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Isotopic Shift in the IR of Germanium Single Crystals
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A clear correspondence between the position of the peak in the IR absorption spectrum of isotopically pure
germanium single crystals and the mass number of the isotope was found. The dependence obtained can be used
for express analysis of the mass composition of isotopically pure germanium single crystals.
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Introduction

Single crystal germanium (Ge) is the first and most stud-
ied semiconductor material [1-3]. In addition, it is in high
demand as the main optical material for the atmospheric
transparency window of 8—14um [4,5], and along with
silicon it is a material for the range of 3—5um [6]. Recently
widely developed thermal imaging devices use the single-
crystal germanium optics extensively [4,5].

It has been shown in [7-12] that the isotopic composition
of germanium and a number of other crystals significantly
affects many important material properties related to the
phonon structure of the material. This is primarily thermal
conductivity and a number of optical and electrophysical
characteristics.

The crystal lattice perceives another isotope as a kind of
structural defect. This defect, of course, has a smaller effect
on the physical properties of the crystal than the widely
studied structural defects, such as, for example, dislocations.
Nevertheless, new, previously unknown properties are found
in more perfect monoisotopic single crystals. And the
development of an economically acceptable production
technology expands the possible fields of their application.
This process is clearly observed in the development of
technology to produce germanium single crystals.

The development of technology for purification crystals
from impurities and structural defects is permanently ex-
panding the scope of these crystals application. To use
Ge as detectors of ionizing radiation, highly sensitive low-
background infrared radiation (IR) receivers, it is required
to ensure the concentration of electrically active impurities
in the material at the level of 10°~10'cm™3. And this
extremely complex technological problem has been solved.
The technology of growing dislocation-free crystals has also
been implemented [2,3].
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The previously underestimated effect of electrically neu-
tral impurities, such as oxygen, on the properties of Ge
has been revealed [1]. Further development of research of
germanium has shown that a number of new possibilities for
the use of this material are opening up, associated with the
development of technology for producing isotopically pure
single crystals [13-15]. Natural germanium ("'Ge, atomic
number is 32, atomic weight is 72.59) is a mixture of stable
isotopes with mass numbers 70, 72, 73, 74, 76 ("°Ge —
20.57%, *Ge — 27.45%, *Ge — 71.75%, "*Ge — 36.50%,
°Ge — 7.73%) [7).

Back in 1942, 1Ya. Pomeranchuk theoretically pre-
dicted [8] and subsequently discovered a significant anomaly
in the temperature dependences of thermal conductivity for
isotopically pure and structurally perfect single crystals of
germanium, silicon, and diamond [9,15.18].

The heat capacity and thermal conductivity of germanium
crystals with different isotopic compositions were measured
in [9,11,19] in the temperature range of 2.8—100K. It
has been found that monoisotopic Ge, in comparison with
the natural material, not only has a significantly higher
thermal conductivity in this range but also features a thermal
emf [20,21]. This information is of practical interest when
using germanium components in space research.

A ,giant“ contribution to the hypersound damping coeffi-
cient from the scattering of sound waves by isotopic disorder
in ™Ge single crystals compared to monoisotopic crystals
has been predicted in [21]. This is important because
experiments using hypersonic waves expand the possibility
of gaining new information about the mechanisms of
relaxation of phonon modes. The information on the
propagation of hypersound in crystals at low temperatures
make it possible to use them as a basis for development of
storage devices for microwave signals with a large size of
dynamic memory.
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Monoisotopic Ge is promising for the development of ele-
ments of spintronics and quantum computers [22]. Research
activities of the possibility to create quantum computers
based on solid-state devices are extensively developing. The
unit of quantum information (qubit) in them is the nuclear
spin state of the atom [23,24]. An ensemble of qubits
is created by introducing atoms of elements with non-
zero nuclear spin into a matrix of silicon or germanium
single crystals. To rule out the uncontrolled interaction of
qubits with nuclear spins of matrix atoms, it is required to
minimize the content of odd isotopes in the matrix. The
odd isotope in germanium is "*Ge [14].

Single crystals of the 7Ge isotope are used as a material
of detectors to study double beta decay processes and
other fundamental physical processes [11,25,26]. Ge (Ga)
detectors are used in neutrino detection experiments and
other fields [27].

Further development of studies of monoisotopic Ge crys-
tals undoubtedly implies a number of new applications of
this material in microelectronics, IR optics, nanophotonics,
and other fields of solid state physics. Therefore, the
possibility of a relatively fast and simple analysis of the
isotopic purity of monoisotopic Ge crystals becomes an
essential problem. Since the physicochemical properties
of different isotopes of the same material are extremely
similar, it is necessary to develop a method for objective
identification (express analysis) of the corresponding Ge
isotopes.

Usually, in the case of germanium, the method of deter-
mining the mass difference of isotopes using the ,,extended®
X-ray absorption fine structure (EXAFS) spectroscopy is
used for this purpose. The measurements are carried out
with femtometer accuracy by the amplitude of relative
atomic vibrations, by the temperature dependence of the
difference in the Debye-Waller factors, and by the difference
in the average interatomic distances between the nearest
neighbors of the first coordination sphere of atoms in
isotope samples [28,29]. It is possible to determine isotopic
purity by the inductively coupled plasma mass spectrometry
(ICP-MS) [14,30]. However, these methods are very
time consuming and require the use of relatively rare and
sophisticated equipment.

Earlier, in [31,32], when studying the IR absorption
spectra of isotopically pure "°Ge and 7*Ge single crystals,
a shift of the phonon absorption bands was found with a
change in the mass composition.

In general, this shift was approximated by the following
relationship:

v = 1.6vpe "M, (1)

where vy is frequency at the maximum of the corresponding
phonon absorption band of natural germanium, M is isotope
mass number, K is an exponential coefficient in the range of
0.0062—0.0072.

This study continued the above-mentioned investigation
using samples of all five stable isotopes of germanium, and
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the technology for isotope production differed significantly
from that previously used [3,31].

Experiment procedure

The experiments were carried out on samples of iso-
topically pure germanium single crystals "°Ge, "2Ge, *Ge,
74Ge, "°Ge. High-purity isotopically enriched germanium
was produced by the hydride method at the Devyatykh
Institute of Chemistry of High-Purity Substances of the
Russian Academy of Sciences with subsequent purification
of isotopically enriched polycrystalline germanium by zone
melting [7,14,33].

Single crystals of germanium isotopes were grown in the
laboratory of the Institut fiir Kristallzachtung (IKZ, Berlin)
by the Czochralski method from a quartz crucible in the
atmosphere of high-purity argon. Single crystals were grown
in the (100) crystallographic direction; the crystal diameter
was 13—17mm [14,34].

The isotopic purity of the produced germanium ingots at
each stage was determined by inductively coupled plasma
mass spectrometry (ICP-MS) [14,30].

Samples for the investigations were cut from the grown
single crystals and then polished according to a specially
developed technology of chemical-mechanical optical pro-
cessing. The working surfaces of the plates were polished
according to class IV (GOST 11141-76), roughness of the
polished surfaces corresponded to Rz 0.05um (on a base
length of 0.08 mm according to GOST 2789-73).

Transmission spectra were measured (according to the
requirements of GOST [35]) on a Bruker Vertex 70 Fourier
spectrometer in a spectral range of 1.3—330um. The
measurement error for the wave number was ~ 1cm™!,
and for the transmission coefficient it was 0.5%.

The reference samples were optically processed plates of
Ge single crystals of natural isotopic composition ("Ge)
grown at the Tver State University and at the Zaporozhye
Titanium and Magnesium Plant from knowingly different
batches of initial raw materials and produced by different
techniques: Czochralski and Stepanov methods [36]. Zone-
refined polycrystalline germanium (GPZ grade) with a
material resistivity of more than 47 Q-cm (at a temperature
of 23°C) was used as a raw material.

Experimental results and discussion

It is well known that the absorption of IR radiation in
germanium depends on its resistivity [4,37]. In this study,
pure, undoped samples with high electrical resistivity were
used.

Fig. 1 shows the transmission spectrum of natural
germanium (Ge nat) and five monoisotopic germanium
samples in a range of 10—40um. The behavior of each
spectrum is approximately the same, there is a slight
difference in transmission. The main difference consists
in the correspondence of the absorption bands to the
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corresponding wavelength; it is clearly seen that the isotopic
composition of crystals affects the position of characteristic
Ge absorption bands in the considered spectral range.
In the spectral range of 11-40um we have identified 16
absorption bands; this situation corresponds to the data
of [38,39]; for the 7°Ge isotope, the position of characteristic
bands was identified for the first time.

Fig. 2 shows in more detail the part of the frequency
range of 407—438cm~! of the spectrum for the eighth
absorption band (vg = 423.2cm™! ; the range corresponds
to wavelengths of 23—24 um), not previously considered
in [31,32] due to the large thickness of the samples used.
In these studies, the main attention was paid to the
investigation of peaks (v; = 840.3cm™!, v; = 849.0cm™!,
v; = 641.9 cm~!), precise studying of which requires thick-
ness of samples of the order of lcm. At the same
time, the high absorption coefficient did not allow for
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Figure 1. Transmission spectrum of germanium monoisotopic
samples in a range of 10—40 um.
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Figure 2. The dependence of the spectral transmission (T)

demonstrating positions of the absorption peaks in the spectra
of samples of natural (nat) and monoisotopic germanium crystals
(mass numbers of isotopes are indicated: Ge, "*Ge, *Ge, "Ge,
Ge) in the frequency range of 407—438cm™' of the spectrum
(corresponding to wavelengths of 23—24 um).
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Figure 3. Frequency dependences v of phonon absorption peaks
of isotopically pure germanium single crystals on M, the isotope
mass number for the peaks in the table.

reliable recording of the effect observed in the spectral
range of 407—438cm~!. With the thin samples used
in this study, the difference can be clearly seen in the
shifts of the spectral absorption bands of the samples of
natural ("Ge) and monoisotopic germanium crystals ("°Ge,
2Ge, "*Ge, *Ge, "%Ge) in the spectral frequency range of
407—438 cm™!. The isotopic shift of this absorption band
was clearly determined . Fig. 3 shows the dependences of
the frequencies v of the phonon absorption peaks of these
crystals on M, the mass number of the isotope.

The experimental results have shown (see the table)
that the lattice absorption peaks observed in germanium
single crystals of natural isotopic composition in samples
of germanium monoisotope crystals ("°Ge, >Ge, *Ge,
74Ge, 5Ge) are shifted according to dependence (1). The
result is clearly illustrated in Fig. 3 at frequencies for
the first three bands (v; = 840.3cm™!, vy =849.0cm™!,
v3 = 641.9cm~!) and the eighth band (vg = 423.2cm™}).

Thus, shifts of the peaks of phonon absorption bands were
recorded as the germanium isotope mass composition (1)
changes from mass number 76 to 70 (within ~ 18 cm™!
for the first peak, within ~ 13c¢cm™! for the second and
third peaks, within ~ 9cm™! for the eighth peak). They
are small, however, they are precisely determined and
noticeably exceed the error of the instrument.

Moreover, in "°Ge and "?Ge single crystals an increase in
the frequency of the absorption band (v) is observed, and
in 7*Ge, "*Ge and 7°Ge single crystals frequency decreases
compared to single crystals of natural isotopic composition
("2%9Ge).

Previously, in [31,32] the IR absorption spectra of
isotopically pure "°Ge and 7*Ge single crystals were studied
using a ,,Hitachi-225% double-beam IR spectrophotometer.
Isotopes were produced by centrifugal separation at the
Institute of Molecular Physics of the ,Kurchatov Institute
Russian Research Center with an enrichment of 99.99%.
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Position of peaks of phonon absorption bands in Ge crystals of various isotopic compositions
Composition Peaks of phonon absorption bands in germanium
of germanium Vi, em™! V2, cm ™! V3, cm ™! Vg, em™!
Experimental| Calculated |Experimental| Calculated |Experimental| Calculated |Experimental| Calculated
by formula (1), by formula (1), by formula (1), by formula (1),
data k = 0.00645 data k = 0.00645 data k = 0.00645 data k = 0.00645
"Ge 856.9 856.0 762.5 762.9 655.6 653.9 4292 431.1
2Ge 844.6 845.0 751.0 753.2 643.5 645.5 4244 425.6
2¥Ge 840.3 841.8 749.0 750.3 643.1 4232 4239
(natural)
PGe 838.9 839.6 748.0 7484 641.5 641.4 421.0 422.8
"Ge 832.6 834.2 742.0 743.5 637.6 637.2 4184 420.1
*Ge 822.0 823.5 736.0 734.0 629.5 629.1 414.1 414.7

Their fine chemical purification was carried out at the
Lawrence Berkeley Laboratory by the method of multiple
zone melting (33 runs). Polycrystalline 7°Ge and "*Ge
ingots thus purified were used as raw materials for growing
ntype Ge single crystals by the Czochralski method. The
technology for producing these isotopes, as well as for
growing crystals, described in [9,11,40] differed significantly
from the methods for producing samples studied in this
work.

However, the values of the isotopic shifts of the IR
absorption bands obtained in this case completely correlated
with each other and corresponded to dependence (1)
experimentally obtained from measurements carried out on
samples of isotopically enriched germanium produced by
various methods.

Conclusion

The effect of the isotopic composition on the properties of
germanium crystals is due to the fact that isotopic disorder
breaks the translational invariance of the lattice. This leads
to the scattering of phonons, hence the shift of the peaks
of phonon absorption bands with a change in the mass
composition of the germanium isotope.

The isotopic shift in the range of 11—-40 um was studied
for the first time by optical spectroscopy for all five stable
germanium isotopes simultaneously. Moreover, for the °Ge
germanium isotope, such a study was performed for the
first time.

It was found that for all isotopes there is a clear
correspondence between the position of the peak in the
IR phonon absorption spectrum and the mass number of
the Ge isotope. The obtained experimental dependence can
be recommended for use in express analysis of the mass
composition of isotopically pure germanium crystals.
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