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MGe and Ge isotopes were successfully separated from natural Ge and zone purified.
Several highly enriched, high purity “Ge and ™Ge single crystals were grown by the
vertical Bridgman method. The growth system was designed for reliable growth of
low dislocation density, high purity Ge single crystals of very small weight (~4 g).

A Ge and a ™Ge crystal were selected for complete characterization. In spite of the
large surface to volume ratio of these ingots, both Ge and "*Ge crystals contain. low
electrically active chemical net-impurity concentrations of ~2 X 10'* cm~3, which

is two orders of magnitude better than that of " Ge crystals previously grown by two
different groups.'? Isotopic enrichment of the "’Ge and the *Ge crystals is 96.3% and

96.8%, respectively. The residual donors and acceptors present in both crystals were

jdentified as phosphorus and copper; respectively. In addition, less than 10" cm

-3

gallium, aluminum; and indium were found in the ™Ge crystal.

. INTRODUCTION

Along with the substantial progress in semicon-
ductor science and technology, the control of the iso-
topic composition of semiconductor materials (“Isotope
Engineering”) is starting to attract attention. Several
physical properties which are influenced by isotopic
composition can be studied in isotopically controlled
crystals.'® Development of isotope engineered materials
may become important in the future for the semiconduc-
tor industry. Application of the neutron transmutation
doping technique'® to isotopically controlled muitilayer
structures’! or to isotopically controlled Si~Ge alloys
may lead to superior doping control. Because many
clements in the periodic table consist of a number. of
stable isotopes present in certain fractions, the isotopic

composition of all standard semiconductor materials.

is predetermined and fixed unless a special . isotope
separation process is applied. To date only a few different
types of isotopically enriched semiconductor crystals
have been produced: ™Ge single crystals,’” "Ge single
crystals,*’ and '>C and “C diamond single crystals.®”
High purity and low dislocation density isotopically

enriched ™Ge, Ge, and Ge single crystals of larger
size (~800 g each) have been grown most recently by
the Czochralski method in our group.

In this paper we will describe the isotope separation,
purification, growth, and characterization of chemically
pure, isotopicaily enriched °Ge and "Ge single crystals
of ~1 cm® in volume. The development of a growth
system that produces high quality Ge crystals in small
size was necessary for our future goal of growing
Ge crystals containing mixed isotopes in controlled ra-
tios. Consumption of separated Ge isotopes for this
purpose must be minimized because mixing reverses the
isotope separation, an extremely elaborate and . costly
process. The elimination of the use of a seed crystal
is also.important in order to conserve the high isotopic
purity of the starting material. A detailed description of
a seedless ~4 g high purity Ge crystal growth system
will be given.

Germanium. is cuirently used in a variety of semi-
conductor sensors and detectors. Purely doped Ge single
crystals with compensation less than 1% can be grown
with high crystalline perfection. Such crysials have been
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used in the development of high responsivity, low noise
far_ infrared photoconductive detectors.’? Ultrapure Ge
p-i-n diodes with volumes of up to several hundred
cm’® are used mostly in gamma ray spectroscopy.'?

Germanium crystals with natural isotopic compositions .

have been doped by the neutron transmutation doping
{NTD) technique. They are widely used as phonon-
mediated detectors for dark matter searches and neutrino
physics,'*"® and as thermistors for cosmic ray back-
ground measurements.'®

As shown in Table I, natural Ge consists of five
stable isotopes with well-known relative abundances.!
Among these isotopes, the *Ge and ™Ge isotopes were
chosen for this work because they become doped with
shallow level impurities through NTD.'® By exposing
MGe and "Ge crystals to a flux of thermal neutrons,
®Ge crystal will become Ga doped, i.e., p-type due to
the PGe +n — "'Ge + e — "'Ga electron capture re-
action, while the *Ge crystal will turn n-type due to the
Ge +n — Ge — T As B-decay reaction. The NTD
technique is known to produce the most homogeneous
dopant distribution down to the atomic level."® “Ge and
"Ge crystals described in this work are currently used
in a variety of experiments.!®?

. ISOTOPE SEPARATION PROCESS

Growth of isotopically enriched crystals. requires
isotopically separated starting materials in the elemental

form in large -enough quantities for zone refining. Ge

isotope production in kilogram quantities was originally
‘motivated by the search for the double B-decay in "*Ge
crystals.*® The gas centrifuge system, which was used
in the former Soviet Union. for the uranium isotope
enrichment, was also employed for the ®Ge isotope
separation.! An excellent review of this technique has
been given by Olander.?? In the past nine years, more
than. 26 kg of "Ge isotope with 85% enrichment (see
Table I} was produced at the Kurchatov Institute of
Atomic Energy (now the Russian Science Center “Kur-
chatov Institute™).

In the germanium isotope separation process,
volatile, chemically reactive germanium tetrafiuoride
(GeF,) was used as a working gas..Jts molecular

TABLE 1. Isotopic compasition of the Ge isotopes enriched at the
Kurchatov Institute.

Isotope
Isolopic product G 2Ge BGe Ge Ge
Natural Ge 20.5% 27.4% 7.8% 365% 1.8%
T Ge 0.1% 0.1% 2% 145% 85.1%
MGe 0.1% (1.9% 3.8% 92.6% 2.0%
0Ge 963%  21%  01%  12%  03%

mass is 149 AMU which is substantially smaller than
that of uranium hexafiuoride (353 AMU). A special
modification of the gas centrifuge was nceded in order
to accommodate these significantly lighter molecules.?'

. Germanium tetrafluoride enriched with the target isotope

was transformed into germanium oxide GeO, followed
by its reduction to the elemental form.

Enriched "Ge can be produced directly from natural
Ge since it is the lightest stable isotope of Ge. On the
other hand, the second heaviest stable isotope "Ge may
be efficiently separated only from. an isotope mixture
with a minimal content of the heaviest **Ge component.
After the removal of *Ge, the remaining mixture ("*Ge
content of only about 1.2%) was used to separate the
Ge isotopes. Several hundred grams of Ge and "“Ge
isotopes with enrichments shown in Table I have been
produced at the Kurchatov Institute and have been made
available to a number of research groups in Russia, the
Ukraine, and the Untted States.

Il. ZONE PURIFICATION
We started our zone purification process with 100 g

‘each of isotopically enriched granular powders of “Ge

and 7Ge. The donor concentration in the powder was so
high that the Ge crystal grown. from this material with
no purification process exhibited metallic conduction
(free eleciron concentration > 3 X 107 em ™). Each
of the isotopically enriched ™Ge and ™Ge powders
was comtained in a crucible of ultrapure graphite.® The
crucible was placed in a quartz tube which allowed

_atmosphere control. After each powder was transformed
into a very narrow continuous Ge polycrystalline bar

(~50 cm long, ~0.4 cm? cross. section area), a short
molten zone (2.5 cm long) was formed by a. RF coil.
The liquid zone traveled from onc end of the bar to the
other at a steady speed of 10 cm/h in a continuous flow
of forming gas (90% N; and 10% H; mixture). Careful
adjustment of the RF heater power and the tilt angle of
the bar was necessary in order to keep the narrow Ge bar
from breaking up into a string of drop-shaped pieces. The
removal of a small piece from the impure end of the bar
after every ten zone passes decreased the total amount
of impuritics in the bar by 1-2 orders of magnitude.
After completion of 25 zone passes, the net electricalty
active impurity concentration profile along the direction
of the zone-refined polycrystalline bar was determined
vid a resistivity measurement at 77 K in the dark at 7 cm
intervals. The net-impurity concentration [V, — Np| can
be calculated with the relation |[Ns — Np| = 1/ppugq,
where N, and Np are the ionized acceptor and donor
impurity concentrations per cm®, respectively, g is the
mobility (~40000 cm?/Vs for both electrons and holes
in pure Ge at 77 K), and ¢ is the electron charge (1.6 X
1071% C). Figure 1 shows the net-impurity concentration
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FIG. 1. Net carrier cancentration profile of the ™Ge polycrystalline
bar afier 25 zonc-refining passes.

profile of the ™Ge refined bar after. 25 zone passes.
More than 80% of the bar was purified to [N, —
Npl < 10'2 ¢cm ™. This valuc corresponds to the highest
degree of the purification one can measure from the
purest graphite crucibles™ due 10 defects and impurities
at grain boundaries and dislocations. The net-impurity
concentration profile of the *Ge zonc-refined bar s
almost identical to the ™Ge bar.

IV. CRYSTAL GROWTH

The crystal growth apparatus developed for this
work is specifically designed for ease of handling and
rapid high purity growth of Ge single crystals of ~4 g
in weight. The growth direction of the crystal cannot
be predetermined because it is a seedless growth sys-
tem which fully conserves the isotopic enrichment. The
ability to control some important pararneters for crystal
growth (growth rate, interface temperaturc gradient, etc.)
is limited because of the small dimension of the system.
Nevertheless, with empirically determined parameters,
we can . reliably grow high-quality Ge single crystals
in less than 6 h. Figure 2 shows the schematics of the
ultrapure graphite split crucible (a) and of the growth
system (b). Prior to crystal growth, the interior of the
crucible® is coated with a ~20 pm thick carbon soot
formed by an oxygen-starved high purity butane (C,H,)
flame. The soft carbon layer suppresses the sticking of
Ge to the crucible. Carbon is of no concern regarding
purity because it is a neutral impurity in Ge, and its
solubility is ~10'" ¢m™3 near the melting point.?

The crucible containing Ge starting material is placed
inside the double-wall quartz tube. One end of the
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FIG. 2. (a) Cross scction schematic of the split graphite crucible.
{b) Schematic of the seedliess vertical Bridgman Ge crystal growth
system.

double-wall quartz tube is closed, and crucible loading
and gas feeding are performed through the open end.
The dimensions of the outer tube are roughly 3 em for
the diameter and 50 cm for the length. The open end of
the quartz tube is sealed by an “Ultra-torr” stainless steel
fitting manufactured by Swagclock Corporation, USA.
The crucible rests on the inner quartz support that is
standing on the stainless. steel fitting. The quartz tube
is positioned inside the vertical furnace such that the
crucible sits at a well-calibrated position of the furnace.
During the growth process, forming gas is fed (mixture
of N; ~ 1 I/min and H; ~ 200 cc/min) through the
gas infet valve in order (1) to avoid oxidation and (2) to
passivate impurities with hydrogen. The gas travels
along the path shown by the arrows in Fig. 2(b) and
exits through the gas outlet valve. After the germanium
inside the crucible has been melted completely, the
furnace temperature is slowly lowered (~2 °C/min). At
the same time the flow rate of the gas is increased so
that the cold gas reaching the bottom of the crucible
creates. an appropriate temperature gradient for upward
single-crystal growth. The grown crystal can be taken
out simply by disassembling the split crucible. Figure 3
shows a photograph of the isotopically enriched *Ge and
"Ge crystals grown by the method described above. An
18 mm diameter United States ten-cent coin is shown
to give a scale. Both crystals are about 4 g in weight,
6.5 mm in diameter, and 4.5 cm in length,

V. CHARACTERIZATION OF ISOTOPICALLY
ENRICHED °Ge AND ™Ge SINGLE CRYSTALS

Several ““Ge and *Ge crystals were grown, and one
ingot from cach ’Ge and "*Ge crystals was selected. for
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FIG. 3. Isotopically enriched ™Ge and *Ge single crystals.

full analysis. We belicve the following characterization
results on these two crystals represent the rest of the Ge

and ™Ge crystals since they were grown under identical

conditions. First, cach of the ®Ge and "Ge ingots was
confirmed to be single crystal, even though the seedless
growth relies on random nucleation at the very bottom
of the crucible.

A. Isotoplc cormposition

The isotopic composition of °Ge and Ge crystals
was found by secondary ion mass spectrometry (SIMS).
Both crystais displayed exactly the same composition

as that of their respective starting materials shown.

in Table 1. This showed that the conservation of isotopic
purity with our seedless growth system was successful,
and both crystals had an isotopic enrichment of
over 96%.

B. Crystal orientation measurement
{optical reflection technique)

The crystallographic orientation of these crystals
was not predetermined duc to our scedless growth sys-
tem. Optical reflection patterns, obtained from the {111}
planes formed on the rough-lapped surfaces which were

1344

preferentially etched with HF : H,0,: H,O = 1:1:4 so-
lution, were used to determine the direction of both
“crystals. The growth axes of ®Ge and ™Ge were found
to lie near {179) and (249), respectively. Prior to the
growth of the isotopically enriched crystals, more than
seventy natural Ge crystals had been grown by the
“same seedless method. After 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, the ™Ge
- erystal growth axis lies near (113). However, there were
some exceptions as one can see in the case of "Ge.

C. Net-impurity concentration profile

_The net-impurity concentration profiles in both crys-
tals were found from resistivity measurements described
in the previous zone purification section. The results for
both Ge and "Ge crystals displayed in Fig. 4 show

. that more than 70% of each crystal have a net-impurity

_concentration of the order of 102 cm™. It was also
found that “Ge is entirely p-type whereas Ge contains
a p-n-junction and is p-type near the growth tail end,
The identities of the dominant residual impurities will
be discussed in the following sections.

D. Temperature dependence of the free carrier
concentration

The temperature dependence of the free carrier con-
centration of four wafers cut from the °Ge and ™Ge
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FIG. 4. Net-impurity concentration profile in °Ge (@) and **Ge (A)
crystals.
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crystals was investigated by using the variable tem-
perature Hall effect technique. Figure'S shows the
temperature dependent free carrier concentration of two
wafers cut from ™Ge. Wafers Ge-18 and "*Ge-42
were cut at 1.8 cm and 4.2 cm from the seed end,
respectively. They are both p-lype, and their net-
impurity concentrations, 2 X 10'% cm™ for 7Ge-18 and
1 X 10" e¢m™3 for *Ge-42, agree very well with the
resistivity measnrement shown in Fig. 4. From the slope
of the freeze-out curve, the ionization energy of a
‘majority p-type impurity in both. samples was calculated
to be ~40 meV. Comparing this result with the list of
ionization energies for various acceptors in Ge, we
found copper (listed value 43 meV) to be the most likely
“majority impurity. The compensaling donor concentra-
tion in "*Ge-42 samples was found to be 3 X 10'" cm™
_from the change in slope in the freeze-out region. The
Ge-18 frecze-out curve shows no half-slope regions,
which indicates that the donor level concentration in this
sample lies between 10" and 102 cm ™.

Figure 6 shows the Hall effect result of two wafers
cut from crystai Ge. In. this case, Ge-18 is n-type
and PGe-42 is p-type. The carrier freeze-out region
of ™Ge-18 could not be measured due to the failure
of the n-type ohmic contacts below 20 K. However,
it can be still concluded that the net-impurity concen-
tration of ™Ge-18 is 2 X 102 ecm™3, and the majority
impurity is onc of the shallow domnors since the. curve
docs not freeze out above 20 K. The ™Ge-42 curve
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FIG. 5. Arrhenius plot of the free carrier concentration. and the
absolute temperature of the *Ge-18 {O) and Ge-42 (A) samples.
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FIG. 6. Arthepius plot of the [ree carriet concentration and the
ahsolute tempetature of the Ge-18 (O) and °Ge-42 (A) samples.

shows two big steps, suggesting the presence of both
shallow and deep acceptors. The concentration of the
deep acceptors is 7 X 10'° cm™* and of the shallow
acceptors is 5 X 10'2 em™3. Net-impurity concentration
results on °Ge-18 and. ™Ge-42 obtained by the Hall
effect are also in good agreement with the resistivity
results shown in Fig. 4. The ionization energy of the
shallow acceptor calculated from the slope is 12.4 meV,
which is a typical value predicted by the effective
mass theory for hydrogenic acceptor impurities. It is not
possible to identify the half-slope region in the freeze-
out curve. This indicates that the compensating donor
concentration is rather close to the majority shallow
impurity concentration of 5 X 10'2 em™.

E. Impurity identification with photothermal
ionization spectroscopy (PTIS)

PTIS was employed to identify the electrically active
impurities in the crystals "°Ge and "Ge. This technique
is known to be extremely sensitive, offering detection
limits of less than 10° cm™ shallow impurities in._fa-
vorable cases.'>? Figure 7 shows the PTIS spectrum
ohtained with 7Ge-42. The positions of the three major
peaks correspond exactly to the B, C, and D transition
line energies of neutral copper. This confirms unambigu-
ously the presence of copper, consistent with the result
of the Hall effect measurements. No peaks due to. other

J. Mater. Res., Vol. 8, No. 6, Jun 1993 1345




K. lah et al.: High purity isctopicaliy enriched 7°Ge and 74Ge single crystals: Isotope separation, growtn, and properties

T
= Cup ¢ B
F
=
£
|
<
B
&
8
=

320 330 340 350

Wave number (cm™)
FIG. 7. PTI spectrum of sample Ge-42.

semideep acceptors (Be,Zn) were observed with PTIS.
Copper peaks were also observed in sample "Ge-42.

Figure 8 shows thc PTIS spectrum of Ge-18.
As seen in Fig. 6, this sample is n-type with the net-
impurity concentration of ~2 X 102 cm™. The strong
peak at 90 cm™! confirms the presence. of phosphorus.
Phosphorus was found also in the Ge crystal. Becausc
phosphorus and copper were detected in most natural
Ge crystals grown in thc same. system, their source
is thought to lic in the growth system rather than in
the starting material. Further PTIS studies identified the
shatlow acceptors in °Ge-42. They are ~ 102 cm™? alu-
minum with smaller amounts (< 10! em™3) of gallium
and indium.

T T T ’ T ‘ T - []
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FIG. 8 PTI spectrum of sample "'Ge-18.

F. Dislocation density

The dislocation distributions in the Ge and ™Ge
crystals were found by means of preferential chemical
etching. The "Ge crystal has 10°~10° cm™? dislocations
distributed rather homogeneously. The ™Ge crystal pos-
sesses a similar distribution with slightly higher density,
10°-10% em~2. The study of dislocation distributions
along the crystal axis indicates the following potential
sources for distocations: (1) External stress arising from
the sticking of the solidifying Ge to the inner wall
of the crucible, (2) gas bubbles contained in the Ge
liquid acting as stress sources during the solidification,
and (3) carbon particles contained in the Ge liquid that
arc not able to escape to the surface during the Ge
solidification. The direction of the growth axes was
found to be another important factor for the elimination
of dislocations. Purc edge dislocations in Ge have a
Burgers vector along {110). Once dislocated regions are.
created, 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 dislocation lines are 30° off the growth axis,
and dislocations 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
MGe crystal in which a slightly higher dislocated spot
propagates along the growth axis all the way to the end.
Most crystals with their growth axis ncar {110} contain
slightly higher dislocation densitics.

VI. SUMMARY

We have successfully grown high purity, isotopically
enriched ™Ge and ™Ge single crystals. Table Il shows
the summary of the characterization results on the Ge

‘and the ™Ge crystal. The most important property, the

“isotopic enrichment,” was found to be over 96% in both
crystals. In spite of the very small size of the ingots (i.e.,
unfavorable surface to volume ratio for a high-purity
crystal growth), nearly 75% of both crystals contain
2 X 102 cm™? residual net impurities which is two
orders of magnitude less than those of the *Ge enriched
crystals grown previously. This was achieved by the zone
purification and careful cleaning and maintenance of the
crystal growth system, Although we achieved quite low
dislocation densities (~ 10° cm™2) in both "’Ge and *Ge
ingots, further improvement in dislocation distribution
is desirable. Both crystals were found to contain a.small
concentration of copper impurities (2 X 10'2 em™*). The
source of Cu in our growth system is currently being
investigated.

Lastly, we have recently grown an isotopically con-
trolled Ge single crystal containing "’Ge and "Ge iso-
topes in'a one to one ratio with the system described.in
this paper. Qur preliminary isotopic composition mea-
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TABLE 1L Summary of characterization results on the ©°Ge and ™Ge crystals.

h Crystal

Isotopic entichment

Orientation

Dislocation density

Net-impurity concentration (Pure side of the erystal}
Type (n or p)

Majority impurily

Minority impurity

Other impurities (Total less than 10" em™3)

MGe MGe

96.3% 96 8%

{179} {249}

10°-10* cm™2 102-318% em™?
2 % 1012 ¢m ™3 2 % 10" em™3
n P

P Cu

[P] < 0% cm™?

[Cul < 10" em™?
Al Ga, In

surement by SIMS. shows that both isotopes distributed
homogeneously throughout the crystal. We are planning
to grow ~4 g Ge single crystals of various isotopic
composition in the near future.
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