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Abstract

Unconventional ways to improve the efficiency of purification of two differ-
ent semiconductor materials of current interest, ZnO and Ge, are described.
It is shown that, by using chemically assisted vapour transport of ZnO with
carbon as a transporting agent, the degree of chemical purity of ZnO can be
increased by more than an order of magnitude. It is also found that heating of
the molten Ge in the experimentally determined narrow (about 20°C wide)
temperature range in which an intense evaporation of certain substances is
observed, leads to a significant reduction of germanium contamination. As a
result, a subsequent deep purification of pre-heat treated germanium by zone
refining can be achieved at twice reduced (as compared with “non-treated”
Ge) number of passes of a boat with germanium through the melting zones.
Thus, the Ge purification process becomes faster, cheaper and more effi-
cient.
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1. Introduction

As the areas of application of semiconductor materials expand and requirements
to their characteristics increase, the problem of improving methods for materials
purification remains relevant. In particular, this applies to such widely used ma-
terials as ZnO and Ge, despite the fundamental differences in their properties
and applications.

An example of a highly purified semiconductor material is Ge crystals used as
high-resolution y and X-ray detector material, which must contain a very low
density of electrically active defects as well as of some other types of defects. By
the use of highly advanced technologies of purification, the density of impurities

107 - 10" cm™ is achievable [1].
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In the case of compound semiconductors, the achievable degree of purifica-
tion is much less. As to ZnO, for the purification of which the chemical methods
are most widely used (see, for example, [2]), 6N ZnO powder is almost the pur-
est material that can be easily found in the market [3].

At the same time, recently the scope of applications of high purity semicon-
ductor materials has expanded. One of the areas of their use is medicine. As
known, germanium may be used in the treatment of diseases of the heart and
blood vessel, including high blood pressure and high cholesterol; of the eye dis-
eases, including glaucoma and cataracts; of the liver diseases, including hepatitis
and cirrhosis. Ge promotes the transfer of oxygen in the tissues of the body (like
hemoglobin), enhances the human immune status, promotes the increase of an-
titumor activity, increases resistance to viruses and bacteria, promotes removal
of toxins from tissues, increases frequency of conduction of nerve impulses. In
its turn, ZnO is used in medicine as an antiseptic, a drying, astringent, absorbent
substance. It is added to many external dermatological products for the treat-
ment of eczema, pressure sores, baby prickly heat, herpes simplex, wounds, cuts,
burns, ulcers. The potential of zinc oxide for antimicrobial applications in the
fields of biomedicine and environmental protection was also established [4]. For
most of these applications, it is desirable to use fairly pure substances. Except for
medical purposes, it might be profitable to use high purity ZnO crystals for some
technical applications, for example, in electronics, primarily as substrates for
GaN light-emitting diodes and lasers instead of hydrothermally grown ZnO
crystals contaminated with impurities during growth.

This article describes unconventional, fairly simple and affordable ways for

increasing efficiency of ZnO purification as well as of Ge zone-refining.

2. Zinc Oxide Purification

For zinc oxide powder purification, we used a method of chemically assisted va-
pour transport (CVT). The essence of this method is that the initial material (for
example, powder) and the transporting agent (solid or gaseous) are placed in a
closed ampoule, both ends of which are heated to different temperatures. In
some conditions, a reaction occurs between the initial material and the trans-
porting agent in the hot zone of the ampoule, the reaction products move into
the cold zone and there the reverse chemical reaction occurs resulting in forma-
tion of the crystallites of the initial material and a gaseous transporting agent.
The crystallites settle on the inner walls of the ampoule, and the transporting gas
is transferred back to the hot zone and there reacts again with the initial material
remaining in this zone. This process may be repeated until the complete transfer
of the initial material to the crystallization zone. The advantage of this process,
when it is used for growing crystals, is that it takes place at much lower temper-
atures compared to crystal growing by sublimation followed by vapour transfer
from the hot zone to the cold zone with subsequent crystallization there.

It is also known that, in addition to crystal growing, CVT may be used for pu-
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rification of some metals, for example Zr, Ni, Ti, etc., using iodine and other
transporting agents. At the same time, when using CVT for growing crystals of
II-VI compounds, to which ZnO belongs, the grown crystals (such as CdS, etc.)
turned out often to be heavily doped with atoms of the transporting agent. Be-
cause of this, CVT seemed inapplicable for the purification of II-VI compounds.

At the same time, the encouraging results could be also found in the literature
regarding the possibility of growing sufficiently pure ZnO crystals by CVT me-
thod. In particular, when using chloride or carbon as transporting agents, the re-
sidual concentration of chlorine in the crystals was really high (about 0.05%),
but the residual carbon was found only on the surface of the grown crystals [5].
In addition, when transporting agent CO was used, the level of carbon contami-
nation in the crystals was not dramatically high, at least in comparison with the
impurity content in hydrothermally grown ZnO crystals [6].

Summarizing known, including the above, information, it can be concluded
that preliminary predictions regarding the possibility of ZnO refining by the
CVT process may be doubtful. There are a number of facts against this possibil-
ity. Firstly, ZnO may be contaminated by the transporting agent, secondly, the
purified material cannot be CVT-refined from elements-analogs, whose pres-
ence in the material is difficult to establish previously at their low concentration,
and, thirdly, the volatile substances, if present, can transfer to the cold zone even
without the participation of a transporting agent and can contaminate the puri-
fied material. Thus, the final conclusion about the possibility of material purifi-
cation by CVT method can be made only as a result of experiments.

To clarify the possibility of ZnO purification by CVT, we used a vertical
scheme of CVT growing. About 100 g of ZnO powder of a purity 99.9% and a
small amount of carbon powder were placed at the bottom of the sealed quartz
glass ampoule mounted inside the vertical furnace. As our experiments showed,
the amount of carbon powder used did not significantly affect the experimental
results and could be, for example, 0.5% - 2% of the weight of ZnO powder. The
ampoule with ZnO and carbon powders was kept at a temperature of about
1000°C for about 30 hours. As a result, about 75 g of ZnO was crystallized in a
cold zone of the ampoule in the form of a sintered fine crystalline powder.

To compare the chemical purity of the initial and recrystallized powders, their
mass spectrometric analysis was performed. The studies were made on an
Ion-TofIV time-of-flight mass spectrometer. All samples were studied under the
same conditions, those were the pressure about 10~° mbar, the use of the source
of Bi; ions at an energy of 25 keV and a raster of 41 x 41 pm. The surface of the
samples was cleaned for 60 sec. by the oxygen ions at energy of 1 keV and a ras-
ter of 700 x 700 pum. When carrying out the experiments, accumulation of the
same signal of the main isotope Zn was made.

Figures 1(a)-(c) show the intensities of the signals of the main contaminants,
which were potassium, sodium and the transporting agent, ie carbon. As

seen, the content of these impurities after refining was reduced from 2 to 60
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Figure 1. Mass-spectra of carbon (a), sodium (b) and potassium (c) atoms in the initial
(curves 1) and recrystallized (curves 2) ZnO powders.

times. The analysis of the total content of impurities in the initial and purified
materials showed that it decreases from 2 x 10" cm™ to 5 x 10" cm™, respec-
tively, that is, more than by an order of magnitude.

Mass-spectra of constituent elements (zinc and oxygen atoms) as well as of
Zn, and ZnO molecules in the initial (curves 1) and recrystallized (curves 2)
ZnO powders are shown in Figures 2(a)-(d). As can be seen, the signal intensi-
ties of the elements that make up the crystal lattice of the sample became higher
after recrystallization due to a decrease in the concentration of contaminants.

We also attempted to achieve a purification effect using other transporting
agents, such as CO and H,O, as well as other evaporation and crystallization

temperatures. However, all these experiments were unsuccessful.
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Figure 2. Mass-spectra of constituent elements and molecules in the initial (curves 1) and
recrystallized (curves 2) ZnO powders: oxygen atoms (a), zinc atoms (b), Zn, molecules
(c) and ZnO molecules (d).

Note that the question still remains how deep purification can be achieved in
the described way, for example, by repeatedly CVT purifications of the same

material. We hope to receive an answer to this question in future studies.

3. Germanium Purification

As known, germanium is usually successfully refined by zone melting which
makes it possible to prepare material with a total density of uncontrolled impur-
ities 10’ - 10" cm™. Since 1 cm’ of germanium contains 4.4 x 10> atoms, it can

be easily estimated that zone-refined Ge contains only 1 impurity atom per 10" -
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10" atoms of the host lattice. This makes Ge one of the most chemically pure
materials known. It seems doubtful that it will be possible to improve signifi-
cantly the zone-refining method itself or to develop an alternative method for
deeper purification of germanium. Zone-refining method has been used for
many years and is based on the fundamental properties of germanium, namely,
on the fact that the extinction coefficient of all impurities (except boron) in ger-
manium is less than unity and therefore the solubility of these impurities in liq-
uid germanium is higher than in solid germanium. Therefore, when pulling a
narrow molten zone along a germanium ingot, the impurities pass from the solid
ingot to the melt and are gradually removed to the end of the ingot.

Despite the apparent simplicity of this method, a fairly large price has to be
paid for Ge purification. Really, each Ge ingot must be subjected to multifold
purification, Ze. the graphite boat with germanium should be many times and
rather slowly pulled through zones of Ge melting. This process is quite long, la-
borious and energy consuming. However, it is obvious that its effectiveness can
be increased by using the purest possible initial material. The unexpected and
easily reachable method of preliminary Ge purification is described below.

A commonly used method for converting prefabricated germanium powder to
crystalline germanium prior to its zone-refining, is to melt the Ge powder and
then to cool it. In our experiments, the Ge powder obtained by reducing germa-
nium oxide in a hydrogen flow at a temperature about 650°C - 675°C, weighing
about 2 kg, was placed in a round graphite crucible and then was heated under a
pressure of about 10 atm in a continuously pumped closed chamber. The
maximum heating temperature was 1050°C - 1150°C, Ze. slightly above the Ge
melting point (938.2°C) for reliable melting of the entire germanium in the
crucible. During heating, we found that a quite narrow region existed, up to
20°C wide, in which a rather unexpected process took place that looked like
boiling of the melt. Obviously, this could not be the germanium melt boiling,
since Ge boiling temperature is much higher (2833°C). We decided to stop fur-
ther heating of the furnace immediately after the appearance of “boiling” and to
continue further heating only after its completion. It turned out that “boiling”
lasted from 5 to 10 min. The temperature of “boiling” was different for different
Ge portions and depended, in particular, on Ge nature and initial purity.

Most likely, the described process was due to decomposition and evaporation
of some chemical substances of unknown nature. It seems natural to suggest that
such substances were initially contained in the germanium dioxide, from which
the metal germanium was obtained.

Figure 3 shows the distribution of electrical resistivity, measured at room
temperature, along the diameter of the germanium disk heat-treated as de-
scribed above. Curve 1 represents the resistivity distribution in the case when the
heating of the furnace was not stopped after the start of “boiling”, and curve 2
presents the case when this stop was carried out. As seen, “the stop of boiling”

results in increasing the Ge resistivity from 1 - 2 Ohm-cm to 16 - 18 Ohm-cm.
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Figure 3. Distribution of electrical resistivity along the diameter of the germanium disk.
Curve 1 represents the case when the heating of the furnace was not stopped after the
start of “boiling”, and curve 2 presents the case when this stop was carried out. Measure-
ments were made at room temperature.

The corresponding values of impurity concentrations were estimated by using
the previously established [7] and subsequently repeatedly confirmed experi-
mentally quantitative relationship between the specific resistance of germanium
and the density of electrically active impurities. It turned out that that the de-
scribed above heating process results in the decrease of the density of electrically
active impurities from 8 x 10" - 1 x 10 cm™ to 7 x 10" - 1 x 10" cm™, ie. by
about 10 times.

Let’s comment on the fact clearly visible in Figure 3, that the resistivity in the
central part of the disk is always slightly less than at the edges of the disk. The
reason is that after turning off the furnace heater, the disk is cooled first at the
edges, and then in the middle. Therefore, the crystallization front moves from
the edges of the disk to the center. As a result, the impurities, like at zone refin-
ing, pass from solid Ge to the molten Ge and, hence, gradually displaced into the
central region of the disk. It is obvious that such uneven distribution of impuri-
ties across the disk has no effect on their total content.

It must be emphasized that the process described above is fundamentally dif-
ferent from the widely used for many decades refining by melting powdered
materials in an open crucible installed in a furnace [8]. During remelting, mois-
ture, gases and oxides can be removed from the purified material. However, in
this case, the processes of removing impurities occur over a wide temperature
range and, hence, no processes similar to boiling in a narrow temperature range
can be observed. Therefore it does not make it possible to achieve a deeper puri-
fication from impurities of a certain (and unknown) nature, which is achieved
by fixing heating in a narrow temperature range.

We used the process described above as preliminary germanium purification
before its final zone-refining. It was found that, when using preliminary purified
germanium as a material for subsequent zone-refining, the resistivity of almost
the entire germanium ingot achieved 47 Ohm-cm at room temperature after 6
passes of the melted zone. This value of resistivity corresponds to the intrinsic

electrical resistivity of germanium [9] and is indicative of its high purity. At the
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same time, the process of zone-refining of the same germanium, which was not
subjected to such preliminary purification, resulted in obtaining ingots with a
resistivity about 47 Ohm-cm only in the front half of each ingot even after
12-fold passage of the melted zone. As for the rest parts of the ingots, their resis-
tivity, as a rule, did not achieve this value even after the multifold zone-refining.

Thus, the developed method of preliminary germanium purification made it
possible to increase significantly the efficiency and profitability of the final
zone-melting purification.

We have succeeded to apply the described technique, on a fairly significant
scale, for preparing germanium ingots used as an initial material when growing
optical germanium crystalline plates for thermal imaging systems [10]. To con-
vert zone-refined germanium to so-called optical germanium which is characte-
rized with a high degree of transmission in the infrared region of the spectrum,
germanium was doped with Na so that the free electron densities in the doped
crystals were from 5 X 10" to 4 x 10" cm™ [11]. The smaller of these values was
no less than 1 - 2 orders of magnitude higher than the concentration of free car-
riers due to uncontrolled impurities in the zone-refined initial germanium used.
This difference provided a high degree of reproducibility of the optical proper-
ties of germanium resulting from Na doping. It is obvious that the high efficien-
cy of manufacturing the initial germanium with required parameters described

in this article was of utmost importance.

4. Conclusions

In the present work, using as an example such materials with quite different
properties as ZnO and Ge, the prospects are shown for searching new, even un-
conventional, methods for semiconductor materials purification.

Two examples of successful results of such searches are described. It is shown
that, by using chemically assisted vapour transport of ZnO with carbon as a
transporting agent, the degree of chemical purity of ZnO can be increased by
more than an order of magnitude. It is also found that heating of the melted
metallic germanium carried out in the experimentally determined narrow (about
20°C wide) temperature range in which an intense evaporation of substances of
unknown nature is observed, results in a decrease, by about 10 times, in the con-
centration of contaminants in germanium which leads to a large increase in the

efficiency of the subsequent final purification of this material by zone-refining.
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