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Piezoresistive properties of boron-doped p-type silicon whiskers in temperature range
of 1.7 to 300 K were studied. The giant piezoresistance was observed in p-Si whiskers in
the vicinity of metal-insulator transition at helium temperatures. The gauge factor de-
pendence on impurity concentration and temperature has been investigated. The extremely
high gauge factor 5.710° at 4.2 K has been found in moderately doped silicon microcrys-
tals with boron concentration 3108 ¢cm™3 in the vicinity of metal-insulator transition at
the insulating side. The possibility of application of giant piezoresistance to develop
high-sensitive mechanical sensors operating, at cryogenic temperatures is discussed.

WccnenoBaubl Ibe30PE3UCTUBHBIE CBOMCTBA HUTEBUIHBLIX KPHCTAJJIOB KPEMHUS, JIETUPO-
BaHHBIX OopoM, B aumamasoHe temieparyp 1,7-300 K. I'mrauTckuii nbe30pe3nCTUBHBIN (-
(eKT B HUTEBUAHBIX KpHcTaLaax p-Si Habuaiomascs BOJM3U IepPeXo[Ja MeTaJlJI-U30JATOP NMPU
reJueBLIX TeMIeparypax. McciemoBasiach 3aBUCUMOCTb KO(D(MUIMEHTa T€H304yCTBUTEIbHOC-
TH OT KOHIEHTPAI[UU IPUMECH W TeMIIEPATYypPhl. DKCTPEMAaIbHO BBICOKMN K09(D(OUIIUEHT TeH-
souyBcTBHTenbHOCTH 5,7(10° mpu 4,2 K 6bll 0GHAPYXKEeH B MHKDOKPHCTALIAX KDPEMHHS C
[IPOMEXYTOUHBIM YPOBHEM JIETHPOBAHUSA ¢ KoHIeHTpamnueil 6opa 30018 cv™3 B6amsu mepexo-
Ia MeTaJlI-U30JIATOP CO CTOPOHBI m3oJATOopa. OO0CyKIaeTcd BO3MOMKHOCTb WCIIOJIb30BAHUS
TUTAHTCKOTO Ibe30COIPOTUBJICHUS AJSA CO3LAHUA BHICOKOUYBCTBUTEJIBHBIX CEHCOPOB MEXaHU-
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YEeCKUX BeJIUYUH, PabOTOCIOCOOHBIX IIPM KPUOTEHHBIX TeMIEpATypax.

Silicon microcrystals grown in form of
whiskers, due to their perfect crystalline
structure and high mechanical strength
combined with versatile and inexpensive
technology, are a model material of good
prospects to study the piezoresistance effect
in silicon in the wide temperature range,
including the cryogenic temperatures. At
the same time, silicon whiskers are an ideal
material to design piezoresistive mechanical
sensors [1, 2]. It is known that a giant pi-
zoresistance may be observed in doped semi -
conductors at cryogenic temperatures when
the electrical conductance is due to hopping
between the localized or partially localized
impurity states [3]. The effect of uniaxial
mechanical strain (compression) on the ex-
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trinsic conduction of silicon at cryogenic
temperatures was described in [4]. The hop-
ping conduction in uniaxially stressed
boron-doped silicon near metal-insulator
transition (MIT) in the temperature range
0.05-0.75 K has been studied [5]. But in
that paper, there is no information about
the piezoresistance effect in doped silicon
near MIT at cryogenic temperatures.

Our studies of the complex behavior of
silicon whiskers moderately and heavily
doped with boron at concentrations slightly
lower than the critical concentration of the
metal-insulator transition (MIT) led to obser -
vations of very high piezoresistance at 4.2 K.
The estimated gauge factor (GF) value was
found to be of about (1-2)10%4 at 4.2 K [6].
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Table. Thermal strain of silicon whiskers mounted on substrates

Substrate T=4.2 K T =20 K T=177K T =300 K
Copper -3.811073 -3.801073 -3.630073 -1.600073,
Melted quartz 4.740074 4.700074 4.48004 2.6610*

This is approximately two orders higher
then a conventional gauge factor in p-type
Si being of order GF = 100. The purpose of
this work is to study the piezoresistive
properties of boron doped Si whiskers at
cryogenic temperatures to reveal the doping
level where the maximum piezoresistance
could be observed, as well as to study the
temperature behavior of gauge factor.

Silicon whiskers (SW) were grown by
chemical transport reactions in a closed sys -
tem with Br as transport agent [7]. SW
growed as elongated regular hexagonal
prisms with the side face width between a
few microns and a few tens of microns. The
longitudinal axis of the crystals corre-
sponds to the [111] crystallographic direc-
tion. This direction corresponds to the
maximal longitudinal piezoresistance in
p-type silicon. Therefore the whiskers were
doped during their growth with boron at
concentrations of 81017 to 11019 cm=3. The
presence of gold and platinum as growth
initiating impurities provided some compen -
sation of acceptor impurity. For experimen -
tal studies, 3—5 mm long whiskers with the
side face width of about 20-30 um were se-
lected. Electrical contacts to the crystals
were fabricated by welding of Pt microwire.

The piezoresistive properties of Si whisk-
ers were studied in the temperature range
from 1.7 to 300 K. Because of the whisker
small dimensions and specific shape, a spe-
cial technique of straining during experi-
mental measurements was elaborated. Due
to the small dimensions and specific shape
of Si whiskers, it was impossible to apply a
mechanical loading directly thereto. There -
fore, the experiments on piezoresistance
were performed with samples mounted on
specially manufactured substrates. In this
case, the sample undergoes a thermal strain
€;, arising due to the difference in thermal
expansion coefficients of the sample and the
substrate material. This thermal strain ¢,
could be estimated in the isotropic approxi-
mation as [8]

T 1)
g(T) = Y[lo(T) - a(T)ldt,
TO
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where a(T) and a.(T) are the thermal ex-
pansion coefficients of the substrate and the
sample, respectively; T, the hardening tem-
perature of adhesive that was used for
mounting the whiskers on substrate. The
dimensionless factor Yy characterizes the
strain transmission from the substrate to
the sample. The y value was determined
theoretically and experimentally in [9], it
equals 0.7. The estimated €,(T) values for Si
whiskers mounted on different substrates
are presented in Table. Thus, the mounting
of Si whiskers on selected substrates pro-
vides the tensile (on quartz substrate) and
compressive (on Cu substrate) strain of
these crystals.

The gauge factor of Si microcrystals and
its temperature dependence were calculated
from experimental data on resistivity vs.
temperature of free (unstrained) and
strained crystals. Gauge factor was esti-
mated as

K =(p - pg)/ (Pg * ©)» (2)

where P, is the electrical resistivity of un-
strained crystals; p, that of strained crys-
tal; €, the uniaxial strain applied to the
crystal. The resistivity of Si whiskers was
determined from the resistance of micro-
crystals and their geometrical dimensions,
that were determined by microscopy. Dur -
ing the experiment, resistance of crystals
was measured by digital device with auto-
matic data registration by computer. The
data of temperature sensor mounted near
the investigated crystal were registrated si-
multaneously. The experiments with Si
whiskers at cryogenic temperatures were
carried out in International Laboratory of
High Magnetic Fields and Low Tempera-
tures in Wroclaw, Poland.

For piezoresistive investigation, selected
were silicon whiskers with different boron
concentrations corresponding both to the
metallic and insulating sides of metal-insu-
lator transition (MIT). Taking into account
that critical boron concentration in silicon
corresponding to MIT, is N, = 50018 ¢cm™3
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Fig. 1. Temperature dependences of the resis-
tivity for p-type Si whiskers from Si:B1 set,
free (I, unstrained) and under compressive
(2) and tensile (3) strains.

[4], the presented experimental sets selected
by boron doping form a logical sequence:
samples from Si:B1 set with Np=
10019 ¢cm~3 show the typical metallic con-
ductivity, the samples from sets Si:B2 with
Np =700 cm™3 and Si:B3 with Ng=
5.50018 cm™3 are on the MIT metallic
side, whereas the samples from sets Si:B4
with Ng = 30018 cm™3 and Si:B5 with Ng
= 81017 cm™3 are on the MIT insulating
side. Samples from Si:B3 and Si:B4 sets are
in the vicinity of MIT. In Fig. 1, 3, 5, are
presented are examples of the experimental
results obtained, that is, the temperature
dependences of resistivity for free (un-
strained) microcrystals and for crystals
mounted on substrates. Corresponding tem -
perature dependences of gauge factor calculated
from equation (2) are shown in Fig. 2, 4, 6.
Microcrystals of the most doped Si:B1 set
manifest a typical metallic temperature de-
pendence of resistivity, monotonous in the
whole temperature range from 4.2 to 300 K
with a positive temperature coefficient of
resistivity (TCR) (Fig. 1). Piezoresistance of
these samples is also monotonous and “clas -
sic” one (cf. curves 2 and 3 for strained
samples with curve 1 in Fig. 1). This means
that the gauge factor of these crystals de-
pends slightly on temperature and has posi -
tive sign for both tensile and compressive
strain (see Fig. 2). For microcrystals from
Si:B2 set where boron density corresponds
to metallic side of MIT, we observed that
high compressive strain from the copper
substrate at cryogenic temperatures "turns”
the sample into the critical MIT region
where the negative sign of gauge factor is
observed. This means that in this case, the
microcrystal resistivity increases at com-
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Fig. 2. Gauge factor of p-Si whisker from
Si:B1 set vs. temperature under tensile (1)
and compressive (2) strains.
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Fig. 3. Temperature dependences of the resis-
tivity for p-type Si whiskers from Si:B3 set,
free (I, unstrained) and under compressive
(2) and tensile (3) strains.
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Fig. 4. Gauge factor of p-Si whiskers from
Si:B3 set vs. temperature at tensile (1) and
compressive (2) strains.

pressive strain in spite of classical Smith’s
piezoresistance, when resistivity of p-Si de-
creases at compressive strain [10].

The microcrystals from Si:B3 set are the
most close to the MIT at the metallic side
thereof. The metallic temperature behavior
of the "free” sample (Fig. 3, curve 1) under
tensile strain from quartz substrate be-
comes closer to the insulating samples with
negative TCR at helium temperatures (Fig.
3, curve 3). A high compressive strain from
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Fig. 5. Temperature dependences of the resis-
tivity for p-type Si whiskers from Si:B4 set,
free (I, unstrained) and under compressive
(2) and tensile (3) strains.

the copper substrate transforms this sample
into an insulating one (Fig. 3, curve 2).
Temperature dependences of the gauge fac-
tor for such microcrystals calculated from
the experiments on substrates are presented
in Fig. 4. At liquid helium temperature, the
gauge factor is GF=2.3[103 for tensile strain
and GF=-2.6103 for compressive strain. Si
microcrystals from Si:B4 set behave as insula-
tors in the whole temperature range (Fig. 5),
remaining close to the MIT. The strains
from substrates change very effectively the
resistivity of crystals at cryogenic tempera -
tures. Even a elatively small tensile strain
from the quartz substrate (4.70074 relative
units) increases the resistivity by factor ca.
100 at 4.2 K, while compressive strain from
the copper substrate (—3.8[1073 relative
units) causes a dramatic rise of resistivity
by ca. 2170 times. This is really a giant
piezoresistance. The gauge factor for these
samples attains at 4.2 K GF=-5.7005 for
compressive strain and GF=310% for tensile
strain (Fig. 6).

A further decrease of impurity concen-
tration in microcrystals does not result in
any increase of gauge factor at cryogenic
temperatures. Samples of Si:B5 set show the
typical insulating temperature behavior of
resistivity. The p(T) dependence is not
changed qualitatively after mounting on
substrates and changes relatively slightly
quantitavely as compared to microcrystals
from Si:B4 set. The temperature dependence
of gauge factor GF(T) for these crystals has
an extremum in the temperature range 15
to 25 K near the critical temperature of
metal-insulator phase transition; at 4.2 K,
the non-classical piezoresistance of these crys-
tals becomes small. The maximum gauge fac-
tor value for these samples attains GF=—3600
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Fig. 6. Gauge factor of p-Si whisker from
Si:B4 set vs. temperature under compressive
(1) and tensile (2) strains.

for compressive strain and 3700 for tensile
strain.

Consideration of temperature dependences
of the gauge factor for p-type silicon whisk-
ers confirms the non-classic piezoresistance at
cryogenic temperatures near the metal-insula-
tor transition. This effect becomes a giant one
at helium temperatures for Si with boron con-
centration Nz = 31018 cm™3 at the insulating
side of MIT (see Fig. 6). Such a non-classic
piezoresistance has a special feature: both
under tensile and compressive strain, the
crystal resistivity behaves similarly, i.e. it
increases as the applied strain rises. There -
fore, at cryogenic temperatures, in crystals
from Si:B2-Si:B5 sets we observed the posi-
tive sign of gauge factor at tensile strain
and negative sign of gauge factor at com-
pressive strain.

Silicon whiskers with a giant gauge fac-
tor could be applied as piezoresistors in me -
chanical sensors operating at cryogenic tem -
peratures. The main disadvantage of this
application is strong temperature depend -
ence of the giant gauge factor. Therefore,
the most advisable application of such pie-
zoresistors is the development of mechani-
cal sensors for fixed cryogenic temperatures
(liquid helium, liquid hydrogen). The suc-
cessful application of boron-doped Si micro-
crystals with GF — (1-2)10% in pressure
sensors at 4.2 K has been considered in [6].
Heavily doped Si whiskers from Si:B1 set
with metallic type conductivity, which dem -
onstrate the classic piezoresistance, could
be applied in mechanical sensors operating
in wide temperature range of 4.2 to 300 K.

Thus, a giant piezoresistance at helium
temperatures has been observed in p-type
silicon whiskers at boron concentrations near
the metal-insulator transition. At boron con-
centration of Ng = 31018 cm—3, we found the

maximum gauge factor GF = —5.700° at

271



AA.Druzhinin et al. / Piezoresistive properties of ...

4.2 K. This corresponds to the relative
change of resistivity p(g)/py=2170. The less
doped samples show a distinect maximum in
GF = f(T) dependence; the position of this
maximum depends on the doping concentra -
tion and strain level. Heavily doped p-Si
whiskers (Ng = 11019 cm™3) with metallic
type conductivity showed the classic pie-
zoresistance at cryogenic temperatures. The
Si whiskers with a giant gauge factor could
be applied to design high-sensitive piezore -
sistive mechanical sensors (strain gauges,
pressure sensors and level sensors) operat -
ing at fixed cryogenic temperatures, e.g. in
cryogenic liquids, such as liquid helium and
liquid hydrogen. Heavily doped Si micro-
crystals with classic piezoresistance could
be successfully used in mechanical sensors
operating in the wide temperature range of
4.2 to 300 K.
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II’e30pe3ucTUBHI BJIACTHUBOCTI JIerOBaHUX O0OpPOM
HUTKONMOMIOHUX KPHUCTAJIB KPEMHiI0 MPU KPioreHHUX
TeMIlepaTypax

A.0.pyxrcunin, I.I. Map’amoea, I.B.Ilaénoecovruii, T.Ilaneécoxuil

JocnimxeHo II’€30Pe3UCTUBHI BJIACTMBOCTI HUTKONOAIOHWX KPUCTAJIIB KPEMHIiIO, JIETOBAHUX
Ooopom, B miamaszoni temmeparyp 1,7-300 K. TiranTchkuil mm’€30pe3uCTUBHUN €(DEKT y HUTKO-
noxibHUX Kpucrasax p-Si cmocrepiraBesi mo0Iu3y MEPeX0Ly MeTas-i30JsiTop IPU TeslieBUX TeM-
neparypax. JlocaimxeHo 3anexHicTh Koe(dinmieHTy TeHB0UYTJIMBOCTI Bif KoHIeTpamii gomimox i
TemmepaTypu. EKcTpeManpHO BHCOKMI KoedimienT remsouyraumsocri 5,7010° mpu 4,2 K 6ys
3HANeHWN y MiKPOKPHCTAJNaX KPEMHiI0 3 IPOMIKHMM DiBHEM JIeryBaHHSA 3 KOHIIEHTDPAIlielo
Gopy 30018 cm 3 mo6nmsy mepexonsy wmeran-isomsTop 3 Goky isoxmsropa. OGroBOPIOETHCA
MOJKJIMBICTh BUKOPHCTAHHS TiraHTCHKOT'O II’€300I0PY IJIsI CTBOPEHHS BHCOKOUYTJIMBUX CEH-
copiB MeXaHIYHUX BeJWUYMWH, IpaIes3faTHUX IPU KPiOTeHHUWX TeMIlepaTypax.
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