Functional Materials 12, No.4 (2005)

Peculiarities of Si—-Ge whisker growing
by CTR method
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Growth peculiarities of doped Si,_,Ge, (x = 0.01-0.05) solid solution whiskers of 1 to
100 um in diameter in closed bromide system by chemical transport reactions method have
been investigated. A dimensional dependence of specific resistance at 300 K has been
revealed. The Si,_ Ge, (x =0.05) whiskers of 30 to 70 um in diameter with dopant
concentration in the vicinity of metal-insulator transition were obtained. Substantial
changes of the specific resistance and gauge factor of the crystals depending on their
diameters has been observed in temperature range 4.2-50 K.

MeTomoM XMMHUUYECKHUX TPAHCIOPTHLIX peakIuil B 3aKPLITON OpPOMUIHON CUCTEMEe HCCIe-
JOBAHEBI 0COOEHHOCTU BLIPAIMBAHUS JETMPOBAHHLIX HUTEBULHBLIX KPUCTAJLIOB TBEPAOrO pac-
tBopa Si,_ Ge, (x = 0,01-0,05) passoro gumamerpa (0,1-100 mxm). YcraHOBIeHa pasMepHAA
3aBUCHUMOCTD YIEJABHOI'O0 CONPOTUBJIeHud Kpuctayios npu T = 300 K. IloayueHsl JerupoBaH-
Hele obpasnsr Si;_,Ge, (x = 0,05) pasroro guamerpa (30—70 MEM) ¢ KOHIEHTpaIueH Jerupy-
OINUX IpuMecel BOJIM3K Iepexoja MeTala-IusaeKTpuk. OCHapy KeHbl CYIIeCTBEeHHbIC M3Me-
HEHUA X YAeJbHOTO COIPOTHUBJAEHUA U KO3(QPUIEHTa TeH30YYBCTBUTEJIbHOCTH B TeMIEpa-
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TypHOU obnactu 4,2—50 K B saBuCHMOCTH OT AuMaMeTpPa KPHCTAJJIOB.

Miniaturization of semiconductor devices
makes a series of new demands to studies of
physical properties of microcrystals at de-
creasing sizes thereof. In particular, it is
necessary to take into account the recently
revealed dimensional effects in Si and Si-Ge
whiskers. Those include the change of sub-
micron whisker lattice parameter [1], the
shift of optical reflection edge, and the ap-
pearance of visible luminescence similar to
that in porous silicon [2]. One of important
tasks of Si—-Ge whisker studies is to investi-
gate the growth peculiarities thereof at
various diameters and doping kinds. The
aim of this work is to study peculiarities of
Si;_Ge, (x=0.01-0.05) solid solution
whiskers growth in the closed bromide sys-
tem by chemical transport reactions (CTR)
method as well as the low temperature prop-
erties thereof. The whisker diameters range
from 0.1 to 100 um.

Si—-Ge whiskers were grown by CTR
method in closed bromide system [3, 4].
This technique makes it possible to dope the
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whisker immediately in the course of
growth. The growth ampoule is loaded with
silicon and germanium (growing materials),
doping impurities, and bromine that is used
as the transporting agent. The ampoule is
evacuated down to a pressure of 107° Torr
and placed into a temperature-gradient fur-
nace. In the low-temperature part of fur-
nace (so-called crystallization zone), the
whisker growth takes place.

The main conditions of Si-Ge whisker
growth are presented in Table. Gold and
platinum are used as growth initiators ac-
cording to vapor-liquid-crystal (VLC)
mechanism, boron is used as doping impu-
rity. The above-described method provides
the growing of microcrystals both in the
form of whiskers and needle-like crystals
(with developed obliquity), as well as rib-
bons and isometric crystals. It is possible to
manage morphology of microcrystals by se-
lecting the crystallization temperature. In
particular, it is shown that as the crystal-
lization temperature increases, the micro-
crystal morphology changes from thin sub-
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Table. Growth conditions of Si-Ge whiskers (T,, temperature of evaporation zone; T,, tempera-

ture of crystallization zone)

Compound Impurity content, T, °C T, °C Transport Whisker
mg /em3 agent, mg/em?® | parameters p,
Q-cm
Si-Ge Au 2-10°3 1150 800-950 ng = 2 0.01-0.02
Pt 7.10-38
B 81073

micron whiskers to ribbons, and further to
the whiskers of large diameters (d > 60 um)
and isometric crystals (Fig. 1). The crystal-
lization temperature influences also the
whisker diameter: as the temperature rises
from 800 to 950°C, the crystal diameter in-
creases from 0.1 pm to 100 pm (the heat
treatment duration 2 h).

The composition of Si,_,Ge, solid so-
lution whiskers was investigated by
micro-probe analysis and corresponded
to x = 0.01-0.05. It was much more diffi-
cult to determine the admixture content in
the crystals. As the crystals of different
diameters grow under different technologi-
cal conditions, their doping will differ also.
In addition, the elemental composition must
vary somewhat along the crystal radius,
taking into account two stages of its crea-
tion. At the first stage, the thin crystal
grows in length, the so-called leader being
formed according to the VLC mechanism
[6]. At the second stage, the leader thick-
ness increases due to deposition from vapor
according to the vapor-crystal (VC) mecha-
nism. The presence of two growth mecha-
nisms causes a different doping of central
and peripheral part of the crystal. Of
course, the resulting distribution of impuri-
ties in a crystal is defined by the diffusion
coefficients of impurities at the growth
temperature, by the crystal transversal di-
mensions and the heat treatment duration.

Elemental composition of impurities in
Si—Ge crystals was examined by micro-probe
analysis, Auger spectroscopy, and mass-
spectral analysis. The micro-probe analysis
has revealed trace Pt concentrations in all
the samples, the method sensitivity being
about 1018 em™3. Thus, Pt concentration in
the whiskers did not exceed that limit.
Using the Auger spectroscopy with gradual
anode etching of surface, Br was found only
at the whisker surface at the surface con-
centration about 1014 em~2. The results of
mass-spectral analysis differ substantially
for the crystals of submicrometer and sub-
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Fig. 1. Formation of Si-Ge whiskers with
various morphology in the crystallization
zone: (a) submicrometer whiskers; (b) ribbons
of 1 um in diameter; (c) whiskers of 2-60 um

in diameter; (d) isometric crystals.

millimeter diameters. The whiskers of the
latter group are homogeneous as for struc-
ture and element composition. In submi-
crometer whiskers, two structural regions
are clearly distinguishable, the ecrystalline
core and porous shell. These structure dis-
tinctions are confirmed by the results of
TEM and ASM [6]. As mass-spectral investi-
gations have shown, impurities in each of
the structural regions in the whisker are
distributed homogeneously [7].

An interesting peculiarity of Si—-Ge
whiskers is the existence of so called "geo-
metrical effect” therein related with differ-
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Fig. 2. Dependence of specific resistance on

Si—Ge whisker diameter (T = 300 K).

ent doping of the whiskers of various di-
ameters. This effect becomes apparent as a
dependence of the whisker specific resis-
tance on its diameter (Fig. 2). Such geomet-
rical dependence of resistance indicates that
the crystals of smaller diameter are doped
stronger (that is, contain a higher concen-
tration of boron) as compared with those of
large diameters. TUsing the appropriate
amount of the dopant, the whiskers can be
obtained with impurity concentrations in the
vicinity of critical concentration for metal-in-
sulator transition (MIT) (N,= 7-1018 cm™3
that corresponds to specific resistance of
uncompensated samples p = 0.009 Q-cm).
Then, as the specific resistance (or concen-
tration of doping impurity) depends on the
diameter (Fig. 2), the whisker size becomes
critical with respect to approaching (or
moving off) MIT. That is, we can obtain the
whiskers of 20-70 pm in diameter with
dopant concentrations approaching MIT
both from metallic and from dielectric side
and study in detail the change of properties
in the transition region. It should be noted
that the whiskers of such diameters can be
regarded as bulk material, i.e. an influence
of surface on their properties can be ne-
glected. We have studied the peculiarities
of low-temperature resistance of Si,_,Ge, (x
= 0.05) whiskers of various diameters (40—
60 um) and impurity concentrations at the
dielectric side of MIT obtained from one
growth charge. In particular, we have meas-
ured temperature dependence of resistance
for free and strained whiskers in the tem-
perature range 4.2—300 K using the proce-
dure described in detail in [8] (Fig. 8). The
whisker straining was provided by fixation
on a substrate and cooling to the liquid he-
lium temperature due to the difference of
thermal expansion coefficients of the whisk-
er and substrate. Basing on the investiga-
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Fig. 3. Temperature dependences of specific
resistance for the Si,_ Ge, (x = 0.05) whisk-
ers: free (I) and strained by various sub-
strates: copper (2), aluminum (3), quartz (4)

d =40 um (pgep g = 0.012 Q-cm). The depend-
ences for d = 50 and 60 nm are quite similar.
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Fig. 4. Temperature dependences of gauge
factor for Si,_Ge, (x = 0.05) whiskers:
d =40 um, pgoy g = 0.012 Q-em (copper sub-
strate). The dependences for d = 50 and
60 nm are quite similar.

tions, the whisker gauge factor can be esti-
mated, which characterizes the piezoresis-
tive effect level in the whisker:

K:_AL (1)

b

Po - €

where Ap is the specific resistance change
due to straining; p,, the specific resistance
of unstained whisker; g, relative strain.
Taking into account that the whisker rela-
tive strain remains practically unchanged in
the temperature range 4.2-50 K (in accord-
ance with our computations [8]), we have
constructed the temperature dependences of
gauge factor (Fig. 4) basing on the data of
Fig. 3. As is seen from Fig. 4, the gauge
factor of a whisker of 40—60 pm in diame-
ter attains 3:10%4 at T = 4.2 K. Such great
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values of the whisker gauge factor at low
temperatures are explained by strain-in-
duced change of conductance mechanism,
which is well described within the frame-
work of Habbard model in heavily doped
semiconductor crystals [9].

To conclude, the following features of
the Si—-Ge whisker growth in the closed bro-
mide system using CTR method have been
established. At growing in a temperature
gradient, the whisker diameters are deter-
mined by the growth temperature. The
whiskers of different diameters (formed at
different temperatures) differ in the dopant
content, the boron concentration being in-
creasing at reduction of the whisker diame-
ter from 100 pm to 20 pm. In heavily doped
whiskers, their size becomes critical with
respect to approaching (or moving off) MIT.
The whiskers with impurity concentrations
at the dielectric side of MIT have been ob-
tained and the change of their low-tempera-
ture characterstics (specific resistance,
gauge factor) in the vicinity of transition
have been revealed. Thus, we have shown a
possibility to manage the low-temperature

parameters of  Si;_,Ge,(x = 0.01-0.05)
whiskers by varying their diameters in the
course of growing.
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Oco0uMBOCTI BUPONIYBAHHA HUTKOMOMIOHMX KPHCTAJIB
Si—-Ge metogom XTP

A.O0. Apyxunin, 1.I1.0Ocmposcvruii, I0.M.Xoeéepro, A.B.I'iii

MeTogoMm XiMiuHMX TPAHCIOPTHUX pPeakIliili y sakpuriii 6pomimuiii cucremi mocaimykeno
0cOoOJIMBOCTI BHPOIIYBAHHS JIEMOBAHMX HUTKOIOANIOHMX KPHUCTAJIB TBEPIOr0 POIUUHY
Si,,Ge, (x =0,01-0,05) pismoro giamerpa (0,1-100 mrwm). Beramosneno posmipHy 3a-
nexHiCcTs THTOMOTO omopy Kpuctanis mpu T = 800 K. Ogpep:xano serosani spasku Si;_ Ge,
(x = 0,05) pismoro amiamerpa (30—70 MKM) 3 KOHIIEHTPAIli€l0 JETYIOUUX TOMINITIOK MOBIM3Y
nepexony MeTan-TieleKTpUK. BusaBieHo icroTHy 3MiHY iX muToMoro omopy Ta Koedimienra
TEeH30UYTJHBOCTI y TeMIepaTypHiil obmacti 4,2—50 K B 3ame:xkmocTi Big giamMeTpa KpucTaiB.
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