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The summary

The studies of piezoresistance of boron doped p-type silicon whiskers with [111] crystallographic
orientation mounted on the spring elements, fabricated of the invar alloy, were carried out in the wide
ranges of strains € = £1.26x107 rel. units and temperatures 4.2-300 K. The measurements were car-
ried out in a helium cryostat. There were investigated silicon whiskers with different types of boron
doping: 1) heavily doped crystals with metallic conductivity; 2) in the vicinity of metal-insulator
transition (MIT) from the metallic side of MIT and 3) in the vicinity of MIT from the insulating side of
MIT. Resistance vs. strain (tensile and compressive) dependences at fixed temperatures: 4.2 K, 77 K
and 300 K for Si were measured fo whiskers, mounted on in the tempereture range 4.2-300 K for the
heavily doped silicon whiskers in the whole temperature range. The classic piezoresistance was ob-
served. Non-classic piezoresistance at helium temperatures was revealed In Si whiskers with definite
boron concentration in the vicinity of MIT. Gauge factor of Si whiskers with boron concentration

presencefrom the insulating side of MIT achieves at 4.2 K the magnitude GF,,,=~10000 at compres-
sive strain and GF, ,, 28000 at the tensile strain. Obtained characteristics of p-type Si whiskers mount-

ed on the spring elements allowed to forecast the performance of piezoresistive mechanical sensors
characteristics on their basis. The possibility of construction of the mechanical parameters sensors
(strain gages, pressure sensors etc.) of two types was shown: sensors based on heavily doped p-type Si
whiskers for the wide temperature range 4.2-300 K and high-sensitive sensors based on Si crystals
with boron concentration in the vicinity of MIT for control and signaling systems at cryogenic temper-
atures.
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AHHOTALUA

MUKPOKPUCTAJUIBI KPEMHHSA C BBICOKUM ITBE3OCOITPOTUBJIEHUEM
I[P KPUOT'EHHBIX TEMIIEPATYPAX JAJIA TIPUMEHEHUA B CEHCOPAX

A. A. dpyxunun, . . Mapsesamosa, A. I1. Kyrpakos, 1. B. [1aBaoBckuii

[TpoBeneHs! uccie0BaHUs Mbe30CONMPOTUBIIEHUST HUTEBUIHBIX KpucTauioB (HK) kpemuus
p-TuIa ¢ Kpucrauiorpaduueckoit opuentanueii [111], rerupoBaHHBIX 60pPOM, HA YIIPYTHUX dJIe-
MEHTaX M3 MHBAPHOTO CIIaBa B IIMPOKOM JHaria3oHe aeopmanuii e=+1,26x10 OTH. e/1. U TeM-
nepatyp 4,2-300 K. M3mepenust mpoBoaniinck B renueBom kpuocrtate. Mccnenoanucs HK kpem-
HUSI C PA3JIMYHON KOHIIeHTpanuen 6opa: 1) CUIIbHO JIerMpOBaHHbIE KPUCTAJUIBI C METAJIITUYEC-
KOH MpOBOAUMOCTHIO; 2) BOIU3U nepexoaa Mmetaut-uzonsitop (ITMHW) ¢ meraimnueckoit ctopo-
Hbl; 3) BOu3u [IMU ¢ uzonupyroieit croponst. Onpeaensiich 3aBUCUMOCTH OTHOCUTEITbHOTO
n3meHeHus conportusieHuss HK p-Si, 3akpersienHbix Ha Oankax u3 MHBapa, oT AedopMaluu
pacTsbKeHMs U okaThs pu pukcupoBaHHBIX Temnepatypax: 4,2 K, 77 K u 300 K, a Taxxe TeM-
nepaTypHbIe 3aBUCUMOCTH KO(hPHUIIMeHTa TeH30UYBCTBUTEIbHOCTH 3TUX KPUCTAJIJIOB B IMATa-
3oHe Temnepatyp 4,2-300 K. B cunbao nerupoBanubix HK p-Si Bo BcéM nuamnazone reMnepaTtyp
HaOII0/1a5ICs KJ1acCuuecKuii mbe3ope3uctuBHbIi 3¢ dext. B HK Si ¢ koHuenTparueii 6opa BOIU-
3M MIepexo0/1a METAII-U30JIATOP MPU TeITMEBBIX TeMIIepaTypax 0OHapyKEHO HEKJIACCUUECKOE Ihe-
3oconpoTuBiieHre. Bennunna koadduimenta teHzouyBctBuTenbHocTH B HK Si ¢ koH1eHTpa-
et 6opa, cCooTBeTCTBYIOMIEH n3oaupymiei cropore ITMU, npu 4,2 K nocturana 3HaueHui
K, 10000 npu nedpopmannu cxatus u K, ,, 28000 nipu nedpopmannn pacrsokenus. [lonyuen-
Hble xapaktepuctuku HK kpeMHust p-tuna, 3akperi€HHbIX Ha YIPYTUX 3JIEMEHTaX, MO3BOJISIOT
MPOTrHO3UPOBATH XaPAKTEPUCTUKU MMHE30PE3UCTUBHBIX CEHCOPOB MEXaHUUECKHUX BEIMUMH HA UX
ocHoBe. [TokazaHa BO3MOKHOCTh CO3/IaHUSI HA OCHOBE 3THX KPUCTAJIIOB CEHCOPOB MEXaHUYEC-
KUX BEJIMYUH (IehopManiuu, JABJICHUS U JIP.) IBYX TUIIOB: [IJIs IIMPOKOTO JUarna3oHa TeMIiiepa-
Typ 4,2-300 K Ha ocHOBe cuibHO JlerupoBaHHbIXx HK Si p-Trma u BBICOKOUYBCTBUTEIBHBIX CEH-
COPOB Ha OCHOBE KPUCTAJNIOB KPEMHHUS C KOHIIEHTpaluei 6opa Bomu3u [IMU ajis cucrteM KoH-
TPOJISl U CUTHAJIU3ALUM ITPU KPUOTEHHBIX TEMIIepaTypax.

KaroueBble ciioBa: NbE30COIIPOTHUBIICHUC, erMHHﬁ, HUTCBUAHBIC KPUCTAJIJIBI, KPUOTCHHBIC
TEMIICPATYPbI, CCHCOPBI MEXAHNYCCKUX BEJIIMYNH.

AHoTalig

MIKPOKPUCTAJIN KPEMHIIO 3 BUCOKHUM IT’€300ITOPOM IIPHU
KPIOI'EHHUX TEMIIEPATYPAX J1JI4 3ACTOCYBAHHSA B CEHCOPAX

A. O. Ipyxunin, I. 1. Map’ssmoBa, O. I1. Kyrpakos, I. B. ITaBnoBchKHit

[TpoBeneno mocmipkeHHs T e300mopy HUTKomoaioHux kpuctams (HK) kpemuiro p-tumy 3
KpucrtanorpadiuHoro opieHTaiiero [111], neroBanux 6opom, Ha MPYKHUX eIEeMEHTaX 3 IHBAPHO-
r'0 CIUTaBY B IIMPOKOMY Jiana3oHi nedopmariii =+1,26x107 BigH. ox. i Temnepatyp 4,2-300 K.
BumiproBaHHsS MpOBOIAMINCH B reflieBoMy KpioctaTi. JdocaimkyBanucs HK kpeMHiro 3 pizHOIO
KOHIIEHTpaIli€ew 6opy: 1) CUIIbHO JeroBaHl KPUCTAIU 3 METaJIeBOIO MPOBIIHICTIO; 2) MOOIU3Y
nepexoay Mmetai-aienektpuk (ITM/1) 3 metaneBoro 60ky; 3) mooauzy [IM/] 3 mieneKTpuaHOro
0oky. Buznauanucs 3aiexxHocTi BiiHOCHO1 3MiHU ormopy HK p-Si, 3akpimiennx Ha 60akax 3 iHBa-
py, Big pedopmariii po3Tary i cTucky npu ¢ikcoBanux temmepatypax: 4,2 K, 77 K1 300 K, a
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TaKOX TeMITepaTyPHi 3aJ1€KHOCTI KoedillieHTa TEH30UyTIMBOCTI ITUX KPUCTAJIIB Yy JIlaria30Hi TEM-
nepatyp 4,2-300 K. B cunbao neroBannx HK p-Si y BcboMy miamasoni TemmepaTyp CrocTepi-
raBcs KJITacuIHuii m’e3ope3uctuBHuil egext. B HK Si3 koH1IeHTpaItiiero 60py moodau3sy nepexomay
METAJI-130JISITOP MPHU TeIIEBUX TeMIIepaTypax OyB BUSBIICHUIN HEKJIIACUUHUH 11’ €300T111p. Benuun-
Ha KoedimienTa TeH3ouyTauBocTi B HK Si 3 koHlleHTparieo 0opy, 1110 BIAMOBIAAE ieIeKTPUY-
Homy 6oky IIM/1, npu 4,2 K nocsirana snauens K, ,,~—10000 mpu redpopmarii crucky i K, ,, 28000
npu nedopmariii po3rary. Orpumani xapaktepuctuku HK kpeMHito p-tumy, 3aKpiruieHUX Ha
MPY>KHUX €JIEMEHTaX, JO3BOJISIIOTH MPOTHO3YBATU XapAKTEPUCTUKH 1T’ €30PE3UCTUBHUX CEHCOPIB
MEeXaHIYHUX BEJIMYMH Ha iX OCHOBI. [Toka3aHO MOKJIMBICTh CTBOPEHHS HA OCHOBI ITUX KPUCTATIB
CEHCOPIB MEXaHIYHUX BeJIWYUH (Aedopmaliii, TUCKY Ta 1H.) IBOX THUIIIB: JJISI IIUPOKOTO J1ana3o-
Hy Temnepatyp 4,2-300 K Ha ocHoBi crutbHO JteroBanux HK Si p-tuny 1 BUCOKOUYTIMBHUX CEH-
COpPIB HA OCHOBI KPUCTAJIIB KPEMHII0 3 KOHIIEHTpallieo 6opy nmooauszy [TM/I ams cucteM KOHT-
POJIIO 1 CUTHATI3AlIll MPU KPIOTEHHUX TeMIlepaTypax.

KumouoBi cioBa: m’e3001mip, KpeMHii, HUTKOIO110HI KpUCTaIu, KPIOTeHH] TeMIIepaTypH, CeH-
COpH MEXaHIUHUX BEJTMYHH.

Introduction

The problem of creating high-sensitive mechanical sensors for cryogenic temperatures is very actu-
al for different branches of science and technique, particularly, for aerospace instrumentation and
cryoenergetics. Since the semiconductor mechanical sensors operation usually based on the piezore-
sistance effect [1] it seems to be interesting to study the silicon piezoresistance behaviour at liquid
helium, since it is the principal material for sensors application.

The giant piezoresistance present in p-type silicon from the insulating side of metal-insulator tran-
sition (MIT) when the hopping conduction on localized states exists was predicted theoretically by
Shklovsky and Efros [2]. The uniaxial stress in [100] direction influence on the resistance of p-type
silicon crystals at cryogenic temperatures are presented in [3]. The study of hopping conduction of
strained boron doped silicon in the vicinity of MIT, in the low temperature range 0.05-0.75 K was
recently carried out [4]. But in all these papers there is no information about the magnitude of piezore-
sistance in silicon at cryogenic temperatures and there were no attempts to use this effect to constract
high-sensitive mechanical sensors.

Our investigations [5—-8] of boron-doped p-type silicon microcrystals in the vicinity of MIT in the
temperature range 4.2-300 K revealed the existence of giant piezoresistance in these crystals at cryo-
genic temperatures, particularly, at liquid helium temperature. The magnitude of gauge factor of p-Si
microcrystals with elevated boron concentration in the vicinity of MIT from the insulating side equals
to 42K GF, =~-5,7x10° for the compressive strain and GF 4_2Kz3><105 for the tensile strain.

The main purpose of this work was to study the piezoresistive characteristics of boron doped silicon
microcrystals mounted on the spring elements in the temperature range 4.2-300 K to evaluate the possi-
bility to create on their basis the piezoresistive mechanical sensors operating at cryogenic temperatures.

The object of investigation and method

P-type silicon whiskers of [111] crystallographic orientation grown from the vapour phase by chem-
ical transport reactions [9] were chozen as the object of investigation. Silicon whiskers were grown as
regular hexagonal prisms elongated 3—5 mm long in [111] direction and with 20-30 um back face
width. These microcrystals due to their structural perfection and excellent mechanical properties are a
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good model material to study the piezoresistance. Besides this their growth direction corresponds to
the maximal longitudinal piezoresistance in p-type silicon. At the same time, Si whiskers are very
promising in creating to create on their basis of piezoresistive mechanical sensors, operating in severe
conditions [10-12].

Silicon microcrystals with boron concentration in the vicinity of MIT near the metallic side differ-
ent from that near the insulating side were selected for investigations. Microcrystals were selected
with metallic conduction with N,=1x10" cm” (Si:B1 set) and crystals with N,=5,5x10'"® cm™ (Si:B2
set) from metallic side of MIT and crystals with N B=3x1018 cm (Si:B3 set) from the insulating side of
MIT taking into account that critical impurity concentration corresponds to that of vicinity of MIT in
p-type silicon, equals to N =5x10" cm™ [3], .

Silicon whiskers characteristics were measured in the temperature range 4.2-300 K by specially
developed arrangement with spring element in the form of the cantilever beam. Microcrystals were
mounted on the cantilever beam in such a way that one of crystals was under tensile strain, and the
other — under compressive strain. Spring element was fabricated of invar alloy 36N, because the
thermal expansion coefficient (TEC) magnitude of invar alloy at low temperatures was approximately
equal to the magnitude of TEC for silicon [13]. Spring element in the form of the cantilever beam was
strained by the special mechanism, which gives the possibility to achieve different strain levels of
spring element and crystals, mounted on this spring element, in the range of strains e=0—+1.26x10"
relative units, that corresponds to the strain range of spring elements in piezoresistive mechanical
sensors, particularly in pressure sensors. The measurements were carried out at different strain levels
of the beam: € =2,42x10* rel. un., £,=5,95x10 rel. un., €,=8,79x10* rel. un., £ =1,08x107 rel. un.,
85:1,26X10'3 rel. un., which corresponds to the uniaxial tensile or compressive strain of Si whiskers
according to the place where they were mounted on the beam. The arrangement with spring element
and microcrystals was placed in helium cryostat. During the experiment Si whiskers were dc supplied
and resistance of crystals was measured by digital device with computer automatic data registration;
simultaneously the temperature sensors data was registrated.

The silicon whiskers characteristics on spring elements in the temperature range 4.2-300 K were
measured in the International Laboratory of High Magnetic Fields and Low Temperatures in Wro-
claw, Poland.

Characteristics of silicon whiskers on spring elements

Relative changes of crystals resistance vs. strain AR(€) / R, = f (€) dependencies at fixed temper-
atures 4.2 K, 77 K and 300 K for heavily boron doped p-type Si whiskers from Si:B1 set with resistiv-
ity p,,,,=0.005 Ohmxcm, mounted on invar spring element, calculated from the experimental data are
presented in Fig. 1. As it was predicted, in these crystals in all the vestigated temperature and strain
ranges the classical piezoresistance was observed: crystals resistance increases under the tensile strain
and decreases under the compressive strain. One can see from Fig. 1 that dependences of resistance vs.
strain are monotonous, their non-linearity increases at cryogenic temperatures due to the piezoresist-
ance nature in p-type silicon. Gauge factor for these crystals is determined as is

GF:AR('Z)/RO | O

where R, is the resistance of unstrained (“free”) crystal,
AR(g) — the change of crystals resistance under strain,

€ — uniaxial strain,
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positive for compressive and tensile strains in the temperature range 4.2-300 K. This is the evidence
of classic piezoresistance in heavily doped p-type Si crystals at cryogenic temperatures. The gauge
factor of Si whiskers with p,  =0.005 Ohmxcm mounted on invar beam equals GF, , =275 at tensile
strain €=+1,02x1073 rel. un. and GF =] 16 at compressive strain e=—1,02x107 rel. un.
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Fig. 1. Dependence of resistance vs. compressive (a) and tensile (b) strain for p-Si whiskers with p, . =0,005 Ohmxcm
on the invar spring element at different temperatures: 1 — 4,2 K; 2 — 77 K; 3 — 300 K.

Experimental results of studying the characteristics of p-Si whiskers from Si:B2 set (p,,, =0.010
Ohmxcm) with elevated boron concentration in the vicinity of MIT of the metallic side of transition,
mounted on invar spring elements, are illustrated by curves of temperature dependences of crystal
resistance at different levels of compressive (Fig. 2a) and tensile strain (Fig. 2b). In Fig. 2a it is clearly
seen that the transition from classic piezoresistance to non-classic piezoresistance (crystal resistance
increases under the ompressive strain) occurs at cryogenic temperatures. This transition occurs as
soon as the strain level of crystal becomes greater at the lowest temperature. Hence the appearance of
non-classic piezoresistance is due to the metal-insulator transition, just strain stimulates the transition
of the crystal in the MIT region.
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Fig. 2. Characteristics of p-type Si whiskers with p,, .=0,010 Ohmxcm on invar spring element at different levels of
compressive (a) and tensile (b) strain.

More visual appearance of non-classic piezoresistance one could see in Fig. 3, which demonstrates
crystal resistance vs. compressive strain at fixed temperatures: 4.2 K, 77 K dependences and 300 K.
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For these crystals dependences AR(€)/R, = f (¢) at 77 K and 300 K are usual, but at liquid helium
temperature this dependence demonstrates the great rise of crystal resistance under the compressive
strain, which is typical for non-classic piezoresistance; in this case resistance very strong depends on
the applied strain level.

50 -

—¢, 10 “rel. un.

Fig. 3. Dependence of resistance vs. compressive strain for p-Si whiskers with p, . =0,010 Ohmxcm on the invar spring
element at different temperatures: 1 — 4,2 K; 2 — 77 K; 3 — 300 K.

Estimated temperature dependences of gauge factor for these crystals are presented in Fig. 4. At
helium temperatures the gauge factor of such p-Si whiskers, mounted on invar spring elements, is

strongly rised at tensile strain: GF, , =900 at e=+1.02x107 rel. un. At compressive strain gauge factor

changes his sign at cryogenic temperatures and it becomes negative one (Fig. 4, curve 1).
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Fig. 4. Temperature dependences of gauge factor for p-Si whiskers with p, =0,010 Ohmxcm under compressive (1)
and tensile (2) strain.

All these tendencies more are developed when we analyze the characteristics of p-Si whiskers from
Si:B3 set with the resistivity p,, ~0.013 Ohmxcm with boron concentration in the vicinity of MIT
near the insulating side of transition, mounted on invar spring elements (Figs. 5-7). At helium temper-
atures the crystals resistance increases by few orders of magnitude under the ompressive strain
(Fig. 5, 6), i.e. in these crystals the giant non-classic piezoresistance is observed. At 4.2 K the magni-

tude of gauge factor achieve the value GF,, =~10000 at compressive strain, and GF,, >3000 at ten-
sile strain (Fig. 7). In this case dependence GF = f (T) is exponential in the region of cryogenic

temperatures range.
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Fig. 5. Characteristics of p-type Si whiskers with p,, .=0,013 Ohmxcm on invar spring element at different levels of
compressive (a) and tensile (b) strain.
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Fig. 6. Dependence of resistance vs. compressive strain for p-Si whiskers with p, .=0,013 Ohmxcm on the invar spring
element at different temperatures: 1 — 4,2 K; 2 — 77 K; 3 — 300 K.
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Fig. 7. Temperature dependences of gauge factor for p-Si whiskers with p, =0,013 Ohmxcm under compressive (1)
and tensile (2) strain.
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Conclusions

The fulfilled investigations gave the possibility to reveal at cryogenic temperatures non-classic
piezoresistance with the magnitude approximately of 2 orders greater than the classic piezoresistance.for
boron doped p-type silicon crystals in the vicinity of metal-insulator transition (MIT.

Characteristics of Si whiskers mounted on spring elements and measured in the wide temperature
and strain ranges allowed to predict the possibility to construct ofpiezoresistive sensors based on these
crystals. The analysis of these characteristics gives the possibility to create strain sensors (strain gag-
es) of two types:

1) on the basis of heavily boron doped p-type Si whiskers with resistivity p,, . ~0.005 Ohmxcm for
the wide temperature range 4.2-300 K;

2) high-sensitive strain gages on the basis of Si whiskers with boron elevated concentration in the
vicinity of MIT with resistivity p,, ~0.010-0.013 Ohmxcm, operating at the temperature of liquid
helium. The gauge factor of such sensors is few orders of magnitude greater than for ordinary silicon
strain gauges based on the classical piezoresistance.

According to that different types of piezoresistive mechanical sensors, particularly, pressure sen-
sors and liquid level sensors for low temperatures may be constructed on the basis of boron doped p-
type silicon whiskers. When heavily doped p-Si whiskers are used in pressure sensors, the operating
temperature range of such sensors would be 4.2-300 K. When p-Si microcrystals with boron concen-
tration in the vicinity of MIT with high non-classic piezoresistance are used, high-sensitive pressure
sensors operating at liquid helium temperature could be developed. The output of such piezoresistive
sensors could achieve at 4.2 K the magnitude of few hundreds of millivolts (without amplifying),
which gives the possibility to use such sensors in different control and signaling systems.
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