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By the method of chemical transport reactions in the closed halogen system Si-Au-Pt-B-Br, whiskers
Si1-xGex x = 0.01-0.08 of transverse dimensions 0.1-100 um were grown. Structural and magnetic properties of
the obtained crystals are investigated. The method of scanning electron microscopy showeds that on the surface
of needle-like crystals, with transverse dimensions of 50-80 microns, a porous shell with a thickness of 50-60 nm
is present. From the analysis of the energy spectra of X-rays, it was found that the surface shell contains
significant concentration atoms of oxygen and of carbon. In turn, oxygen and carbon peaks were not detected on
the inner layers of samples. It has been established that the chemical etching of the surface layer of crystals leads
to the improvement of their structural and magnetic properties.
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I ntr oduction

The whiskers due to its unique shape, size, high
elagticity and mechanica strength, which is explained by
structural perfection, are increasingly used in various
fields of human practice (aviation, rocket and space,
medical, transport, telecommunications, etc.). Various
devices of micro- and nanosystem technique have been
made based on the whiskers, for example, high sensitive
sensors of residual concentrations of various gases and
liquids [1-3], temperature sensors [4, 5], gauges for
measuring mechanical characterigtics, sensors of various
physical quantities, superstrong composite materials,
miniature suspenson devices, microprobes [6-11], etc.
One of the prospect directions of the whisker application
is their use in chemical and biological sensors [12-14].
The whiskers are excellent objects for physical research,
since they allow to vary the perfection of the crystal
structure within wide limits and, therefore, simulate
different conditions for verifying the correctness of
theoretical calculations to refine existing models, and
obtain new data on the physica nature of various
processes occurring in solids.

Nowadays the greatest attention is paid to the study
of Si, Gewhiskersand their solid solution Si;.Ge, dueto
the simplicity of the technological process of their
preparation, the low cost of raw materials, a wide range
of practical applications and the ability of devices to
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work in a wide range of temperatures. The authors of the
works [15-17] revealed the peculiarities of the structural,
magnetic and micromechanical properties of filamentary
crystals, however their physical nature was not fully
elucidated. Therefore, the purpose of this work was to
find out the features of the structure of Si;.,Ge, whiskers
and itsinfluence on their magnetic properties on the basis
of studying the results of scanning electron microscopy,
X-ray radiation energy spectrum as well as magnetic

susceptibility.

|. Experimental resultsand their
discussion

The Si-Ge whiskers were grown by the method of
chemical transport reactions in a closed bromide system
using doping impurities (Pt, B, Au) [15]. The content of
germanium in Si-Ge solid solution was controlled by the
microprobe analysis and was x = 0.03. As is known,
when changing from needle crystals to crystals of
submicron diameter, there is a change in the mechanism
of growth, so quasicylindrical filamentous crystals of
submicron diameter are formed by the mechanism of
vapour-liquid-crystal  (VLC), while the needlelike
crystals of larger diameters are grown by the mechanism
of vapour-crystal (VC) [18]. These different mechanisms
lead to changes of the morphology and structure of
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Fig. 1. Ingtallation for structural research.

Fig. 2. Type of abundle of Sigg;Gey s Whiskers.

crystals. Thus, submicronic whiskers are peculiar
"heterostructures’ that consist of a monocrystalline
nucleus and a nanoporous shell [19]. Shaped whiskers
(3 <d <80 microns) are single crystals with a well-
defined facet [19].

Structural studies of SiGe whiskers were conducted
at the Ingtitute of Physics of the Polish Academy of
Sciences (Warsaw) on a scanning electron microscope
with a field emission (Schottky type) of the JEOL JSM-
7600F company, built into the OXFORD X-ray
spectrometer  INCA 250. The general view of the
equipment is shown in Fig. 1. Parameters of the
microscope: accelerating voltage: 0,1 kV |, 30 kV;
resolution of 1.0 nm (at 15 kV), 1.5 nm (at 1 kV);
increase range: 25x <+ 1000000x.

Experimenta results have shown that the surface of
crystals with diameters of 3-40 microns is mirrorless and
has no significant defects (Fig. 2). According to the
results of researches of these crystals by the method of
Auger-spectroscopy with gradual anodic digestion of the
surface, it was found that Br is located only on the
surfzace of the whisker. Its surface concentration is~ 10™
cm,

As the cross-sectional dimensions of the crystals
increase, the surface becomes matte and there are
growing steps.

In fig. 3 is a microphotography obtained on a
scanning electron microscope, a surface of needlelike
crystal with atransverse size of ~ 60 um, having a well-
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IFPAN-ON4 15.0kV 8.8mm x100k SE(U) 500nm

Fig. 3. SEM photo of whiskers thickness of ~ 60 nm.

IFPAN-ON4 15.0kV 7.9mm x1.00k SE(U)

Fig. 4. The appearance of Sigg;Gey s Whiskerswith a
thickness of 60 nm.

25nm

Fig. 5. Structure of porous shell of Sigg;Geyos
whiskers.

expressed hexagond cut (see Fig. 4) [19]. The difference
in the structure of the surface layer, thickness 50-60 nm,
from the bulk part of the sample attracts attention. Its
gtructure is similar to the crystalline structure of porous
silicon (Fig. 5). As can be seen from Fig. 5 pores have
dimensions of order 5-10 nm. Thus, as in the case of
submicron whiskers, needle-like crystals with transverse
dimensions greater than 50 microns contain nanoporous
shell on the surface,

Fig. 6 and Fig. 7 presents the results of the study of
impurity content in the crystal by scanning electron
microscopy in the interna and superficia layers,
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Fig. 6. Results of scanning electron microscopy of theinner layer of Sigg;Gey gz Whiskers.

25 um

Fig. 7. Resulrs of scanning el ectron microscopy of the surface layer Sigg7Gey o3 Whiskers.
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Fig. 8. Energy spectrum of X-ray radiation in theinner region of Sig;Gey oz Whiskers

Tablel
Elemental composition in theinner layers of Sig 97Gepgs Whiskers
Element Weight Weight % Atom Atom %
Line % Error % Error
S K 97.1 +/- 0.3 96.8 +/- 0.3
GelL 29 +/- 0.1 3.2 +/- 0.1
Total 100.0 100.0
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Fig. 9. Energy spectrum of X-ray radiation on the surface of Sigg;Gey g3 Whiskers
Table2
Elemental composition on the surface of Sigg7Gep 03 Whiskers
Element Weight Weight % Atom Atom %
Line % Error % Error
CK 15 +/- 0.1 22 +/- 0.1
OK 3.9 +/- 0.1 6.2 +/- 0.2
S K 91.8 +/- 0.3 88.7 +/- 0.3
Gel 2.8 +/- 0.3 29 +/- 0.1
Total 100.0 100.0
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respectively.

The results of the study of the X-ray radiation energy i P i W i R o W e
spectra and the determination of the eementa 1 H, xE
composition on the inner and outer layers are presented _
in Fig. 8, Table 1 and Fig. 9, Table 2, respectively. Asis “
evident from the results obtained, the content of
germanium is ~ 3%, which was assumed when
caculating the loading of the growth chamber by
appropriate elements.

From the energy spectrum obtained on the surface of -12 4
Sio,97Gep,03 Whiskers with transverse dimensions of ~ 60 14 2
um (Fig. 9) and from the results of the determination of o . S A A S S B
the elemental composition (Table 2), it can be seen that ]
the detected porous shdl contains a significant Shoi
concentration of oxygen and carbon atoms. It is obvious
that the content of these components determines the Fig. 10. Dependence of the magnetic susceptibility
peculiarities of the physical properties of filamentous from magnetic field strength of Sigg;Gey ez Whiskers
crystals with transverse dimensions greater than 50 um with a thickness of ~ 60 um: curve 1 — of grown
[17]. whiskers; curve 2 — after etching of the surface layer.

It should be noted that after etching 60 nm of the
surface layer by the polishing procedure, the peaks of ~ surface layer with a significant concentration of oxygen
oxygen and carbon are not observed. Accordingly, one  and carbon atoms results in the appearance of a
should expect to improve the physical properties of the ~ paramagnetic component of magnetic susceptibility and
samples. its nonlinear dependence on the magnetic field tension

We find this by examining the dependence of the (Fig. 10, curve 1). Obvioudly, such results are due to the
magnetic susceptibility on the magnetic field intensity of ~ fact that the oxygen and carbon atoms are the main
these crystals. components of well-known paramagnetic complexes

Measurement of the magnetic coefficient was carried ~ [21]. The presence of nonlinear dependence shows that a
out by the Faraday method on a modernized equipment ~ portion of paramagnetic centers forms magnetic
[20] in magnetic fields (0.3-5.0) kOe at room nanoclusters that have superparamagnetic nature. Such
temperature T = 300 K. The accuracy of temperature clusters are described in the framework of the Langeven
stabilization reaches 1 K in the range of 70-300 K, and ~ paramagnetism model of atoms. The differenceis that the
the accuracy of control of the magnetic field isabout 1~ Magnetic moments of such clusters are 10>-10° times
Oe in the range of 0.2-5 kOe. When measuring the larger than the magnetic moments of individual atoms.
magnetic coefficient, the error in the field 4-5 kOe is~  Therefore, the general form of the formula describing
0.7%, and in the fidd 0.2 kOe ~ 3%. The obtained  thisdependenceisasfollows [17]:
experimental results are presented in Fig. 10.

As can be seen from the Figure 10, the presence of a
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where Ng is the concentration of magneto-ordered structurally perfect samples Sigg;Genos (Fig. 10, curve 2)
clusters; Ny is a number of paramagnetic centers in one [22, 23].

magnetic cluster; N,Mz0,/s(s+1) — magnetic moment
of the cluster; M, — Bohr magneton; g is the g-factor; s Conclusions
— gpin of the paramagnetic center, of which the cluster is

composed (we accept s = 1/2); k — Boltzmann constant, The method of scanning electron microscopy and
T — temperature; c,, — paramagnetic component of X-ray Spet_:tral _miproanalysis_ was condugted for
tibility: _ the lattice suscentibilit structural  investigations of filamentous Sigg;Genos
SUSCEp Y €0 e SCep Y- crystals with athickness of 60 um. It is shown that these
After the vaporization of the surface layer of the crystal's have a dlear hexagonal cut.
sample in the polishing agent, the nonlinearity It was established that the microstructure of
disappears, and the magnetic susceptibility values  gyrface layers of filamentous crystals with transverse
coincide with the values of the magnetic susceptibility of dimensions of 50-80 microns differs from bulk and
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contains a sdignificant concentration of oxygen and
carbon atoms.

It has been established that the presence of a
surface shell on crystals with transverse dimensions of
50-80 pum leads to a significant change in their magnetic
properties.

It is shown that after etching a surface layer of 60
nm the thickness, the physical properties of the
Si0.97Gep 03 filament-shaped crystals are improved, which
makes them promising for practical use.
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CTpykTypa Ta MATHITHI BJACTUBOCTI I'OJKONMOAIOHUX KPUCTAJIIB

Sio97Gens

 Ipoeobuybiuii deporcasnui nedazoziunuii ynisepcumem iveni leana @panka, eyi. I. dpanka, 24,
82100, /[pocobuu, Yrpaina, yu_paviovskyy@ukr.net
2Iuemumym isuxu nonvewkoi akademii nayk, 02-668 Bapuasa, Ionswya
SHY «Jlvsiscoka nonimexuika», syn. C. Bandypu, 12, 79013, Jlvsis, YVpaina
*TIpoeobuybka sazanvroocsimus wikona I-III cmynenie Ned, eyn. Cmpuiicoka, 28, 82100, Apoeotuy, YVpaina

MerofoM XiMIiYHUX TPAHCIOPTHHX pPeaKIii y 3akpuriii ramoimmiii cucremi Si-Au-Pt-B-Br Bupomeno
HuTKonoAiOHi kpucramu Siy,Gey ckiany x = 0,01 - 0,08 monepeunumu posmipamu 0,1 - 100 mxm. TocmimkeHo
CTPYKTYpPHI Ta MarHiTHI BJIACTHBOCTI OAEPKaHUX KpUCTaliB. MeToloM CKaHYro4oi eNeKTPOHHOI MiKpPOCKOMii
[I0Ka3aHO, 110 HA IOBEPXHI TOJKONOAIOHMX KpHCTaliB, nonepedHumMu po3Mipamu 50 — 80 MM, HpHCYTHS
nopucra oOoinoHka ToBmMHOW S0—60HM. 3 aHamizy ©HEpPreTMYHMH CIEKTPIB  PEHTICHIBCBKOro
BUIIPOMIHIOBAHHSI BCTAHOBJICHO, 110 NOBEPXHEBAa OOOJIOHKA MICTHTh 3HAUHY KOHLICHTPALIEIO aTOMiB KHCHIO Ta
BYIJIEII0. Y CBONO uepry, Ha BHYTPIIIHIX IIapax 3paskKiB MiKiB KMCHIO Ta BYIJICLIO HE BHABICHO. BcraHOBIIEGHO,
10 CTPAaBJIIOBAaHHS MOBEPXHEBOrO LIApy KPUCTAJIB MPUBOIAUTH A0 IOKPAIIEHHS iX CTPYKTYPHHUX Ta MarHiTHHX
BJIACTUBOCTEH.

Korouosi cioBa: kpemHiii-repMaHiii, ronkononiOHi KpUcTaiy, eJEKTPOHHA MiKPOCKOIIisl, PeHTIeHiBChKUM
CIIEKTp, MarHiTHa CIIPUHHSTIIUBICTS.
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