiconductor
systems so far investigated, compensated or uncompensated, have shown continuous MI
transition and support the Anderson model. Particularly, compensated semiconductors
showed clear Anderson transitions because of the disordered potential due to the ionized
compensating centers.

In Eq. 5.7, the power factor o was predicted to be 1 by Anderson et al., and this
was observed with various compensated semiconductors such as Ge:Sb [48], Si:P, B [49],
etc.). However, the MI transition in uncompeusated materials differed slightly from the
complete theory of Anderson's: although transitions were always continuous, unpredicted
value of o~1/2 in Eq. 5.7 were observed in nearly uncompensated Si:P [50], Si:As
[51,52], Si:As, P [53], Si:B [54,55] and Ge:Sb [48].

Because Mott's abrupt transition may be seen as the a=0 case in Eq. 5.7, the
reduction of & in the uncompensated materials may be due to the increase of the Mott-like
MI transition component in the Anderson type MI transition.

However, no sample is entirely uncompensated. There are always some residual
impurities in the semiconductor crystals which compensate the dopants.
Thermodynamically favorable clustering of majority impurities near the MI transition may
also lead to "self-compensation" [56]. Nevertheless, it will be extremely interesting to

investigate the MI transition with isotopically pure NTD 79Ge and 74Ge crystals, because
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the minority carrier concentration will be five orders of magnitude less than the majority
carrier MI transition concentration and the microscopic distribution of the dopants will be
completely uniform. It may be possible to investigate the ratio of the Mott-like and the
Anderson-like components in the nearly ideal uncompensated semiconductor. It will also
be interesting to investigate the effect of various compensation ratios on the MI transition

phenomena by mixing 70Ge and 74Ge in a controlled fashion.

5.1.5 Electron Paramagnetic Spin Resonance (EPR) study of impurities in Ge

Among the various semiconductor defect characterization techniques, Electron
Paramagneric Spin Resonance (EPR) spectroscopy has been a very powerful when
applicable [57,58]. The EPR technique provides microscopic information about impurities
and defects such as their symmetry, the value of the nuclear spin of the impurity atom, the
nuclear spins of neighboring host lattice atoms, the radius of the localized wave functions,
the effect of external stress, etc. In general, most semiconductor crystals are
macroscopically diamagnetic. However, if impurities or defects in semiconductors contain
an unpaired electron the crystals become paramagnetic. The paramagnetic unpaired
electrons associated with impurities or defects are the subjects of the EPR study. A brief
discussion of EPR is given in Appendix H.

Table 5.1 shows the abundance of the stable isotopes in natural Si, Ge, and GaAs.
Among them, isotopes with nuclear spins are 298i (I=1/2), 73Ge (1=9/2), 99Ga (I=3/2),
71Ga (I=3/2) and 75As (I=3/2). The rest do not have nuclear spin. Because of the
superhyperfine interaction, it is desirable for atoms of the host crystal not to have a nuclear
spin as explained Appendix G, . This problem has been apparent with natural Ge for it
contains 7.8% of 73Ge (I=9/2). The superhyperfine interaction with 73Ge leads to strong
line broadening preventing researchers from obtaining high resolution EPR spectra.
However, this can be improved by growing Ge crystals with no 73Ge. In 1964 Wilson

demonstrated a significant improvement in EPR signals arising from Ge:As hy using an
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isotopically enriched 74Ge sample depleted of 73Ge [59]. Fig. 5.3 compares the EPR
spectra of arsenic donors in isotopically enriched Ge with spectra of normal Ge [59]. In
this case the isotopically enriched 74Ge crystal contained only 0.86% 73Ge. It is clear that
the arsenic spectrum obtained with natural Ge is broadened by the presence of 73Ge
whereas the spectrum of the 74Ge crystal is very sharp. Therefore, isotopically controlled
Ge with low 73Ge content will be extremely useful in the EPR studies of a variety of

defects i1z Ge.

Fig. 5.3 EPR spectrum of Ge:As with different 73Ge composition

5.1.6 Study of the Se double donor in Ge

Selenium (Se) is Group VI element and acts as a double donor in Ge when it
substitutes for Ge on a lattice site. However, normal doping methods (melt doping, ion
implantation, thermal diffusion, etc.) have met with limited success at introducing Se atoms
at the Ge lattice sites. (Instead Se appears to occupy Ge interstitial sites or precipitate.) In
order to introduce Se atoms at Ge lattice sites, it may be possible to use isotopically

enriched 76Ge crystals and the NTD method. Application of NTD will transmute 76Ge to
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77Se. Because thermal neutrons are transmuting 76Ge occupying lattice sites, the products
765e afc likely to reside near the original lattice sites. Unavoidable fast neutrons will
damage the crystal and may displace some of the Se atoms. Nevertheless, subsequent
annealing will heal the damage and a large fraction of Se atoms may return to Ge lattice
sites. A number of semiconductor characterization techniques (DLTS, infrared absorption,

EPR, etc. [57]) will be applied to study Se double donors in Ge for the first time.

5.2 Phonon related topics

Because all five stable Ge isotopes have different masses, crystals grown from the
various isotope mixtures will exhibit different vibrational properties. In this section the
isotope shifts of a few basic properties of Ge due to the change of phonon frequencies will

be briefly explained.

5.2.1 Isotope shift of the phonon frequencies - Raman spectroscopy

Among the fundamental vibrational properties of a solid are the frequencies of the
characteristic phonons. Two major techniques to measure frequencies of phonons are
neutron scattering and Raman spectroscopy [8, 60]. Fig. 5.4 shows phonon dispersion
relations of natural Ge (80K, [111] direction) obtained by neutron inelastic scattering by G.
Nilsson et al. [8]. The corresponding longitudinal optical (LO) and traverse optical (TO)
phonon energies are 31 meV and 37.7 meV, respectively. Using the simple harmonic
oscillator approximation, we expect phonon frequencies to be proportional to M-1/2 (M:
mass of the atom). Shown in Fig. 5.5 are the first order Raman spectra of ~96% 70Ge and
of natural Ge crystals grown in for this thesis [21]. The well known TO phonon peak of
natural Ge (37.7meV) appears at the wave number ~304.5 cm™l. The average atomic mass

of natural Ge is 72.7. The simpiest method to estimate the TO phonon peak of 70Ge in

wavenumber k7( is to employ the relation k < M-1/2, Thus,
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72.7 _ ko . ~31( 1 5.8
70 3045 = k7 310 cm ( )

The actual peak position of 70Ge in Fig. 5.5 appears at 309.3 cm! which is very close to
the estimate from Eq. 5.8. The small difference between the estimated and measured value
is an error due to the mono-atomic approximation in the case of natural Ge. For the
rigorous calculation, iso‘opic disorder must be taken into account. The detailed description
of the isotopic disorder effect, peak width calculations, and second order Raman spectra is

given in the original paper [21].
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Fig. 5.4 Phonon diépersion relations in [111] direction in Ge
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5.2.2 Isotope shift of the band gap
The temperature dependence of the energy gap E(T) of semiconductors is generally

given by [3,4],

E(T) =F +] do f(w) {n(w,T) 4—21} -s(ciy+2c1) AV(T)/ 3V (5.9)

where n(w, T) is the Bose-Einstein occupation number, f(w)dm the difference in the
electron-phonon coupling for the conduction band minima and the valence band maximum
for the modes in the frequency range between  and w+d, s the change in the energy per
unit compressional hydrostatic stress, ¢ and cj2 the elastic constants, and AV(T)/V the

fractional volume expansion. At 0K, the energy gap is

E (T=0) =E' + % j do f{w) (5.10)

In Eq. 5.9, the second term is a contribution from the electron-phonon interaction whereas
the third is a contribution from the lattice constant. Since both quantities are dependent on
the isotope mass, the energy gap of the semiconductor itself exhibits an isotope shift.
Collins et al. have measured the isotope shift of the indirect energy gap between 12C and
13C diamonds with a photoluminescence technique.”® This technique involves the
detection of an optical transition (luminescence) from an excited electronic state to a lower
electronic state. The excitation to the higher state is done by external photon sources
(usually a laser). Collins et al. measured the energy shift of boron bound exciton peaks
between 12C and 13C which is due to the shift of the band gap. As a result of the isotope
substitution, the energy gap of 1_3C._increascd by ~13.6 meV over that of natural diamond

(98.9%12C) [3, 4]. (The energy gap of the natural diamond at room temperature is

*3 A review of this technique is given in Ref. 53
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~5.47eV.) This isotope shift of the gap was determined by a comparison of the boron
impurity bound exciton lines in 12C and 13C.

The same method can be applied to determine the isotope shift of band gap in Ge.
The difficulty of the accurate band gap shift measurement in the case Ge is due to the
extremely small shift value (~1meV predicted between 70Ge and 74Ge [61]), which is a
order of magnitude smaller than the case of 12C and 13C. One reason for this is the band
gap of natural Ge (~0.65¢V) being one order of magnitude smaller than that of diamond
(~5.47eV). Also the shift of band gap due to the isotope shift of the lattice constant is
small compare to the case of diamonds. For example, the fractional isotope shift of the
lattice constant (Aa/a, a: lattice constant) between 74Ge and natural Ge is on the order of 10
5~10-6 [7] which is 1~2 order of magnitude smaller than that of diamond (between 12C and
13C) [6].

Nevertheless, shown in Fig.5.6 are the first results of free exciton spectra recorded

with the isotopically enriched 70Ge#4 and 74Ge#2 samples. These spectra were taken by

Ge
10Ge TGe

QQS_——;J:J -

5650 5670 S690 S710 S/30 57S0 5770 S780  S810
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Fig. 5.6 Free exciton photoluminescence spectrum of 70Ge, 74Ge and natural Ge
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our collaborators G. Davies et al. who earlier measured the energy gap shift of the diamond
mentioned above. In Fig. 5.6, the free exciton peaks of 70Ge and 74Ge appear at
approximately 5738 and 5757 cm3 wavenumber, respectively. Because E=khc/2w w«;: can
replace E with a wavenumber k in Eq. H.1 in Appendix H. Then we obtain the following

expression for the photoluminescence free exciton peak shift Ak between 70Ge and 74Ge in

wavenumber.

Ak = k("4Ge) - k("0Ge) = kg(74Ge) - kg("0Ge) - kho(4Ge) + kip(70Ge)  (5.11)
Thus the isotope shift of the energy gap Akg between 70Ge and 74Ge in terms of
wavenumber becomes,
Akg = kg("Ge) - kg("0Ge) = k(™Ge) - k(70Ge) + kho("4Ge) - kho('0Ge) (5.12)
Now substitution of khy(70Ge) ~ 309.3 cm-! (measured with Raman spectroscopy) and
kin(74Ge) ~300.8 cm-! (estimated with Eq. 5.8) yields,
Akg = kg("Ge) - kg(70Ge)
= 5757 - 5738 +300.8 - 309.3 (cm1)
=10.5cm’! (5.13)
Then the isotope shift of the energy gap between 70Ge and 74Ge can be expressed
in energy AEg by conversion AEg=Akghc/27, i.e.,
AEg = Eg(74Ge) - Eg(70Ge) ~ 1.3 meV. (5.14)
The result obtain in Eq. 5.14 is a rough estimate from the primary result,
nevertheless, it is in very good agreement with the calculated value of this isotope shift by
Zollner et al. [61]. In order to improve the resolution, the impurity bound exciton

photoluminescence will be made with G. Davies et al. in the future.
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5.2.3 Isotope shift of the heat capacity

Heat capacity at constant volume Cy is generally given by the Debye formula [9],

e

(5.15)

v

epT
_3ko’ | xferdx ypere x =fic
2n2 J, (ex- 1) kg T

where kp is the radius of sphere in the reciprocal space which contains precisely N allowed
vectors (N: number of Bravais lattice sites in the crystal), ®p the Debye temperature, and c
the velocity of phonon, k the wave vector. @p is defined as,

fickp =1 wp = kg ©p (5.16)
where p is the Debye frequency. In the low temperature region (T<0.2 ®p), Eq. 5.15

becomes,

3,
C, = géé_k_D_(.I_‘?’ kp (5.17)
6 nt? 90)

Because the Debye temperature of Ge is ~370 K, Eq. 5.17 is valid below ~77 K. The
isotope shift of heat capacity between 70Ge and 74Ge can be estimated by the shift of the
Debye frequency, @p. Since @p e M-1/2 and ©p o M-1/2, one finds Cv o< M3/2 from Eq.
5.17. Therefore we expect the fractional difference of heat capacity Cy(79Ge) and
Cyv(74Ge) to be,

= 8‘323 1=(F = 879 (5.18)
To our knowledge, there has been no data published on the isotope shift of heat capacity in

Ge up to date.
5.2.4 Isotope shift of the thermal conductivity

In 1958, Geballe and Hull compared the thermal conductivity between isotopically

enriched 74Ge and natural Ge crystals [2]. While they observed heavily diffused thermal
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conduction in natural Ge due to the random distribution of five stable isotopes, thermal
conduction in 74Ge showed a K=0.06T-3 dependence below 5K which is known as the
Casimir's limit regime [2]. In this regime, phonons experience no scattering from one end
of the sample to the other. Therefore the isotopically enriched samples will be ideal
samples to investigate various thermal conduction scattering centers and their cross

sections.

5.2.5 Low temperature ballistic phonon transport - Phonon focusing

As explained in the previous section, the mean free path of phonons becomes very
large at low temperature and the velocity of phonons become comparable with the speed of
sound. These extremely fast phonons are called ballistic phonons and the study of their
transport is very important for the development of phonon mediated particle detectors. It is
also very important for the basic understanding of crystal lattice properties. The
propagation of ballistic phonons strongly reflects the anisotropy of the crystal. (The
anisotropic propagation of phonons is known as the "phonon focusing effect" [62-64].)
However, for the same reason as in the case of thermal conduction, ballistic phonons
experience heavy isotope scattering in natural Ge. Therefore, isotopically enriched Ge
crystals will be extremely useful in the study of ballistic phonon transport and phonon

focusing.
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Appendix A: Effective distribution coefficient
With the aid of the binary phase diagram in Fig. A.1, the equilibrium distribution
coefficient is defined as follows. For simplicity, we define the horizontal axis of Fig. A.1
as the solute concentration in germanium. When the system is at temperature T, the solute
concentrations in the Ge solid (Cg) and in the Ge liquid (Cy) are given by the intersection
of the tie line with the solidus and liquidus lines respectively. Then the equilibrium
distribution coefficient kg is defined as
ko=Cs/CL. (A.1)
The value of kg can be either greater than equal or less than one depending on the
phase diagram of the solute impurity with Ge. For the case of the actual zone refining
process, the equilibrium distribution coefficient kg has to be replaced by the effective
distribution coefficient since it is a non-equilibrium process. In 1953 Burton, Prim, and
Slichter assumed the solid-solute-liquid reaction to be mainly dependent on a diffusion-

governed transport process and derived the effective distribution coefficient kegr [65]. They

ko=Cs/QL <1 ko=Cg/Cp, > 1
@ liquidus ®
2 5
o - -
5 T | g T
Q. [oR
5 | | 5
P— | | =
| |
(@ |
Cs CL CL Cs
Solute concentration Solute concentration

Fig. A.1 Schematic solvent - solute phase diagram
@ky<1 (b)ko>1
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started with the one-dimensional, steady-state diffusion equation of solute atoms across the
interface in the liquid moving away from the solidification front in the absence of mixing in
the liquid,

..Vx—

D %%(23- dC_ (A2)
where D is the diffusion coefficient of the solute, C the concentration of the solute, and vy
the velocity of the solidification front in the x direction. The actual solute distribution for
ko<1 at the interface is shown in Fig. A.2. The excess "pile up” of the solute concentration
on the liquid side is due to the rejection rate of the solute from solidifying Ge being much
faster than the rate of the diffusion of the solute in the liquid. The boundary conditions for
Eq. A.2 then become

C=Cp) at x=0 and C=Cp atx=d. (A3)

Then the solution of Eq. A.2 is given by

keff = Ko
ko + (1 - ko) exp (-f 3 /D)

where kg in this case is given by Cg/Cr(0) and f is the velocity of the solidification.

(A4)
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Fig. A.2 Concetration of solute when k,< 1
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Appendix B: Secondary Ion Mass Spectroscopy (SIMS)

In our measurement a gallium ion beam Was accelerated onto the surface of the
sample in order to sputter some of the Ge atoms from the surface. A fraction of the
removed Ge atoms was in the form of secondary ions analyzed by a mass spectrometer and
separated according to their mass to charge ratio (m/q). The mass spectrometer data was
obtained in the form of a number ot counts for each value of m/q ratios; consequently, by
comparing the count for each Ge isotopes, we determined the isotopic composition of
70Ge#4 and 74Ge#2 crystals. Ref. 57 contain further description of SIMS measurement on

semiconductor materials.

Appendix C: Determination of crystal orientation by optical reflection

The system employed in this work is the The tail end of each Ge crystal was lightly
abraded with a #240 SiC sand paper to create a small area with a rough surface. The
surface was etched with a HYO:HF:H70, (4:1:1) solution for 2 minutes. This process
preferentially etched the {111]) planes of the Ge surface and created a large number of
shiny {111} mirrors. A parallel beam of white light was focused on the surface, and the
pattern formed by the light reflecting from the sample surface was observed. To find the
orientation of the sample, we tilted the crystals and looked for a patterns consisting of
specific symmetries, i.e., four-fold and three-fold for <100> and <111> directions,
respectively. Finally the direction of crystals was determined by using the standard

stereographic projection for the cubic system [66].
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Appendix D: Dislocation etching
The experimental steps to obtain dislocation etch pits on {111} planes are the
followings;

(1) Cut wafer on exact (111) plane.

(2) Lap with mixture of 9 um diameter SiC particles and water to produce smooth flat

surface.

(3) Etch with HNO3:HF (4:1) solution to obtain a polished, defect free surface.

(4) Boil in ferricyanide {111} preferential etching solution (6g KOH, 4g K3Fe(CN)g,

and 50 ml HoO) for ten minutes.

Because dislocations are surrounded by local stress, the step (4) preferentially etches
the Ge near dislocations and creates triangular shape etch pits. Therefore the area density
of dislocations intersecting with the (111) plane under observation can be found by
counting the number of etch pits. Dislocation lines in diamond lattices lie on {111} planes.
Since surface of the sample was one of four {111} planes, only the dislocations lying on
the rest of three {111} planes could intersect with the (111) plane under investigation.

Consequently, dislocation density was calculated by the area density multiplied by 4/3.

Appendix E: Net impurity profile measurement with the resistivity
technique

Electrical contacts were formed at intervals of length /=3mm along the growth
direction of the ingots by simply rubbing indium-gallium eutectic liquid on the surface.
This method is known to produce quite reliable p-type ohmic contacts. A constant current I
was sent throu gh the crystals (e.g. 100 pA) and the voltage drop 4V at each 3 mm interval
was measured at 77K in the dark. This temperature was chosen because the generation of
electron-hole pairs across the band gap significantly exceeds the extrinsic carrier

concentration at the room temperature when Ge crystal has less than 1013cm-3 electrically

55



active impurities. With the knowledge of the cross section A of the ingots, the resistivity p
for the each section of the ingots was determined by the relation p=AR/ =AAV/ll where R
is the resistance. Then the net-concentration IN4-Npl for every 3mm interval can be
estimated with the equation INo-Npl=1/pug where p is the mobility (~40,000 cm?2/Vsec

for both electrons and holes at 77K) and q the electron charge (1.6X10-19C).

56



Appendix F: Temperature dependence of the conduction mechanism in
doped semiconductors

Fig. F.1 (a) and (b) schematically show an example of the temperature dependence
of the carrier concentration and resistivity of a moderately doped and compensated
semiconductor. For simplicity we shall discuss a semiconductor which contains a shallow
donor impurity concentration N with a lower concentration of compensating acceptors
Na. The compensation ratio is defined as N4/Np. An analogous explanation applies to p-
type semiconductors.
Segment 1 in Fig. F.1: High temperature region (kgT>Eg, Eg: energy gap)
This is the intrinsic region where the temperature is high enough to excite electrons from
the valence band to the conduction band to create free electrons and holes in excess of the
dopant related electrons. The number of free electrons and holes overwhelm the number of

extrinsic carriers, and the slope of In (n) vs. 1/T in Fig.F.1 (a) is proportional to EgIZkB.

Inn
W

1/T 1/T
(a) - (b)
Fig. F.1 Temperature dependence of (a) carrier concentration
and (b) resistivity in semiconductors
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The resistivity p is given by;

p =(ne qpe)t + (ny q )l (F.1)
where ne and ny, are the free electron and hole concentrations, q the charge and Yg h the
mobilities of electrons and holes, respectively. Due to the rapid decrease in the free carrier
concentration, the resistivity increases as the temperature decreases.

Segment 2 in Fig. F.1: Extrinsic impurity saturation region (kgT>Ep, Ep: donor ionization

energy ~10meV for Ge)

The plateau of segment 2 in In (n) - 1/T is due to the extrinsic carrier concentration
which exceeds the intrinsic free carrier concentration. The temperature is too low to create
a large concentration of intrinsic free carriers but sufficient to ionize all n-type shallow
impurities. Thus the carrier concentration stays constant at Np-N. The resistivity, on the
other hand, decreases as the temperature is lowered because the mobility (L increases when
the compensation is relative.v low due to a decrease of scattering by lattice vibrations. In
Eq. F.1, n and q are constant and W increases hence, p increases as T decreases.

Segment 3 in Fig. F.1: Freeze out region ( kgT<Ep)

The temperature becomes low so that the thermal energy is not sufficient to maintain the
ionization of all donor impurities. Although the temperature dependence of carrier
concentration can be rigorously calculated by carrier freeze-out statistics, only the relevant
results will be stated here. For detailed description the text by J. Blakemore should be
consulted [29]. As the temperature is lowered, the carrier concentration decreases. The
behavior of segment 3 in the In (n) -1/T curve strongly depends on compensation level. If
the material is uncompensated, the slope is proportional to Ep/2kgT throughout segment 3.
If the material is compensated (N#0), the slope is proportional to Ep/2kgT in the
temperature range for which n>N,. For n<N, the slope is proportional to Ep/kgT. In
Fig. F.1 (a) segment 3 is half slope (e< Ep/2kgT) and 3' is full slope (o< Ep/kpT). The
kink in slope occurs at the minority impurity concentration level N,. The resistivity, as

seen in Fig. F.1 (b), increases due to the rapid decrease of the carrier concentration.
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When the dopant concentration in a semiconductor is relatively low, the thermal
excitation of carriers from the donor levels to the conduction band generates the conducting
electrons. However, when a semiconductor is moderately to highly doped (>101%cm-3 for
Ge), completely different conduction mechanisms begin to dominate at very low
temperatures.

Segment 4 in Fig. F.1 (b): €2 conpuction.

When a semiconductor contains a relatively large concentration of impurities
(3X1017>Np-N221016cm-3 for Ge) with very little compensation, so called "g2
conduction" dominates. Electrical conduction in this case is no longer due to free carriers
in the conduction band, but is due to electrons excited to the so called "upper Hubbard"
band. Because electrons transfering charges in this case are not "free" electrons in
conduction band, it is useless to consider Fig. F.1 (a). Gershenzon et al [67] showed that
neutral donors in Ge can bind a second electron (the D- state) with a binding energy of the
order of 0.1Ep. This is analogous to the formation of H-. Because the binding energy of
the state is small, the D- state has a very large Bohr radius. The overlap of D-

wavefunctions leads to an energy band at the energy between the donor levels and

g (E)

Fig. F.2 Density of states of the D “band and the activation
energy for the €, conduction
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conduction band minima (CB) as shown in Fig. F.2. Since €<Ep, this conduction

mechanism dominates at lower temperatures at which normal freeze out would occur

otherwise. In order for this €2 conduction to occur, the donor concentration must be high

enough so that D- states can overlap. Also a lower compensation ratio is favorable for the

€2 conduction since compensation reduces the number of electrons in the donor states and

decreases the probability for D- state formation.

Segment 5 in Fig. F.1.(b): Hopping conduction regime.

Further decrease in temperature may lead to the occurrence of hopping conduction.
Whether or not it occurs depends on the donor and acceptor impurity concentrations.
When these impurity concentrations are sufficiently high (3X1017>Np-N»>1015cm-3 for
Ge), electrical conduction is due to hopping of electrons between donor impurity sites. The
resistivity slope changes in segment 5 of Fig. F.1 (b) is due to hopping conduction.

At the high temperature side of the hopping conduction regime, one usually
observes "nearest neighbor hopping." '

Hopping of electrons occurs between an occupied donor site and an unoccupied
donor site. Fig. F.3 shows the example of electrons hopping from occupied sites to the
nearest unoccupied sites. In order to create a number of unoccupied donor sites, it is
necessary to have compensating acceptors. Electrons prefer the lowest possible energy
states hence electrons at donor sites choose to "fall" into all available acceptor sites. This is
the essence of "compensation". Once unoccupied states are created, electrons are able to
jump into them from the nearest occupied states. This is called nearest-neighbor hopping
conduction. Notice that donor states next to each other take slightly different energy levels
due to the Pauli exclusion principle and the fluctuation of the potential arising from the

compensating centers. The resistivity can be expressed as

-

P = Poexp (%} (F.2)
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Fig. F.3 Nearest neighbor hopping conduction in n-type semiconductors

where E 4 is the activation energy for the hopping, po the constant pre-factor.

In the lowest temperature regime, where the available thermal energy is less than the
nearest-neighbor hopping activation energy E,, electrical conduction occurs by electrons
jumping to sites which are energetically in reach, though they may be much further away.
This is called variable range hopping conduction. The mechanism is shown in Fig. F.4.
Each electron sitting on the donor site "looks" for an empty donor site into which the
electron can hop with the available thermal energy kgT. In Fig. 2.6 the electron at site 1
finds the state at site 6 to be within energy kgT; so it can hop from site 1 to 6, whereas site
5 is out of the available kgT range even though it is closer than site 6. The theory of

variable range hopping conduction przdicts the following temperature dependence of

resistivity [38,39]

N
p =10 exp (%‘?—) where N = (F.3)

1.1
4 2
In the case of a NTD germanium, N is found to be 1/2.
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Fig. F.4 Variable range hopping conduction in n-type semiconductors
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Appendix G: Photothermal ionization spectroscopy (PTIS)

Photo lonization Spectroscopy (PTIS) of impurities in a semiconductor involves the
ionization of impurities in two steps. This two-step process is schematically shown in
Fig.G.1 for the case of a donor. An electron in the ground state of the donor is excited to
one of the excited states by the incident photon of energy AE=hv. Subsequently, the
ambient temperature contributes the phonon energy hw to excite the electron from the
excited state to the conduction band. These free electrons in the conduction band are
detected through an increase in the conductivity of the crystal. Two ohmic contacts applied
to opposite surfaces of the sample are used to measure the conductivity. Usually a PTI
spectrum is taken under an appropriate fixed temperature with the incident nearly
monochromatic photon flux (infrared for the case of Ge) produced from the broad band
light source by a Michelson interferometer. Because PTIS is base on an electrical
measurement, this method has excellent sensitivity in which detection of a shallow impurity
concentration as low as ~107cm-3 may be possible in favorable cases {68].

Identification of shallow impurities with PTIS is quite simple. Since electron (or
hole) transitions within each shallow donor (acceptor) occur with characteristic photon
energies, the identity of impurities can be determined by observing the peak positions of the
PT1I signal arising from each of the characteristic transitions.

The theoretical determination of electron (hole) transition energies within shallow
impurities in semiconductor relies on the "effective mass theory (EMT)" [69] which
describes tne energy states of a local charge bound to a particular impurity. Shallow
impurities are often called "hydrogenic" because an electron (or hole) is bound to singly-
charged donor (or acceptor) core as in the case of a hydrogen atom. Thus the Bohr
equation for the hydrogen atom with an appropriate effective mass m”™ of a electron (or

hole) and dielectric constant € of a host semiconductor provides a good estimate for the
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Fig. G. 1 The two-step absorption process which leads to photothermal ionization
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ground state energy of bound electron (or hole):

E=.4n% m" G.1)

g h?
where e is the charge of the electron (hole) and h is Planck's constant. Following this EMT
calculation, the ground state energy of a shallow donor in Ge was found to be ~9.9meV
[70]. The Bohr radius r of the ground state (s-like) wave function of a shallow impurity
can be also calculated by the following equation based on the Bohr hydrogen model:
2

i 4 ngehz m* ©
The Bohr radius is ~80A for Ge which means that the 1s ground state wave function
extends over more than 1000 Ge lattice sites in the crystal. Excited states extend over even
larger volumes. Fig. G.2 shows the energy levels of a group III acceptor in Ge. The
ground state (1S in the spectroscopic term) has the 11§ syrnmetry of the valence band top
and the transitions to the p-like excited states are denoted by the letters G, D, C, etc. In
Fig. G.2, the ground state energies differ among various shallow impurities since the s-like
wave function with the probability density maximum at the impurity core is strongly
affected by the core potential of the specific impurity. On the other hand the p-like wave
function has a probability density zero in the impurity core and is only shaped by the
Coulomb field of the point core potential. Consequently the p-like wave functions are
almost independent of the chemical nature of the impurity core while excited states are
virtually identical for all shallow donors and for all shallow acceptors. This can be readily
seen in Fig. G.2 as the energy spacings between p-like excited states (spacing between
1T, 2I'g, 1T7®3lg, etc. and even up to the valence band) are identical for different
shallow acceptors.

Following the EMT, the energy (i.e., wave number) spacings between excited state

energy peaks (G, D, C, etc.) are equal for all shallow acceptors but the energy position of a

particular peak (say C transition peak) for different acceptor relative to the valence band
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edge is different due to the shift in the ground state energies. This leads the transitions
within each impurity to occur precisely at their characteristic photon energies, i.e., PTIS is

a very powerful technique for the identification of impurities in semiconductor.

Egs - Ev (meV)

EMT 8 Al Ga In
11.2 10.82 1115 11.32 11.99

11+

10 - 8 —~

11
A\
»
-
Y]
(

1r;
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2r;
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5Ts

1 w4 WY

Fig. F.G.2 The energy levels for the ground state and lowest-lying odd-prity excited states
of Group III acceptors in Ge
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Appendix H: EPR measurement
An application of an external magnetic field, H, induces alignment of magnetic
dipoles to spin parallel and anti-parallel. This is the well known Zeeman splitting of a
paramagnetic state by an external field (see Fig. H.1.a). The splitting of two Zeeman levels
in the case of a defect with isotropic single unpaired spin is given by,
AE=gpg H (H.1)
where AE is the energy difference between two levels, g the g-tensor which reflects the
symmetry of the defect, pg the Bohr magnetron, and H the applied external field. When

the crystal is subjected to incident microwave radiation of a fixed frequency v, the radiation

E
? hv=gugH (a) Energy level splitting
in H-field
H
T
U (b) Intensity of transmitted
radiation vs. H
H
_ 4T
dH
(c) EPR signal
(Negative derivative
-dT/dH)
H

Fig. G.1 EPR spectroscopy
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is absorbed when the following condition is satisfied for a particular H;

AE=hv (H.2)
Fig. H.1.b shows the intensity of transmitted radiation. Notice the dip at the field which
satisfies Eq. H.2. The EPR spectrum is obtained by taking the negative derivative of the
transmission signal -dT/dH (Fig. H.1.c.). Generally, EPR signals are further complicated
by the following effects. When defects are anisotropic, direction dependence of the EPR
spectrum appears and evaluation of the g-tensor in Eq. H.1 is necessary. The hyperfine
interactions between the nuclear magnetic moment of the defect and the paramagnetic
electron will give rise to dipolar field Hyy,. Due to these internal fields, the EPR lines are
displaced along the H direction or replica of the original spectrum are created along the H
direction. The superhyperfine interaction is the hyperfine interaction between nuclear spins
of the neighboring host lattice atoms and the paramagnetic electron of the defect. The
complication due to the superhyperfine interaction can be very serious especially when the
host atoms of high value nuclear spin are randomly distributed in the crystal. Thus the
nuclear spins of host lattice atoms play a very important role in the EPR study of impurities
and defects. Natural Si contains 4.7% of 29Si with nuclear spin I=1/2. The low spin of
295i and the small concentration of 29Si make Si as a better material to investigate with the
EPR. However, each resonance line of the Si EPR spectrum is normally accompanied by
weak satellites due to the unpaired electrons which have one 29Si neighbor, and the
resonance lines are broaden as well in Si due to presence of 29Si. Germanium is even
worse for EPR studies since it contains 7.8 % 73Ge which has nuclear spin of 9/2.
Therefore previous attempts to study defects using EPR in natural Ge have suffered from

poor resolution due to the superhyperfine interactions with 73Ge.
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Appendix I: Determination of the isotope shift of the energy gap with the

exciton photoluminescence in indirect semiconductors.

When an electron and a hole are bound to each other they form a pair called exciton. When

this pair is free to move around within a crystal, it is called free exciton. The binding

energy of free excitons in Siis 14.7 meV and in Ge 4.15 meV. The threshold energy Eih
for the free exciton photoluminescence for the case of an indirect semiconductor is given
by,

Eth=Eg-Ex-fio (N ))
where Eg is the indirect energy gap, Ex the exciton binding energy, hw the energy of the
momentum conserving phonon necessary in the case of indirect semiconductors.

When excitons are bound to impurities in semiconductors, they form energy levels

associated with the impurities. These are called bound excitons. The threshold energy Exp'
for bound exciton luminescence is given by,

Eth'=Eg-Ex - Eg (1.2)
where Ep is the binding energy of the exciton to the neutral shallow center (~1/10 of
ionization energy of shallow impurity). Among these parameters, Ex and Eg are
considered to exhibit no isotope shift. Therefore, one can immediately determine the

isotope shift of the gap in comparing bound exciton threshold energy for the crystals of

different isotopes. That is AEth' = AEg since Ex and Ep are constant in Eq. 1.2.
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