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The temperature dependence of the electrical resistance of silicon whiskers was studied as their
piezoresistance and piezomagnetoresistance at 4.2 K. A special technique was developed to study the
whiskers in compressive and tensile strain. It was observed that the thermal strain due to the mounting
of the whiskers on different substrates at helium temperatures may be high enough to ‘throw’ a crystal
from the metallic side of the metal-insulator transition to insulating one and vice versa. A negative
magnetoresistance in ptype silicon whiskers was found at 4.2 K, but in uniaxial compression a
transition from negative magnetoresistance to ‘anomalous’ positive magnetoresistance was observed.
The possibility to apply a ‘giant’ piezoresistance found in the vicinity of the metal-insulator transition
in strain gauges and pressure sensors having a very high sensitivity to the measured value is discussed.
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1. Introduction

Extensive studies devoted to semiconductor whiskers, particularly silicon whiskers, are due
to their high structural perfection and special morphology (e.g.: MORALES, LIEBER 1998;
ZHANG et al. 2001). Moreover, the structural perfection of whiskers results in their excellent
mechanical properties. Consequently whiskers are successfully applied in various
mechanical sensors (VORONIN et al. 1992; DRUZHININ et al. 1999; MARYAMOVA et al. 2000).

The special behavior of ptype silicon at cryogenic temperatures, where it exhibits
hopping conductance and change of sign in its piezoresistance, is very interesting. The
crystalline perfection of the whiskers makes it possible to investigate contribution in the
electrical conductance of the disorder caused by randomly distributed doping impurities
separately from that due to dislocations in bulk crystals. Moreover, we believe that our
experimental results on piezoresistance in such a model material will be useful in the
experimental verification of the theory of an acceptor state in silicon and its change with
mechanical stress in the region of impurity conductance (CHROBOCZEK et al. 1984).

The main aim of the work is to study the possibility of practical application of silicon
whiskers in sensors operating at cryogenic temperatures. Namely, it was of a special interest
to reveal the region of dopant densities where the “giant” piezoresistance could be observed
while the whiskers exhibit their electrical conductivity not far from that at the room
temperature. Another problem was to study the behavior of Si whiskers in strong magnetic
fields at 4.2 K. The main purpose of these studies was to reveal the stable crystals as related
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to the magnetic field influence and search for the possibility to develop multifunctional
sensors based on the combined piezoresistance-piezomagnetoresistance effect.

To meet this goal it was necessary to study the mechanisms of the electrical transport,
piezoresistance and piezomagnetoresistance in the doped silicon whiskers at cryogenic
temperatures. The moderately and heavily doped crystals have been chosen because they
manifest the best combination of the stress/strain sensitivity (gauge factor GF) and a
reasonable temperature stability. The latter parameter could be expressed in form of the
temperature coefficient of resistance (TCR) and the temperature coefficient of the gauge
factor (TCGF).

2. Experimental

The samples were obtained by chemical transport reactions in a closed system. The whiskers
grew as elongated regular prisms, hexahedral in the cross-section, with diameters between a
few microns and a few tens of microns. The longitudinal axis of the crystals corresponds to
the [111] crystallographic direction. The whiskers were doped during growth with boron of
concentrations between & 10'7 and 1710 cm?™. The presence of gold and platinum as
growth initiating impurities provided some compensation of acceptor impurities. For
experimental purpose whiskers with diameters between 20 and 60 nm about 5 mm long were
selected. Two pairs of electric contacts (current and potential) to the crystals were fabricated
by the laser welding of /30 nim Pt microwire.

Because of the small dimensions of the whiskers a special technique has been developed
for the stress imposing during experimental measurements.

2

Fig. 1: Simplified view of the experimental set-up: (1) mounted crystal with corresponding lead
wires; (2) cantilever.

Due to the small dimensions and typical shape of silicon whiskers it was not possible to
apply mechanical loading directly to them. Therefore, the experiments on piezoresistance
and piezomagnetoresistance were performed with samples mounted on specially fabricated
substrates and elastic dements. In both cases the sample undergoes a thermal strain € arising
due to the difference in thermal expansion coefficients of the sample and the substrate.

Some measurements of piezoresistance and piezomagnetoresistance were made with the
thermal strain only, while in other experiments external strain was applied. For this purpose a
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special set-up fabricated on the basis of the helium cryostat was used. Silicon whiskers were
mounted on cantilevers fabricated of Fe-Ni alloy (Fig. 1). The mounting was performed by
viniflex adhesive VL-931 having a hardening temperature T ;=460 K.
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Fig. 2: Maximum (g = 1) thermal strain of a Si crystal mounted on substrates: (1,1 § fused quartz, (2)
steel and (3) copper. Temperatures of the adhesive hardening: (1) 770 K and (1 ¢2,3) 460 K.

Table 1: Estimated maximum thermal strain of silicon whiskers mounted on different substrates.

Substrate T=42K T=20K T=77K T=300K
Cu -5.44"10° -5.43710° -5.18710° 228107
steel -3.35°10° -3.3510° -3.22°10° -1.45"10°
fused quartz ~ 6.77" 10* 6.72°10* 6.40" 10 3.8"10*

During the experiment the cantilevers were elastically bent in four fixed steps. Since the
cantilevers were significantly thicker as compared with the whisker transversal dimension,
the whiskers were considered as purely tensioned or compressed, depending on the bending
side of the cantilever. The linear external strain was estimated as (see e.g. ERLER, WALTER
1973):

3(7- x)h
= 7 d
e=——0pz—d (D

where / is the distance between the fixed edge of the cantilever and the point of the applied
external force, x is the distance between the fixed edge of the cantilever and the central point
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of the whisker, /4 is the thickness of the cantilever, and dis the maximum displacement of the
cantilever under the applied force (Fig. 2).

When mounting a whisker on the substrate with different thermal expansions coefficient
using an adhesive with a hardening temperature 7, one should expect the whisker at
temperature 7 to be subjected to the thermal strain €, which can be estimated in an isotropic
approach as (LAVITSKA 1998):

T

e(T)=gga.()- a(I)d )

T

where a,(?) and a_(?) are the thermal expansion coefficients of the substrate and the sample
respectively. The dimentionless factor g characterizes the strain transmission from the
substrate to the sample. It may be determined experimentally (Appendix A) and estimated
analytically (Appendix B). The value of gdepends on the experimental set-up and the sample
geometry. An example of the g7) estimation for silicon whiskers mounted on various
substrates is shown in Fig. 2, while the corresponding numerical data are given in Table 1.

3. Results and discussion

At cryogenic temperatures the resistivity I of doped semiconductors can be approximated as

a sum of three resistivities r ; with corresponding activation energies E; (SHKLOVSKII, EFROS
1984):

r'=ar, exp(- E /kT), (3)

i

Qoo

where E is the ground state ionization energy of the an impurity (acceptor, in our case) and
E, and FE; represent the ionization energies for the impurity conductance, i.e. activation
energy E; for the hopping conductance and the activation energy FE, for the hopping
conductance due to the carriers in the band composed of the doubly occupied impurity states
(A" in p-type semiconductors).

The samples studied here were related with three regions of the doping impurity boron
concentration N, close to the MIT:
(1) insulating side of the MIT with N, < N_, where the critical concentration of the MIT

N.»5 10"% cm™;

(i)  metallic side of the MIT N, > N _;
(iii)  the vicinity of the MIT Ny » N...

Those three groups are clearly represented by the Dr (e)/ r (0) curves vs uniaxial strain

ein Fig. 3.

When considering the temperature dependence of silicon samples mounted on substrates,
one should take into attention two main effects which contribute to r (7): (i) temperature
dependence of r (7) due to thermal activation process, carrier scattering, etc., and (ii)
piezoresistance effect. The latter effect, in turn, is defined by the temperature variation of
both piezoresistance coefficients and thermal strain of the sample.

In Fig. 3a sample 3 has metallic conductance and at cryogenic temperatures has positive
longitudinal gauge factor in [111] direction, that is typical for heavily acceptor doped silicon:
Gy = (OR;y;,/R,€ > 0. Boron concentration in sample 1 corresponds to the insulating side
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of the MIT with a negative gauge factor. Sample 2 having a small metallic behavior at small
compressive strains becomes insulating at higher compressive loading. The sample shown in
Fig. 3b behaves similarly, where the arrows indicate minima on the curves corresponding to
the MIT. Transverse magnetic field shifts the minimum and acts in the same way as the
uniaxial compression, shifting the sample behavior closer to the MIT.
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Fig. 3: Relative change of resistivities of Si whiskers with external uniaxial strain at 4.2 K: (1-3)
without magnetic field and (1¢3§¢ in magnetic field H = 3 T. Boron concentrations: (1,1§ Ny =
4710"% cm?; (2,29 Ny = 6.6 10'® cm? and (3,39 Nz =9 10 cm?. In Fig. (b) the resistivity of the
sample with boron concentration corresponding to the vicinity of the MIT (N =7" 10" cm?) vs

external uniaxial strain is shown without magnetic field and in magnetic field # = 3 T. Arrows
show the minima in curves corresponding to the MIT.
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Figures 4 ac illustrate influence of the surface loading (Appendix A) due to the thermal
stress on the temperature dependence of sample resistivities. Slightly metallic samples shown
in Fig. 4a in the vicinity of the MIT demonstrate the non-monotonous temperature
dependence of resistivity. Tensile strain from quartz substrate increases the resistivity in all
the temperature range, while compressive strain from copper substrate decreases I at
relatively high temperatures and provides its rise at lowest temperatures 7 < 50 K. Such a
special behavior corresponds to the change in sign of the piezoresistance effect at the MIT
region in compressive strain from positive to negative.
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Fig. 4: Temperature dependence of resistivity of samples from different experimental sets with N =
710" cm? (a), N3=3" 10'* cm?® (b) and Nz = 8" 107 cm™ (c): free (1), mounted on quartz (3) and
copper (2) substrates.

However, the r (7) dependences shown in Figs. 4b and 4c are monotonous in the entire
temperature range and correspond to the insulating side of the MIT. The activation energies
estimated from the temperature dependences of the samples with N, = 3" 10'8 cm™ (Fig. 4b)
at the different temperatures are given in Table 2.

Table 2: Activation energies E, for hopping conductance for the sample with Ny=3" 10'8 cm™.

Sample montage Temperature range (K) E, (meV)
(type of an activation energy)
Free (e=0) 4.2-10 (E,) 0.324
On Cu (e=-5.44"107) 4.2-6 (E;) 2325
10-23 (E,) 33.86
On quartz (€=6.7"10*) 42-55(Ey) 0.496
8-27 (E,) 16.39

Identification of the activation energies E, from r (T) dependence was performed according
to their values, impurity concentration, and temperature range in agreement with the data
from (CHROBOCZEK et al. 1984). A distinct dependence of the activation energies £, and E;
on the applied stress for the samples at the insulating side of the MIT is evident from Table
2. Activation energy E; having the value below 1 meV was found in all the samples. It
increases with strain applied independently on sign of this strain. The activation energy E,
was found only in the mounted (strained) samples and it rises with the absolute value of the
strain applied ¥8%2 These results on the activation energy are in agreement with the
theoretical analysis of the ground acceptor state in boron-doped silicon and experimental
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data on the bulk material (CHROBOCZEK et al. 1984). From the strong dependence o
activation energy on strain one can expect a large piezoresistance in the range of E,-
conductivity. This expectation is confirmed by Fig. 4b, where the initial resistivity at 4.2 K
changes by two order of value under tensile strain and even four order of value under high
compression from copper substrate.

The data on very large piezoresistance obtained for the samples mounted on substrates
are confirmed by the experiments with a similar sample (V; » 2” 10'"® ¢m™) fixed on a
cantilever (Fig. 5). Longitudinal gauge factor for these samples is about 10,000, which is
approximately two order higher than in piezoresistors based on the heavily-doped Si crystals
traditionally used at cryogenic temperatures (M ARYAMOVA et al. 2000).
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Fig. 5: Relative change of resistivity for Si whiskers vs external uniaxial strain at 4.2 for boron

concentration Ny=2"10" ¢cm™ (1) and Ny=2.3" 10'8 cm? (2). The case of the insulating side of the
MIT.

The external strain of the samples in the vicinity to the MIT strongly influences their
magnetoresistance (Figs. 6).

In metallic samples at certain levels of uniaxial compression oscillations in
magnetoresistance are found (Fig. 6a) which vanish at higher stresses. This phenomenon
may be explained in terms of crossing the Landau levels which appear in magnetic field by
the Fermi level in heavily doped samples (Shubnikov-de Haas effect). Sufficiently high
compression changes the distance between impurities and, thus, acts as a factor varying the
effective doping of the crystal. The degree of degeneracy in the heavily doped samples
decreases at high stress levels and, therefore, the oscillations disappear. A negative
magnetoresistance has been found in boron-doped p-type silicon (Fig. 6b) which transforms
to the so-called “anomalous” positive magnetoresistance at sufficiently high uniaxial
compressions. Since this effect is observed only in the vicinity of the MIT (see also
POLYANSKAYA et al. 1983), one attribute it to the variable-range hopping conductance on the
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impurity states when resistivity depends on the temperature according to Mott’s law:

r (T, H)=r,(H)exp @, (H)/Tg"

with the critical temperature of the MIT (SHKLOVSKII, EFROS 1984)
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Fig. 6: Transversal magnetoresistance of boron-doped Si whiskers: (a) with boron concentration
Np» 6.5 10" cm? at different levels of external strain : =0 (1), e=-0.3"103 (2), e=-0.6" 10" (3),
e=-0.9"103 (4), e=-1.2"103(5); and (b) with V; » 5" 10'® cm? at two levels of external strain: e=0
(1,2), e=1.2" 103 (1¢29.
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Here g(mH) is the density of states at the Fermi level, X(H) is an effective localization length
at the impurity center, and b is a numerical factor.

The only reason of the negative megnetoresistance is an increase of g(mH) that entails
details of T,(H). However, the localization length g(mH) reduces with increasing magnetic
field, causing the positive magnetoresistance. These two tendencies compete and at high
magnetic fields positive magnetoresistance dominates (Fig. 8).

4. Concluding Remarks

The moderately doped silicon whiskers with r ;,,, = 0.02 Wxm showed monotonous R(7)
dependencies with sufficiently high temperature coefficient of resistivity. Variation in the
resistance (DR-R,)/R, in the temperature range between 4.2 and 300 K is about 10°, which
makes these whiskers a suitable material for miniature low-inertial thermoresistors.

Ultra-high piezoresistance found in the whiskers (Figs. 4b, 5) at 4.2 K enables their use as
sensitive elements of piezoresistive sensors (strain gauges, pressure sensors, and level
sensors) operating at cryogenic temperatures (M ARYAMOVA et al., 2000). The only limitation
of these piezoresistive sensors is the temperature instability of their parameters. That is why
it is recommended to apply such sensors at fixed temperatures, e.g. in cryogenic liquids,
namely: liquid helium, liquid hydrogen etc. In particular, the developed pressure sensors
were successfully tested during the pressure measurements in the cooling system of the
super-conductive magnet. Another type of the developed piezoresistive pressure sensors
based on heavily-doped whiskers with metallic-type conductance (r »0.005 Wxm)
demonstrate a good stability of their parameters at cryogenic temperatures including
conditions of high magnetic fields applied.

Appendix 1. Analysis of the surface strain/stress conditions

In the local coordinate system <111> the tensor of the surface thermal stress may be written
in the following form:

as, 0 Oo
SURF =¢0 0 0 (A1)
§0 0 S.g

where we direct Z axis along the longitudinal axis of a whisker, corresponding to the [111]
crystallographic direction, while X axis lies in the same surface of the substrate and Y axis is
normal to the surface of the substrate (Fig. Al).

Applying the known method (KUNERT, LAVITSKA 2001) to transform the components of
a fourth rank tensor of elastic compliances, we obtaine for fcc {111} overlayer:

B¢ S¢ S§ S 0 06
¢ s s¢ -8 0 0%
(;sg S¢ S¢§ o o o0+
(5#)=¢ ¢ -s¢ 0 sg 0 0% (A
o 0 o0 o0 S§ S¢7
go 0 0 0 S¢ Sty
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with

1 1 1
SI¢ZE(S11+S12+2S44); Slgzg(Sll-'-SSlz_ZSM); Slq’:g(sll-'_z‘?lz'ZSM);

2 1 1

Slc}:—12 (- S, +S, +28,,); S¢ =§(s]1 +28,+4S,,); S% :E(S” - 8, +4S,);  (A3)
1

S& za(sn -5, +4S44) :

Y [112]
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Fig. Al: Cubic cell of silicon with local coordinate axes.

From the stress tensor (A1) and the elastic compliances (A4) one can obtain the strain tensor
corresponding to condition of the surface thermal stress:

) 0

¢ g(slq)sx +S1?5 z) 0 0 :

B ¢ ¢ 1 -
géij ESURF :(Si/'kl) (54 surr :g 0 (S¢s, +S¢s) ES&SX oo a8

¢ 1 N

g O 5 l%x (Sl?sr+&sz)z
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For a crystal having a cubic symmetry and mounted on an anisotropic substrate one can

expect the e/7 and €33 components of the strain tensor (A4) to be equal. This gives a relation
between S, and S_ components:

— Sz@ - Sldfs

S, o (AS)
Slof - SI?
or in terms of the known compliances S
128
s — s.=ks_=ks . (A6)

- S11 - SIZ +10S44

Formulae (A1-A6) enable to estimate the piezoresistance effect due to the thermal strain in a
mounted crystal. In particular, in such conditions of surface loading of the crystal the change

in its resistance may be expressed in terms of the piezoresistance tensor (p,,), which, after
transformation to the local <1 11> axes, may be written in the form:

@ p¢ pt pt 0 08
gplqz; plF p33¢ -plg: 0 0 _
¢ ¢cp¢ p¢ p 0 0 0
(p,) =cP8 PR P + (A7)
p§ -p§ 0 p& O 0.
o 0 0 0 p§ ps-

€0 0o o0 0 pg psp

with
1 _1 _1
plq:_E(p]l +p12+2p44); p&_g(p]1+5p12- 2p44)> pg_g(p1]+2p12'2p44);
V2 1 1
p& 2?('p11 +p12 +2p44)§ pz@ :g(p“ +2p12+4p44); pﬁ zg(pu - P +4p44); (A8)

p& = (pn -Pp, +4p44) :

N =

Thus, the relative change in the resistances (dR,.)¢= (DR,. /R, )¢ in a matrix form may be
expressed as:

165, - S, +228,,

(dRs)q;URF =—e—(p11 +2p12)+4m u

p (A9)
385, - 5,108, Sii - S, +108,, 44Hs
withs = s_.
Derivations for conditions of the pure uniaxial stress
a® 0 00
¢ =% 0 o A10
(S l.j) UNl = = ( )

§00s§
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give us the relation

1, .
(dRa)%M =pgs :ggpn +2p,,) +4p B - (A11)

Substitution of the numerical values of the elastic compliances for silicon (i.e. S, =
0.768 10" Pa’'; S;,=-0.214" 107" Pa’'; S,,=1.26" 10""' Pa'") in Eq. (A9) yields the following
expression for the change of resistance in the [111] direction corresponding to the Ztaxis in
the local coordinate system:

1, .
(dR3)¢sm :383.84(p11 +2p,,)+3.22p 5 - (A12)

Comparison of Eqs. (A11) and (A12) reveals that replacement of uniaxial stress by surface
stress leads to a reduction in the shift component of piezoresistance related with pys by a
factor of about 0.8 and to a significant (almost 4 times) increase in the hydrostatic
component (related with (ps1+p12)).

It is known (SMITH 1954) that in p-type silicon in a wide range of temperatures and
dopant concentrations, pgs >> (Ps1+Pr2). Consequentlu, changes in the resistivity given by
Egs. (All) and (A12) are mainly defined by the second components related with the shear
component of the stress. This means that contribution from the surface stress [Eq. (Al)] in
the change in resistivity along the [111] axis is smaller than that from the uniaxial stress [Eq.
(A10)]:

(dR3 )G:SURF/(dR3 )qzm »0.8. (A13)

Comparison of (dR3)(I found from our experiments (Appendix 2) with the expected from

uniaxial stress [Eq. (A10)] gives(dR, )exp /(dR)qt:heoruni » 0.7, that is in a reasonable
accordance with Eq. (A13).

Appendix B. Method of experimental estimation of the thermal strain

Fig. Bla illustrates the principle of the experimental estimation of the thermal strain of a
mounted crystal. Curve R, corresponds to the temperature dependence of the resistance of a
free (unmounted) crystal. Curve R,(0) represents the temperature dependence of the
resistance of the same crystal after mounting it on the cantilever at zero external strain. Other
eight curves correspond to the R(7,e) dependences at various levels of the external strain,
both tensile (R, R,, R; R,) and compressive (R, R, R; R,). The points where these R(7,€)
curves cross the R, curve correspond to the compensation of the thermal strain by the
external one (i.e. §+e,, = 0) and, therefore, one can determine exactly the temperatures
where this compensation is achieved. Fig. B1b shows the dependence of thermal strain € on
temperature found from these experimental data.

The above method enables us to compare the analytical results on the estimation of thermal
strain with experimental values of the strain. It was checked using the strain gauges with
known gauge factor and proves its validity. The comparison of the experimentally
determined g at certain temperatures with that evaluated from Eq. (2) gave the dimensionless
factor g=0.7. We used this value in the processing of our experimental data.
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Fig. Bl: (a) Temperature dependence of resistance of silicon whiskers: R, represents the
experimental curve for the free (unmounted) crystal, while R(0) the same sample mounted on a
cantilever fabricated of Fe-Ni alloy. Numbers for other curves correspond to the following steps of
the external strain: (R,;) 1.2" 103, R.,,) 0.97103, R,3) 0.6"10%, (R,,) 0.37 103, (R,) 037103, (R,)
-0.6"103, (R5) -0.9" 103, and (R,) -1.2" 10°.; (b) Experimentally-determined thermal strain € of Si
crystal mounted on a substrate of Fe-Ni alloy.
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