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Strain induced effects in p-type silicon
whiskers at low temperatures
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Complex studies of strain induced effects in boron doped p-type silicon whiskers with
[111] crystallographic direction in the wide temperature range 4.2 — 300 K at magnetic
fields up to 14 T and under high-energy electron irradiation were carried out. The peculi-
arities of piezomagnetoresistance of Si whiskers heavily boron doped and with boron
concentration in the vicinity of metal-insulator transition were determined. The influence
of electron irradiation with energy 10 MeV and fluence ® = 5-1017 el/cm?2 on the gauge
factor of boron doped Si whiskers at low temperatures have been also studied. High-sensi-
tive piezoresistive sensor to measure pressure of liquid helium on the basis of silicon
whiskers with a giant gauge factor was developed. Heavily doped Si whiskers with classic
piezoresistance have been successfully used in mechanical sensors operating in the wide
temperature range 4.2 — 300 K.

IIpoBeZieHLI KOMILIEKCHBIE MCCAeTOBAHUS Ie(OpMAIllOHHO-CTUMYANPOBAHHLIX 3(M(PEeKTOB
B HuTeBuAHBIX Kpuctajmaax (HK) xpemuus p-tumna, JerupoBaHHBIX GOPOM, ¢ KPHUCTAJIOTDA-
¢uueckoit opuenranueii <111> B uHTepBane Temuepatryp 4,2—-300 K 1 MarHuTHBIX TONAX O
14 Tx, o6nyUYeHHBIX 2JIEKTPOHAMHU BBICOKMX 3Hepruii. O6HapyKeHLI 0COOEHHOCTH IILE30Mar-
HUTOCOIIPOTUBJICHUSA B cuiapHOJernpoBanabix 6opom HE Si m ¢ kornmerTpanueil 6opa BOamsu
mepexoa MEeTAJNI-U30JATOP IPU HU3KHUX TeMIeparypax. MayueHo TakiKe BIHSHUE JJIEKTPOH-
HOro obaydenusi ¢ sueprueil 10 MeB u durosucom @ = 51017 on/em? Ha kosduuuent
TensouyBcTBUTEabHOCTH HE Si, rermposanHBIX 60poM, IIPU HUBKUX TeMIleparypax. Paspabo-
TAaH BBICOKOUYBCTBUTEJIbHBIN ITb€30PE3UCTUBHBIN CEHCOD AJS M3MEPEeHUSA AABJIEHHS KUIKOTO
reJinsd HA OCHOBE HUTEBHIHBIX KPUCTANJIOB KPEMHHUS C FHMIAaHTCKUM KO03(h()UIMEeHTOM TEH30-
uyscerBuTeabHOCTU. CuabHogeruposanuasie HK Si ¢ KiaaccuuyeCcKuM IIb30CONPOTHUBJICHUEM YC-
MEIIHO KCIIOJb3YIOTCA B CEHCOPAX MEXAHMUYECKUX BEJIMUUH A IIMPOKOr0 MHTEPBAJIA TEMIIe-
paryp 4,2 — 300 K.
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1. Introduction

Extensive studies devoted to semiconduc-
tor whiskers, particularly, silicon whiskers,
are carried out due to their high structural
perfection and special morphology. The
structural perfection of whiskers results in
their excellent mechanical properties, conse-

quently p-type Si whiskers are successfully
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used in mechanical sensors of various appli-
cations [1, 2].

Low temperature studies of strain-in-
duced effects in p-type silicon whiskers are
actual both to study physical properties of
crystals and to estimate the creation possi-
bility of mechanical sensors based on these
crystals operating at low temperatures.
Metal-insulator transition (MIT) at low tem-
peratures is the best condition for the clear-
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est revelation of strain-induced effects pe-
culiarities in doped semiconductors. To ex-
tend the functional possibilities of piezore-
sistive mechanical sensors based on boron
doped silicon whiskers it is necessary to
carry out the complex studies of strain in-
duced effects in these crystals in the wide
temperature range 4.2 — 300 K at high
magnetic fields and under electron irradia-
tion.

2. Experimental procedure

Silicon whiskers were grown by chemical
transport reactions in a closed bromine sys-
tem. The longitudinal axis of the crystals
corresponds to [111] crystallographic direc-
tion. There were studied silicon whiskers
with different boron doping: 1) heavily
doped crystals with metallic conductivity;
2) in the vicinity of MIT from the metallic
side and 3) in the vicinity of MIT from the
insulating side. The contacts to the crystals
were fabricated by welding of Pt microwire.

Silicon whiskers were strained by mount-
ing them on the specially selected substrates
with a thermal expansion coefficient differ-
ent from that of silicon. Details of such
experimental method, including the thermal
strain estimation of Si whiskers for differ-
ent substrates, were reported in [3]. Copper
and quartz substrates were used to achieve
uniaxial compressive (e = -8.8-1073 r.u.)
qand tensile strain (e =4.7-107% r.u) at
4.2 K, correspondingly. Thermal strain of
silicon whiskers in [111] direction in the
whole studied 4.2 — 300 K temperature
range was calculated.

The low temperature measurements of Si
whiskers piezoresistance at high magnetic
fields up to 14 T have been carried out by
cooling the crystals down to 4.2 K using
helium cryostat in the International Labora-
tory of High Magnetic Fields and Low Tem-
peratures in Wroclaw, Poland. Irradiation
of silicon whiskers by electrons with energy
10 MeV and fluence @ =1.1017-

11018 el/cm?2 at room temperature was car-
ried out by the impulse electron accelerator
Microtron M-30 [4].

The temperature dependences of resistiv-
ity for unstrained and strained (mounted on
substrates) doped silicon whiskers were
studied in the temperature range 4.2 -
300 K in [5]. The gauge factor of Si whisk-
ers and its temperature dependences were
calculated from resistivity vs. temperature
experimental data for unstrained and
strained crystals. Gauge factor was esti-
mated as

GF = (p ~ pg)/(Pg - &) (1)
where p; and p is the resistivity of un-
strained and strained crystal, correspond-
ingly, € — wuniaxial strain, applied to the
crystal.

3. Results and discussion

It is known that a giant piezoresistance
is observed in doped semiconductors at low
temperatures when electrical conductivity is
due to carriers hopping on localized impu-
rity states [6]. The effect of uniaxial strain
on the conductivity of silicon at cryogenic
temperatures was described in [7]. Strain
induced metal-insulator transition was ob-
served in heavily doped n-type Si crystals at
4.2 K [8]. The hopping conduction in
uniaxially strained silicon doped by boron
in the vicinity of MIT in the temperature
range 0.05 — 0.75 K has been also studied
[9], but there is no information about the
magnitude of piezoresistance at cryogenic
temperatures.

The experimental results of gauge factor
measurement for Si whiskers with different
boron doping level in the temperature range
4.2 — 300 K are presented in [5]. The classic
piezoresistance was observed in heavily
doped p-type Si  whiskers (pgoor =
0.006 Ohm-cm) at cryogenic temperatures:
the gauge factor has positive sign and
equals GF = 60 at 4.2 K for both tensile
and compressive uniaxial strains. The non-
classic piezoresistance at cryogenic tempera-
tures was revealed in silicon whiskers with
P3o0x = 0-011 Ohm-cm (in the vicinity of MIT
from the metallic side), and the gauge fac-
tor has negative sign for compressive strain

Table. The graduating characteristics at 4.2 K of developed pressure sensors based on p-type Si

whiskers with different resistitity

Pressure, MPa 0 2 4 6 8 10
U, mV pgpog = 0.006 Ohm-cm 0 18.2 36.4 54.6 72.8 91
U, mV pgpox = 0.014 Ohm-ecm 0 17 50 105 217 430
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and equals GF = —2.6-103 at 4.2 K. The most
obvious non-classic piezoresistance was re-
vealed in Si whiskers with ¢35 K=
0.013 Ohm-cm (in the vicinity of MIT from
the insulating side), their gauge factor
achieves GF =-5.7-105 at temperature
4.2 K for uniaxial compressive strain and
GF = 8105 for tensile strain. The carried
studies [56] gave the possibility to develop
high-sensitive mechanical sensors based on
p-Si whiskers with boron concentration in
the vicinity of MIT operating at low tem-
peratures. The heavily doped silicon whisk-
ers due to the best combination of gauge
factor and temperature stability could be
used to create mechanical sensors, operating
in the wide temperature range 4.2 — 300 K.

Effect of uniaxial strain on magnetore-
sistance was studied mainly for n-type
germanium and silicon crystals [8]. The
paper devoted to studies of longitudinal
magnetoresistance of p-type Si at magnetic
fields up to 350 kE under uniaxial strain
appeared only recently [10]. But these stud-
ies were carried out on silicon with large
resistivity (from 10 to 2200 Ohm-cm) at
77 K. Therefore it is interesting to study
the effect of uniaxial strain on magnetore-
sistance of p-type silicon whiskers heavily
doped and with boron concentration in the
vicinity of MIT at high magnetic fields up
to 14 T and liquid helium temperature.

The obtained experimental results of
transverse magnetoresistance studies of Si
whiskers with boron concentration in the
vicinity of MIT for unstrained crystals
(curves 1) and under uniaxial compressive
strain in direction [111] (curves 2) at tem-
perature 4.2 K are shown in Fig. 1.

The studies of magnetoresistance for Si
whiskers with boron concentration in the
vicinity of MIT at cryogenic temperatures
have shown that:

— for unstrained crystals the decrease of
doping level leads to magnetoresistance in-
crease at high magnetic fields up to 14 T;

— uniaxial compressive strain (¢ =-8.8-1073 r.u.)
at 4.2 K of silicon whiskers with pgg x =

0.011 Ohm-ecm (in the vicinity of MIT from
the metallic side) leads to the significant
increase of magnetoresistance at high mag-
netic fields (Fig. la) if compared to the
magnetoresistance of unstrained ecrystals;

— oppositely, compressive strain leads to
significant decrease of magnetoresistivity
for Si crystals with pggg g = 0.018 Ohm-em
(in the vicinity of MIT from the insulating
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Fig. 1. Magnetoresistance at T =4.2 K of
p-type Si whiskers with pgpox = 0.011 Ohm-cm

(a); pPsoog = 0.013 Ohm-em (b): I — un-
strained crystal; 2 — under uniaxial com-
pressive strain € = -8.8:1073 r. u.

side) (Fig. 1b), that corresponds to the re-
sults of [10] for high resistivity silicon.

Due to the weak localization of carriers
the resistance of Si whiskers with metallic
type of conductivity (P39 g = 0.006 Ohm-cm)
slightly depends on the magnetic field in
the whole studied range up to 14 T. The
change of magnetoresistance magnitude at
4.2 K is no more than 1 % at magnetic field
4 T for both unstrained and uniaxial compres-
sive strained crystals. The studies of strain
effect on the magnetoresistance for heavily
boron doped Si whiskers at low temperatures
shown the possibility to create mechanical sen-
sors based on such whiskers operating at high
magnetic fields and low temperatures.

Few studies of strain induced effects in
electron irradiated silicon were carried out
with the aim to explain the nature of radia-
tion defects, but the influence of irradiation
on silicon piezoresistance was not estimated
[8, 11]. Our studies of strain induced ef-
fects in boron doped silicon whiskers under
electron irradiation with energy 10 MeV
and fluence ® = 11017 — 5.1017 el/cm?2 at
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room temperature were carried out. It was
established before that the electron irradia-
tion with the energy of 10 MeV leads to
increase of resistivity of boron doped silicon
whiskers with pgo9 g = 0.006 — 0.013 Ohm-cm
in the temperature range of 4.2 — 300 K
[4]. It is worthy to emphasize that high-en-
ergy electron irradiation with fluence of
® = 11017 el/em? at room temperature did not
lead to substantial changes (within 1 — 2 %) of
crystal resistivity, while the fluence in-
crease up to ® = 1-1018 el/em? resulted in
the increase of resistivity, especially in the
low temperature range [4].

The influence of electron irradiation on the
gauge factor of silicon whiskers in the tem-
perature range 4.2 — 300 K has been studied.
After high energy electron irradiation p-type
Si whiskers were subjected to uniaxial strain
according to the method described in [3]. The
temperature dependences of resistivity for un-
strained and strained Si whiskers before and
after irradiation were measured. Fig. 2 repre-
sents the temperature dependences of the
gauge factor for heavily boron doped Si whisk-
ers and with boron concentration in the vicin-
ity of MIT before and after irradiation, calcu-
lated from the obtained experimental data.

The following peculiarities of gauge fac-
tor behaviour at low temperatures have
been revealed:

— in heavily doped Si whiskers with

Ps00 k = 0.006 Ohm-cm, in which the classi-
cal piezoresistance has been observed, the
electron irradiation with energy of 10 MeV
and fluence of ® = 5.1017 el/em? don’t leads
to the change of gauge factor at liquid he-
lium temperature (Fig. 2a), that gave the
possibility to create on their basis piesore-
sistive sensors stable to electron irradiation

— in Si whiskers with boron concentra-
tion in the vicinity of MIT and resistivity
P3oox = 0.0114 Ohm-cm the electron irra-
diation (E =10 MeV, ® = 51017 el/cm?)
caused a significant decrease of gauge fac-
tor GF at 4.2 K, but in the irradiated crys-
tals quite high wvalues of gauge factor are
preserved, proper for non-classical piezore-
sistance (Fig. 2b).

The complex studies aimed to create pie-
zoresistive pressure sensors based on doped
silicon whiskers operating at low tempera-
tures were carried out. Heavily doped Si
whiskers with pggog = 0.006 Ohm-cm with
metallic-type conductivity could be applied
in mechanical sensors operating in wide
temperature range 4.2 - 300 K. Silicon
whiskers (pggog = 0.014 Ohm-cm) with the
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Fig. 2. Temperature dependences of gauge
factor for p-type Si whiskers with pgoox =
0.006 Ohm-em (a); pPggog = 0.0114 Ohm-cm
(b): non-irradiated (1) and after electron irra-
diation with E=10 MeV and &=

5-1017 el/cm? (2).

giant gauge factor at low temperatures could
be applied to create high-sensitive mechanical
sensors operating at cryogenic temperatures.

Low temperature piezoresistive pressure
sensors have been developed:

— Dbased on heavily boron doped Si
whiskers (pggog = 0.006 Ohm-cm) operating
in the temperature range 4.2 — 300 K;

— based on Si whiskers with boron con-
centration in the vicinity of MIT (pgoox =
0.014 Ohm-cm) operating at temperature
4.2 K.

The graduating characteristics of these
pressure sensors at 4.2 K as dependences of
output signal vs pressure are presented in
the Table. It is evident from the Table that
the pressure sensor based on Si whisker
with resistivity pggog = 0.014 Ohm-cm have
significantly higher output at 4.2 K in com-
parison with the sensor based on heavily
boron doped Si whiskers with pggox =
0.006 Ohm-cm.
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4. Conclusions

The complex studies of strain induced ef-
fects in boron doped silicon whiskers at low
temperatures at high magnetic fields up to
14 T and under electron irradiation were
carried out.

The effect of uniaxial strain on magne-
toresistance of Si whiskers with different
boron doping at temperature 4.2 K was
studied. The character of magnetoresis-
tance’ change for Si whiskers with boron
concentration in the vicinity of MIT at
4.2 K under uniaxial compressive strain
was revealed. It was shown that heavily
doped Si whiskers with metallic conductiv-
ity (pggog = 0.006 Ohm-cm) are characterized
by small magnetoresistance at high magnetic
fields up to 14 T, which remains the same
under uniaxial compressive strain. That
opens the possibility to create on their basis
piezoresistive sensors operating at high mag-
netic fields and cryogenic temperatures.

The influence of electron irradiation on
gauge factor of boron doped silicon whiskers in
the temperature range 4.2 — 300 K has been
studied. It was shown that heavily doped p-
type Si whiskers don’t change their gauge fac-
tor at low temperatures after electron irradia-
tion with energy 10 MeV and fluence
® < 51017 el/cm?2, while the gauge factor of Si
whiskers with boron concentration in the vicin-
ity of MIT after such irradiation is decreased.
The high-sensitive sensors to measure liquid
helium pressure on the basis of p-Si whisk-
ers with boron concentration in the vicinity
of MIT with non-classic piezoresistance at
cryogenic temperature and pressure sensors

based on heavily doped Si whiskers for the
temperature range 4.2 — 300 K were devel-
oped. It was shown that boron doped silicon
whiskers are excellent materials for low
temperature piezoresistive mechanical sen-
sors operating in harsh conditions: high
magnetic fields and electron irradiation.
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Ukrainian

edopmaniiHO CTUMYJIbOBaHI eheKTH Yy HUTKOMOMAIOHMX
KPHCTAJAX KPEMHIiI0 p-THIY 3a HU3BKHX TeMIepaTyp

A.0. [ pyncunin, I1.H.Map’amoea, O.I1. Kympaxos,
H.C.Jlax-Kazyi, T.Ilaneécoxuil

ITpoBemeno rKomIIeKcHI mociaimxkeHHsa medopMalliiHO-CTUMYJIbOBAHUX e(eKTiB y HUTKO-
noxibuux kKpucramax (HK) rpemuiro p-tumy, Jgerosanmx 6opom, 3 EKpucramorpadideoro
opienramiero <111> B imrTepsaai temueparyp 4,2 — 300 K i marmitamx momsax mo 14 Tu,
ONPOMIiHEHNX eJeKTPOHAMMN BHUCOKMX eHepriii. BusBieHo ocobiamBocTi II’€30MarHeTOOIIOPY Y
cuibHOJeropanux 6opom HEK Si Ta 3 KoHmeaTpanicno 60py mobimsy Iepexony MeTal-IieeKT-
PUK 3a HHU3BKHX TeMIeparyp. BuBUeHO TaKOM BILINB €JEeKTPOHHOI'0 OINPOMiHEHHS 3
ereprieo 10 MeB i quroencom ® = 5-1017 en/em? mHa woediuienr remsouyrausocri HEK Si,
JIerOBaHUX OOPOM, 3a HHUSBKUX TeMmIieparyp. Pospo6eH0 BUCOKOUYTINBUM II’€30Pe3UCTUBHUN
CeHCOp THCKY pimkoro reiairo ma ocuoBi HK Kpemuiro 3 riraurcbkum KoedilieHTOM TEH30UyT-
auBocti. CunbHoserosani HEK Kpemuiio 3 KIacHUYHHM I1’€300II0POM YCIIIIIIHO BUKOPHCTOBY-
IOThCA Y CeHCOpax MeXaHIUHMX BeJHUYUH AJdA MIKPOKOro iHrepsany remmeparyp 4,2 — 300 K.
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