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Studied are the conditions for the obtaining of polycrystalline germanium (poly-Ge) of
optical quality by the method of horizontal directional crystallization. Peculiarities of the
formation of the structural and electrophysical characteristics, as well as their influence
on the optical properties of the polycrystals, are investigated. It is established that
poly-Ge ingots have inhomogeneous structure and texturing with preferential growth of
crystallites along the crystallographic direction [111]. The grain sizes vary within a wide
range from ~ a millimeter to several centimeters along and across the ingot. It is shown
that, likewise in the case of Ge single crystals, the electrophysical and optical properties
of poly-Ge are essentially defined by the concentration of free charge carriers, the struc-
tural defects and the charge state of the donor activator. Annealing at T = 850-900°C
raises the value of optical transmission of both pure and Sb-doped germanium not less
than by 1-2 % within the whole of the transparency range. There is obtained poly-Ge:Sb
with the coefficient of light attenuation o ~ 0.04 em™! (for 10.6 um wavelength) and high
homogeneity of the distribution of the characteristics along the ingot.

Keywords: Stibium doped germanium, horizontal directional crystallization method,
optical absorption, resistivity, carrier concentration.

Onrtuuni, exexrTpodisuuni Ta CTPYKTYPHI BJIACTHBOCTI MOJiKpHCTadiyHOrO0 repmasiio,
BHPOLIEHOT0 METOJA0M rOPH30HTAJBHOI cupamosanol Kpucranizaumii. C.B.HixcanKoecvbKulil,
JI.0.I'punsv, A.A.Kosnoecvruit, 0.0.Bosk

Hocaig:keHO yMOBU OHEP:KAaHHA METOJOM TIOPHSOHTAJBHOI CIPAMOBAaHOI KpucraJaisamil
noaikpucragaiunoro repmaniro (moni-Ge) onruunol Axocri, ocobaupocTi GpopMyBaHHA CTPYK-
TYPHUX, €IeKTPODisMUHMX XapaKTepUCTUK 1 IX BIJIMB Ha OITHYHI BJIACTHUBOCTI IIOJiKpuc-
raniB. Beranosmeno, mo snuTKYU moji-Ge MaoTh HEOAHOPIAHY CTPYKTYPY 1 TEKCTYPYBAHHS 3
IepeBaKHUM POCTOM KpPUCTAJIiTiB B370BK Kpucranorpadiunoro manpsamy [111]. Posmipu
3epeH BapiloiOThCA Y IIUPOKOMY [fianasoHi Big ~ Mimimerpa [0 [AeKiIbKOX CaHTHMeTPiB
B3JOBXK 1 3a TOBIMHOIO 3AUTKAa. IloKasamo, 1o mogibmo o momoxpucramis Ge, exekTpodi-
suuHi 1 omTmuni BaacTmBocTi moai-Ge 3HAUHOI MIpPOX BUBHAYAIOTHECH KOHICHTPAIICHO
BLIBHUX HOCIIB 3apsany, CTPYKTYPHUX AedeKTiB i 3apAI0oBHM CTAHOM JOHOPHOI'O aKTHBATOPA.
Bignan mpu T = 850-900°C nmpuBoANTE A0 30iMBLITEHHS ONTHYHOTO MIPOTYCKAHHA AK JIeTOBA-
HOoro, Tak i HemeroBaHoro crubiem (Sb) repmamito me wmenmre, ik Ha 1-2 % y BecboMy
CIEKTPaJLHOMY JianasoHi mposopocti. Orpumano moai-Ge:Sb s xoedinierTom ocnabnenns
ceitma o ~ 0,04 e ! (zaa mos:xmum xsmai 10,6 MrM) 1 BHCOKOIO oxHOpisHicTIO posmoxiry
XapaKTepPUCTUK B3JOBIK 3JUTKA.
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WcenemoBaHbl yCAOBAA TOJYUEHUS METOAOM TOPH30OHTAJLHON HANPABJIEHHON KPUCTAJIN-
3alM TOJUKPUCTAIINUYECKOTO TepMaHusa (moaun-Ge) OmTUUeCcKOoro KauecTBa, OCOGEHHOCTH
(GOPMUPOBAHNSA CTPYKTYPHEIX W 9JIEKTPOPUINUYECKNX XaPAKTEPUCTUK, WX BANSHNIE HA OIITH-
YecKHe CBOMCTBA IOJUKPHUCTAJIOB. ¥CTAHOBJIEHO, UTO CAUTKHU I0Ju-G€ MMET HeOomZHOPO.-
HYI0 CTPYKTYPY U TEKCTYPHUPOBAHWE C IIPEMMYINEeCTBEHHBIM POCTOM KPHCTAJJIUTOB BILOJb
Kpucrayjorpaduueckoro HanpapiaeHud [111]. Pasmepnsl 3epeH BapbupylTCAd B IIHPOKOM
IUaIlasoHe OT ~ MIJIIMMETPA MO HECKOJBKUX CAHTUMETPOB BIOJb M [0 TOJIIAHE CJAHTKA.
IToxasaHo, uTO MOZOOGHO MOHOKpucTawaaM Ge, 3JeKTPOPUNUECCKNEe W ONTHYCCKHE CBOMCTBA
moin-G€ B 3HAUUTENLHON CTeleHM OIpeAessaIoTCd KOHIEHTpAalneil CBOGOAHLIX HOCHUTEJel
3apaga, CTPYKTYPHBIX Te(PEeKTOB M 3apAJ0BLIM COCTOAHMNEM MOHOPHOTO akTuBaTopa. OT:ur
npu T = 850-900°C npuBoguT K YBEJIUYEHUIO OITUYECKOrO IPOIYCKAHNSA KaK JEernpOBAHHO-
ro, Tak u HejeruposadHoro crubuymom (Sb) repmanusa me menee, uem Ha 1-2 % Bo Bcem
CHEeKTPaJLHOM [UalaszoHe mpospaunoctu. Iloayuen moau-Ge:Sb ¢ xosdpdumuentom ocaabie-
uug ceera o ~ 0,04 em™! (gaa gnunsl Boausr 10,6 MKM) U BBICOKOH OZHOPOIZHOCTBIO PACIIPE-

JeJIeHNA XapaKTePHUCTHUK BAOJB CJAHTKA.

1. Introduction

Now a days IR devices are being more
and more widely applied in many fields of
science, technology, medicine, military
hardware. One of the materials most often
used for the making of various elements of
IR devices (lenses, input windows, objec-
tives of thermal imaging systems, compo-
nents of IR spectroscopy, etc.) is crystalline
germanium [1]. The main requirements for
the crystals used in IR optics include low
optical absorption in the IR spectral region
3-12 um and high optical homogeneity [2].
Absorption of germanium in the transmis-
sion region is defined by several processes,
in particular, lattice absorption, as well as
the one caused by free charge carriers and
by structure defects and impurities [3, 4].
The main absorption mechanism in germa-
nium is realized by free charge carriers, i.e.
holes and electrons [4] which concentration
is defined by the impurity atoms of acceptor
and donor type. Thereat, cross-section of
hole absorption exceeds the electron one
more than by an order [5] that leads to an
essential rise of light absorption. Therefore,
to reduce the absorption caused by back-
ground impurities of acceptor type, germa-
nium is doped with a donor impurity, most
often with stibium (Sb). For the making of
optical elements there are used stibium-
doped germanium single crystals (Ge:Sb)
which electrical resistivity ranges from 5 to
40 Ohm-cm, and optical transmission in the
working wavelength is ~46 % for 1 cm
thick samples [2, 4].

For IR optics there are predominantly
used germanium single ecrystals [2]. The
chief technique of the growth of Ge single
crystals is the Czochralski method [2, 6-8].
There has been also reported the obtaining
of Ge by the Bridgman [9] and Stepanov
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[10] methods. However, the growth of large
Ge single crystals for large-size (= 200 mm)
windows is rather inefficient and accompa-
nied with certain difficulties. Therefore,
now researchers consider the possibility to
use polycrystalline germanium (poly-Ge)
and to find more effective methods of its
obtaining [11]. The use of poly-Ge is limited
by increasing optical loss caused by grain
boundaries, clusters of inclusions and impu-
rities around them, high concentration of
dislocations and considerable residual
stresses [12]. Another factor that influences
the optical quality of poly-Ge and limits its
application, in particular, for fabrication of
lenses, is its optical inhomogeneity. The lat-
ter arises in the polycrystal due to the pres-
ence of grain boundaries which are drains
for background impurities and electrically neu-
tral stibium [13], as well as non-uniform distri-
bution of residual stresses and dislocations.
Nevertheless, poly-Ge can be effectively
used for the making of a wvariety of one-
panel and plane-parallel elements, IR-shield-
ing windows of thermal imaging and op-
toelectronic systems for which the said pa-
rameters are not so critical [14]. Therefore,
development of effective methods and tech-
nologies for the obtaining of polyerystalline
germanium is a topical task. One of most
promising methods for the growth of poly-
Ge meant for the making of flat-parallel
windows is horizontal directional crystal-
lization (HDC). The main advantages of this
method include closeness of the geometric
parameters of the ingot to the size and
shape of the final product, as well as high
effectiveness of the use of the expensive
raw material. At present the said method is
being updated for the obtaining of poly-Ge
of optical quality, in particular, by doping
with stibium and sodium [13, 15]. However,
the available results on the regularities of
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Table 1. Electrophysical characteristics of raw material for germanium

Raw material

Parameters

Specific electrical
resistance p, Ohm-cm

Concentration of charge

Type of conductivity
carriers N, cm™3

Germanium purified
by zone melting

52.212.6

5.8.1014 n

the formation of structural, optical and
electrophysical characteristics of poly-Ge
depending on the conditions of crystal-
lization, annealing and other factors, are
insufficient for development of an efficient
technology for the obtaining of poly-Ge
with required parameters.

The goal of the present work was to
study the conditions for the obtaining of
polycrystalline germanium of optical quality
by the method of HDC, as well as to inves-
tigate peculiarities of the formation of
structural and electrophysical charac-
teristics and their influence on the optical
properties of the said polyerystals.

2. Experimental

Pure and Sb-doped germanium polycrys-
tals were grown in HDC setups with a ther-
mal unit made from carbon graphite con-
structional materials and resistive tungsten
heater. The crystallization process was real-
ized in argon medium under a pressure of
0.1 MPa, in crucibles made from isostatically
pressed graphite with a purity of 99.99 %
and the dimensions 30 mmx30 mmx100 mm
and 30 mmx30 mmx200 mm. The tempera-
ture gradient (gradT) at the crystallization
front was = 20 °C/cm. The crystallization
rate (v) varied from 15 mm/h to 50 mm/h,
the melt overheating temperature (AT,,,;)
ranged between 80°C and 120°C.

The grain and dislocation structures of
the ingots were investigated by the method
of etching (using H,0,:HF:H,O solution in
the proportion 1:1:3) by means of a micro-
scope MIK-4.

Their crystallographic orientation was
studied by the method of two-crystal X-ray
diffractometry in CuKy radiation.

The optical transmission was measured
within the range from 1.28 to 22 um by
means of an IR Fourier spectrometer of Per-
kin Elmer type (the measurement accuracy
was 0.5 em™1). The samples for the meas-
urements were cut out both longwise and
crosswise of the crystal. Finishing polish of
the surface of the samples was realized using
ACM 5/3 diamond powder. The thickness of
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all the samples was 5 mm. The latter ap-
proximately corresponds to the standard
thickness of optical windows of IR optical
devices. The attenuation coefficient o was
calculated taking into account the reflection
coefficient according to the formula [16]:

o= %{ln(l -R2+(1-R*+ 41232)0.5} (1)
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where h is the sample thickness; R, the re-
flection coefficient; 1, the transmission co-
efficient of the sample.

The value of specific electrical resistance
of the grown germanium crystals was meas-
ured by the two-contact method [17] on the
samples shaped as parallelepipeds with the
dimensions 5 mmx5 mmx25 mm. The error
of determination of specific electrical resis-
tance did not exceed 10 %. The type of
charge carriers was established from the
sign of the Seebeck coefficient using a ther-
moprobe [18]. The concentration of the
main charge carriers was determined by cal-
culations based on the data of the measure-
ments of the Hall coefficient [19]. In accord-
ance with the existing standards, the value of
specific electrical resistance and of the Hall
coefficient were measured at 23°C [20].

3. Results and discussion

Germanium ingots were obtained by the
method of HDC from polycrystalline germa-
nium preliminarily subjected to zone purifi-
cation. The purity of the said starting mate-
rial was > 99,999 %. The doping was real-
ized using stibium of the type Cy0000
(99.999 %) introduced into the raw mate-
rial in the form of highly concentrated liga-
ture Ge:Sb.

The purity was controlled by measuring
the electro-physical characteristics of the
starting material (Table 1).

The value of specific electrical resistance
(p) of the purified germanium is close to the
corresponding value for pure germanium
[21]. However, the concentration of free
charge carriers is by an order of magnitude
higher [22]. The latter may testify to the
presence of excessive qualities of back-
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middle

final

Fig. 1. Polycrystalline germanium grown by HDC method: a) external appearance; b) grain struc-
ture of poly-Ge; ¢) view of dislocation structure at the grain boundary.

ground impurities mainly of donor type (n
type conductivity) in the starting material.
Unlike germanium single crystals, the poly-
crystalline material does not show direct de-
pendence of p on the concentration of free
charge carriers [23]. This is due to the fact
that in the polyerystals the value of p may
be essentially influenced by the presence of
intergranular boundaries, micro-pores, in-
clusions, aggregations of impurity atoms
and inherent defects. Therefore, at a high
charge carriers concentration which depends
on the amount of impurities in germanium
the value of specific resistance may increase
(Table 1).

Fig. 1 presents the external appearance
of the grown crystal with the dimensions
100 mmx30 mmx10-15 mm, as well as the
grain and dislocation structures of the sam-
ple surface. Since the density of solid ger-
manium is lower than the one of its melt,
the thickness of initial region of the ingot
is lesser than that of the final region
(Fig.la). As seen from the presence of growth
steps on the ingot surface (Fig. la), the crys-
tallization front is noticeably concave.

Examination of the etched surface of the
ingots shows that they are polycrystals with
clearly seen grain structure (Fig. 1b). The
initial region of the ingots contains grains
with a size up to 1 em. In the process of
crystal growth this size diminishes, the
grains acquire elongated shape and are lo-
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cated along the ingot axis. Only in the in-
itial region of the ingot is it possible for
grains to intergrow throughout its entire
thickness. In other places, mainly grains
with a transverse size up to half of the
ingot thickness were observed.

The lower part of the ingot is charac-
terized by a pronounced texturing along the
growth direction with clear smooth bounda-
ries. The upper part of the ingot does not
contain grains with clear elongated shape.
The size of the grains observed was much
lesser. It seems most probable that the
changes in the grain size and shape in the
process of crystal growth is connected with
violation of homogeneity of the temperature
conditions at the crystallization front, as
well as increase of the amount of back-
ground impurities rejected to the final re-
gion of the crystal (K < 1) and located
mainly at the grain boundaries.

The performed investigations testify that
with the rise of the crystallization rate and
of the melt overheating temperature before
the growth, the grain size in the ingot di-
minishes, and the amount of defects formed
in the crystal increases. This reduces the
value of optical transmission. As estab-
lished experimentally, for the growth rate
up to 30 mm/h and the melt overheating
temperature up to 100°C, no essential wors-
ening of the optical transmission of the ex-
amined samples was observed. Therefore,

Functional materials, 27, 4, 2020
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Fig. 2. Distribution of optical transmission (A = 10.6 um) along the length (a) and the width (b) of
Ge ingot. (Shown in Fig. 2b is the distance from the ingot start where the distribution of optical
transmission along the ingot width was determined).

for further experiments there were chosen
the growth parameters: gradT = 20°C/cm,
v =380 mm/h, AT, ,;;, = 100°C.

Both the pure samples and the ones
doped with Sb cut out from the crystal per-
pendicularly to the growth direction had the
following crystallographic orientations of
the planes: (111), (311), (511). The predomi-
nant growth direction for the crystallites
was [111]. In the crystallites the deviation
of the axis [111] from the crystal growth
direction did not exceed 4.7° at the initial
region of the ingot and 8.25° up to final
region, respectively.

Some grains (crystallites) in the grown
crystals had a block structure with a disori-
entation between the blocks from 5" to 1.5°.
Study of the dislocation distribution showed
that at the final region of the ingot crystal-
lites were strongly defective. The lowest
dislocation density (~ 103 em™2) was ob-
served in the middle region of the crystals
(Fig.1la), whereas at the final region of the
crystal it was essentially higher (5-10° cm™2).
Even within one grain the dislocation distri-
bution was nonuniform (Fig. 1¢). The sam-
ples cut out from the final region of the
ingots contained more dislocations located
along the slip lines. This was probably due
to non-stationarity of the growth-annealing
conditions, and to the increased amount of
the impurities rejected by the crystal-
lization front and favoring the process of
defect formation.

Shown in Fig. 2 is the distribution of the
optical transmission longwise and crosswise
the grown germanium crystal at A = 10.6 um.

The value of optical transmission of un-
doped poly-Ge crystal in 3—-12 um spectral
region ranged between 43 % and 45 % . The
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spread of the optical transmission wvalues
over the ingot did not exceed 5 % . The de-
crease of the transmission in final region of
the crystal might be caused by the rise of
the amount of the background impurities
rejected by the crystallization front and due
to other defects in the crystal bulk.

As known from [24], at the growth of
optical germanium single crystals by the
Czochralski method the concentration of Sb
was 1-1013 cm™3-5.1014 cm™3. To establish
the required concentration of the said impu-
rity when growing such crystals by the
method of HDC the concentration of Sb var-
ied from 81013 em™3 to 4.1018 em™3. The
dopant content was calculated taking into
account the crystallization rate, the effec-
tive distribution coefficient and the coeffi-
cient of Sb diffusion in germanium accord-
ing to the formula:

Nr'Mcr 2
Mi="N"x"
L

where M is the mass of the ligature, g;
M,,, the mass of the crystal, g; Ny, the
concentration of charge carriers in the liga-
ture; N,.,., the concentration of charge carri-
ers in the crystal; K, the effective coeffi-

cient of Sb distribution in the crystal.
The numerical value of K was calculated
using the Burton-Prim-Slichter equation:

Kq (3)
Ko+ (1+ Ko)ex{%ﬂ

where v is the crystal growth rate, em/sec;
9, the diffusive layer thickness, ecm; D;, the

K =
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Ge(Sh)T
Ge(Sb)3

T, %

5 10
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Fig. 3. Optical transmission of germanium
doped with Sb of different concentrations
(undoped Ge; Ge(Sbh)1l 81013 ¢cm3;
Ge(Sh)2 1.7.10% ecm™3;  Ge(Sb)3
51017 em™3; Ge(Sb)4 — 4-1018 cm™3).

diffusion coefficient of the impurity in the
melt, em?2/sec; K, the coefficient of equi-
librium impurity distribution in Ge.

The transmission spectra in the IR-region for
poly-Ge:Sb with different concentration of Sb
are presented in Fig. 8. As is seen, the highest
transmission value corresponds to the samples
with Sb content equal to 1.7-1014 ecm3. Such
samples were chosen for further investigations.

However, the doped poly-Ge:Sb ingots
are characterized by a very high non-uniform-
ity of the optical transmission distribution
along the crystallization direction (Fig. 4).

The spread of the optical transmission
values over the ingot rises up to 10 % . This
may be caused by the formation of absorp-
tion centers connected with the dopant
atoms present in the crystal in inactive
state [13].

The electrophysical characteristics of the
grown poly-Ge:Sb crystals are presented in
Table 2. All the crystals have n-type con-
ductivity that testifies to predominance of
the donor impurities in them.

In all the studied samples the values of
p at the final regions of the crystal are by
1.5-2 times lower than those in the middle
region. In particular, in the process of crys-
tal growth by directional crystallization the
impurities with the distribution coefficient
K >1 (e.g. boron) will be located at the
initial region of the crystal, whereas the
ones with K <1 (for Sb K = 0.02-0.03 [25])
will be contained in the final region. So, it
may be assumed that the given change in
the characteristics is caused just by the
mentioned fact. However, such an assump-
tion requires additional investigations.

The measured concentration of free charge
carriers in the sample of undoped polycrystal-
line germanium (1.5-1014 em3) is higher
than the one in the standard single crystal
[26]. At final region of the crystal the con-
centration of free charge carriers rises by
more than two fold, that is probably bound
up with rejection of the background impuri-
ties by the crystallization front.

In the doped germanium samples the con-
centration of free charge carriers is higher.
However, if the influence of the background
impurities is neglected, the said concentra-
tion is always lower than the calculated
value. According to the data from [13], such
a fact may be explained by incomplete transi-
tion of the introduced impurity atoms into
active state. At the same time, proceeding
from the proposed assumptions, the general
dependence of the distribution of free charge
carriers in the crystal remains valid.

47 - 46
a)
46 + } a4 |
45| 42 b
44 + 40 F
e 43r X 38t
S 42t =
42 36l
41t
34t
40 |
32f
39+
1 1 1 1 1 1 30 1 1 1 1 1
20 30 40 50 60 70 -10 -5 0 5 10
L, mm L, mm

Fig. 4. Distribution of optical transmission (A = 10.6 um) longwise (a) and crosswise (b) poly-Ge:Sb
with Sb concentration 1.7-10'4 ¢m™3. (Shown in Fig. 4b is the distance from the ingot start).
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Table 2. Electrophysical characteristics of grown germanium ingots

Sample Part of crystal Specific electrical Concentration of charge Type of
resistance (p), Ohm-cm carriers (N), em™3 conductivity
Ge Initial region 2545.8 1.5-1014 n
Middle region 451+8.65 1.5-1014
Final region 3516.75 3.51014
Ge(Sh)2 Initial region 292.9+1 .4 2.7-1014 n
Middle region 42.8+4.8 2.7-1014
Final region - 4.2.1014
Ge(Sb)3 Initial region 31.518.25 - n
Middle region 62.415.45 3-1014
Final region 44.246.7 5-1014
Ge(Sh)4 Initial region 5.2540.62 - n
Middle region 35.5+7.0 71014
Final region 18,44+3.63 2.1014
46 - 0,07
45| 0,06 - .
44 - 0.05¢ \/k./\\\lv-
431 _ 004t . -
X 42} S 0,03}
— s ]
41 - 0,02}
40}
| 0,01
39
i ool
38 1 1 1 1 ) 0 20 40 60 80 100 120 140 160 180 200
20 30 40 50 60 70 L. mm
L, mm
Fig. 5. Optical transmission (A =10.6 um) Fig. 6. Distribution of the attenuation coeffi-

along the length of poly-Ge:Sb ingot before
(1) and after (2) annealing.

As is known [27], annealing of crystals
diminishes the value of residual stresses and
the amount of other defects which have an
effect on the value of optical transmission.
We performed high-temperature (850-900°C)
annealing of poly-Ge samples during 20 h.
As a result, the optical transmission in-
creased within the whole spectral range of
transparency of germanium by 1-2 % and
more along the full length of the crystal
(Fig. 5, curve 2). Moreover, the uniformity
of the optical transmission distribution
along the crystal also improved. However,
the required optical transmission level of
was not achieved.

A low value of optical transmission
within the whole of spectral transparency
range for undoped germanium is mainly

Functional materials, 27, 4, 2020

cient (A = 10.6 um) along the length of poly-
Ge:Sb grown with additional purification of
the raw material at zone melting.

caused by a high concentration of free
charge carriers. Therefore, it is necessary to
reduce the amount of background impurities
in the raw material. The method of HDC
makes it possible to realize additional puri-
fication of the raw material before crystal-
lization at zone melting (a narrow zone of
the melt, a high temperature gradient).

For additional purification there was per-
formed double re-crystallization of the raw
material at zone melting. Afterwards the
initial and final regions of the obtained
ingot were removed. The middle region of
the ingot was placed into a crucible to carry
out the growth process with the earlier
mentioned growth parameters. The optical
transmission (A = 10.6 um) of the samples
obtained after additional purification of the
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raw material increased along the whole
ingot length up to 45-46 %. The optical
homogeneity improved, too.

During HDC additional purification of
the raw material at zone melting and sub-
sequent crystal growth can be realized in
one process, without withdrawal of the cru-
cible from the thermal zone. Besides time
saving, such a technique reduces the possi-
bility of contamination of the raw material
during the operations bound up with reload
of germanium after additional purification
of the raw material. Fig. 6 shows the distri-
bution of the attenuation coefficient along
the axis of poly-Ge:Sb ingot grown after
such a purification of the raw material.

As a result, there was obtained the value
of attenuation coefficient close to 0.04 em™1,
corresponding to the standard requirements
to polycrystals for optical applications
[13], as well as a high uniformity (Ao ~
0.01 em™1) of its distribution along the
ingot axis at a length of ~ 200 mm. The
value of specific electrical resistance and
the concentration of free charge carriers
within the limits of measurement error also
remained practically unchanged along the
whole of the ingot length.

4. Conclusions

As found in the present study, during
the growth of polycrystalline Ge by the
method of HDC the value and non-uniform-
ity of the distribution of the attenuation
coefficient in the polycrystal weakly de-
pends on the grain size and other macro-de-
fects. The main contribution to the optical
absorption value belongs to free charge car-
riers which concentration depends on the
doping addition present in active state, and
on background impurities in Ge. The choice
of the growth conditions and of the amount
of the dopant, as well as thermal high-tem-
perature annealing increase the value of op-
tical transmission. There was obtained poly-
Ge:Sb with the light attenuation coefficient
o~ 0.04 em™! (for A =10.6 pym) and a high
uniformity of distribution of optical charac-
teristics along the ingot axis.

The results obtained during the present
study show that the use of the method of
HDC is promising for the obtaining of ger-
manium of high optical quality.
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