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Experiments on local high-intensity electric current pulse action on mechanical proper-
ties of a Si filamentary crystal made it possible to reveal a novel type of electroplastic
effect associated with the generation of dislocations.

BKCHepI/IMeHTLI II0 JIOKAQJIBHOMY BBICOKOMHTEHCHUBHOMY BOS,I[BﬁCTBHIO UMIIYyJIBCOM 9JIEKT-
PHUYECKOI'o0 TOKa Ha MeXaHu4dYeCKue CBOIICTBA HUTEeBUAHBIX KPHCTAJJIOB Si mosBoanaN 06Hapy-
JKUTh HOBYK Pa3dHOBUAHOCTH JJIEKTPOIIJIACTHUYECKOI'O S(I)Q)GKTa, CBA3AHHOI'O C 3apOoiKageHueM

IUCJIOKAIUH.

The electroplastic effect is known to be
manifested as an additional plastic strain
stimulated by electric current [1]. The ef-
fect is manifested in macroscale only at
high stresses near to the easy yield and in
the crystals [1-5] that show a considerable
yield (several per cent and even several tens
per cent) also in the absence of the current.
As to dislocation-free, elastically strained
and low-plastic crystals, the effect was not
observed up to now, most likely due to its
low value [4].

The bulk Si crystals are essentially brit-
tle at room temperatures. This seems to be
the reason why the elecrtoplasic effect did
not observed therein at 300 K, in spite of
numerous attempts to subject the samples
to both constant and pulse currents at the
density values ranging from the measuring
to destroying ones [6].

In filamentary Si crystals or whiskers
(FC), the macroscopic electroplastic effect
phenomena was revealed first only in spe-
cial experimental conditions at high tem-
peratures (about 1050 K) under relatively
high tensile loads (about 0.5 to 100 MPa)
and constant currents of 1 to 10 A/mm?
density [7]. In such conditions, the Si FC
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show an appreciable plasticity in the no-cur-
rent state. Recently, the first results have
been reported on the effect of a series of
current pulses and axial tensile loading on
the Si FC structure and properties. The pur-
pose of this work is to obtain further data
on the study conditions and procedure as
well as on the electroplastic effect nature
and properties in semiconductors under ac-
tion of single current pulses.

As the experimental samples, used were
the initially dislocation-free p-Si <111> FC
of about 2 to 71072 mm in dia. and about 3
to 5 mm length with a low conicity (about
1073) shaped as a regular hexagon in the
cross-section. The FC were grown in a
quartz ampoule from Si of KDB and EKDB
grades using the gas transport chemical re-
action [9]. In the course of growing, the FC
were doped with Pt, Au, B, In, and com-
pounds thereof up to preset specific resis-
tance values. The experimental samples and
controls were prepared from one and the
same FC by subdividing it mechanically into
several pieces. Thus, the samples with an
essentially the same impurity content were
obtained. As the controls, the initial sam-
ples were used as well as the FC subjected
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Fig. 1. Schematic view of setup for subject-
ing a FC to single electric pulses (a) and the
current pulse passage schemes (b—d).

to a mechanical action by external stress of
1.0 to 10.0 MPa. The structure of the in-
itial and treated samples was examined
using X-ray diffraction (XRD), etching,
metallography, internal friction, and rotary
creep by techniques described in [10]. To
study the electric current effect on the
structure and properties of the samples, the
Si FC were included into electric circuit by
creation of ohmic contacts as described in
[10], the current guides being made of Pt
microwire of 17 to 25 pm in diameter.

The experimental setup is shown sche-
matically in Fig. 1la. The Si FC, 1, is placed
between two electrodes, 2 and 3, made of
graphite or another material that does not
contaminate substantially the FC. Each elec-
trode can be moved along three orthogonal
coordinate axes by manipulators and can be
brought into contact with the FC surface in
any preset point, thus providing a constant
mechanical loading or a cyclic one and the
sample inclusion into closed electric circuit.
Another butt of each electrode 2 and 3 is
connected to the controlled power source 4.
The voltage V on the electrodes 2 and 3 is
measured by a voltmeter at an error of
about 0.1 % ; the current I by a milliamper-
meter at an error of <1 % the resistance,
to within about 0.1 %, the instruments
being integrated into the setup. The prepa-
rations and monitoring of the electric pulse
action are carried out using an optical mi-
croscope 5.

The experimental samples were subjected
to single electric pulses at 300 K (see Fig. 2)
flowing perpendicularly (b, ¢) or in parallel
(d) to the growth axis near the FC surface
(c, d) or in its volume (b), with or without
a constant (b—d) or cyclic (b) mechanical
stress of 1 to 10 MPa. The electric voltage
without the mechanical action was 1 to
20 V, thus providing the pulse current val-
ues of 0.02<1;<0.6 A and the respective
current densities of 20 < j;, < 700 A/mm?2.
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Top view

Fig. 2. Surface relief distortion (a) and the
dislocation cluster shapes (b, c¢) in the current
channel in a p-Si<111> FC.

At the side facet of the Si FC, in the
contact zone, an artificial point surface de-
fect has been revealed accompanied by local
changes in the surface relief topography.
The area, S;, of the locally distorted free
surface amounted several tenths per cent to
several per cent of the side facet area, Sy,
and depended on the experimental condi-
tions. Using the selective etching, the etch
pits have been found at the side facet of the
Si FC in the artificial point surface defect
localization zone. The pits have been identi-
fied as dislocation ones. This is confirmed
by the following experimental facts. No pits
were observed prior to the current pulse
action, since only initially dislocation-free
samples were selected. After the pulse ac-
tion, the etching pits were localized only
within the artificial defect zone while those
were absent on the rest of the whole side
facet. A gradient of the etch pit density was
observed from the defect periphery to its
center. The pits were arranged in rows ori-
ented along the slip traces. The pits itself
had the shape and orientation corresponding
to the dislocation ones. Using the alternate
polishing and selective etching, a gradient
of the pit density along the FC radius was
revealed, the maximum density being ob-
served at the FC surface and decreasing in
its depth. This fact evidenced that under
the current pulse, along with the surface
defect S; (a), the crystal structure became
distorted within a microvolume V; (b, c)
that is localized under the surface defect
and is a dislocation cluster with a density
gradient. The dislocation cluster micro-
volume V; (b, c) showed an elongated shape
oriented mainly along the current flow
channel. The microvolume geometry, size,
shape, orientation, etc. depend substantially
on the temperature, the characteristics of
FC, electrode, and the current pulse. As the
current density was decreased, the size of
the crystal structure deterioration zone
both at the FC surface and in the volume
was diminished.
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Fig. 3. Kinetic curves of the rotary creep
component under uniaxial tension in a
p-Si<111> FC and temperatures (K): 1350 (1),
1300 (2, 3). d =21 pm. <0,> = 6.4105 Pa.
"x" denotes the sample failure.

The XRD structure examination has
shown the presence of a strongly distorted
region, in contrast to the initially disloca-
tion-free FC, thus confirming the supposed
dislocation cluster formation. The annealing
at about 1070 K during about 10 h results
in a partial structure recovery while the
further anneal at 1270 K for about 15 h
favored the essentially complete structure
recovery. Thus, the dislocation in the clus-
ter have been believed to be mobile.

The additional data on the structure and
properties of the formed dislocation cluster
were obtained using the rotary creep
method (Fig. 3) that is highly sensitive to
the structure imperfections. In the current-
treated FC (curve 3), unlikely the initial
dislocation-free ones (curve 1), the rotary
creep onset is shifted towards lower tem-
peratures by 30 to 50 K. Moreover, the ex-
perimental creep curves ¢(¢) of FC contain-
ing an artificial defect show neither incuba-
tion period (the creep onset delay t,) nor
the stopping creep region typical of the in-
itial FC (curve 1, scheme 1'). The ¢(¢) de-
pendence for the current-treated FC con-
taining local dislocation cluster (scheme 3')
reflects the developing continuous creep
process that finishes with the FC destruc-
tion. This agrees well with the ¢(¢) depend-
ence (curve 2) for the samples containing a
local dislocation cluster (scheme 2') that is
generated by the combined effect of the
temperature and mechanical load in the ab-
sence of electric pulse. This fact allows to
conclude that the dislocations generated by
the combined effect of the current, tem-
perature, and mechanical load affect the FC
plasticity in the same manner as those gen-
erated by the combined thermal and me-
chanical action [11]. The anneal of the cur-
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Fig. 4. Temperature dependences of internal
friction in Si FC. Samples: initial, disloca-
tion-free (1), pretreated withelectric pulses
(dislocation generation) (2), after high-tem-
perature annealing and partial dislocation
output (relaxed structure) (3). d = 21 um, Y,
= 4.4107°%, <o,> = 9010° Pa, f = 4,6 Hz.

rent pulse treated FC under absence of ex-
ternal stresses favors the essentially com-
plete recovery of its mechanical properties.
These experimental results were confirmed
by the internal friction examination (Fig.
4).

In Si FC loaded (by bending, torsion, ten-
sion) at 300 K, a plastic strain jump is
clearly seen at the moment of the current
pulse passing. Since the initial FC is dislo-
cation-free, the observed strain jump can be
explained only under assumption that a dis-
location is generated in the elastically
strained sample. In this connection, the ob-
served plastic strain jump is an experimen-
tal fact of considerable importance that not
only confirms the effect of the electrically
stimulated defect generation but also evi-
dences a novel type of electroplastic effect
that was not observed before. The electro-
plastic effect becomes more pronounced as
the load or temperature rises, or under
combined action of both. The plastic strain
jump can be supposed to be associated with
the collective injection of dislocations from
the FC surface into the subsurface layers at
the current pulse action instant [12-15].
The effect has been found to depend also on
the pulse current density j;, as well as on
other experimental conditions. For all the Si
FC exhibiting the plasticity jump, a thresh-
old voltage Vy (and thus the pulse current
density) below which no effect is observed.
The effect value is increased in parallel
with V, and the V, value is individual for
each F% This evid%nces the statistical dis-
tribution of defects responsible for the ef-
fect nature in the FC.
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To explain the effects observed, let the
processes be considered occurring at the
contact site of the metal (Pt) electrode with
the Si FC. First let the strain be considered
in the contact area due to interaction of the
solid surfaces being in contact. Let R be the
curvature radius of the Pt electrode. As a
result of attraction forces between the sur-
face atoms of the electrode and FC, a con-
tact zone of the radius r is formed sur-
rounded by the elastic strain field. The
strain can be estimate under assumption
that a dislocation is formed in the contact
area having the Buergers vector

b ~ r2/R. 1)

The characteristic wvalues of elastic
strains u and stresses T in that zone are

u~b/r,o~pulb/r, (2)

respectively, where | is the effective elastic
modulus of the system in contact. Taking
into account that the shear moduli of Si and
Pt are approximately the same, YU can be
adopted to be equal to that of Si. The elastic
strain U in the contact zone is

U~0Ou3~ub20r=p3 R (3)

The system surface energy within the
contact zone is decreased, the decrease can
be estimated as

Uy = -2 (o, (4)

where O is the surface energy density dif-
ference between the crystals being not in
contact and those in contact. To find the
contact zone radius r, the minimum total
energy is to be determined. We obtain

r = (o OR2/)l/3, (5)

Assuming 0 ~ 0.1 pld (a being the lattice
constant), we obtain

r ~ (0.1a OR2)1/3 = 103q, (6)

where R is taken to be about 1 pm. The
obtained contact zone radius is one decimal
order smaller than the observed distorted
relief area on the FC surface. It can be
shown, however, that when the electrode
comes into contact with the crystal, disloca-
tion loops arise in the latter. To that end,
let the characteristic strain in the contact

zone be determined:
u~ (o/p OR)/3  ~1072, (7
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We obtain for the stress 1
1= u ~5 (108Pa (8)

that exceeds the experimental value of the
plastic staining stress of the FC. Thus, dis-
location loops arise in the FC under contact
with the metal electrode. The number of
those loops seems to be rather small and
those cannot go out of the crystal after the
electrode is removed.

It is to note that a similar contact
mechanism of the metal electrode and the
FC can result from the Schottky layer for-
mation. This layer is due to a partial elec-
tron transition from the electrode to the
contact zone of FC. This effect, however,
must be similar to that considered above in
the order of magnitude.

Another mechanism of elastic stress for-
mation in the contact zone is based on the
electric field formed in the FC under an
external stress. The electric field strength is

E=V/r, 9)

where V is the electric voltage. The electric
field pressure, 1, on the FC surface is

T1=E2/8n=V2/8m2. (10)

The total (electric plus elastic) energy in
the contact zone is

U:”Dr5_ V2 v (11)
R2 smr’

where U is the volume compression of the
FC under electric tension pressure. We can
assume that

v ~ Thr2. (12)

By differentiation of the (12) for r, we
obtain

r= (V2 OR2/p)l/3. (13)

Substituting the numerical values V=10 V
and g = 71010 Pa into (13), we obtain r ~
1 pm coincident in the order of magnitude
with the distorted surface area of the FC
observed in the experiment. The elastic
stress caused by the electric field tension is
estimated as

1= (V2 u2/R)/3 ~ 0.1p. (14)

These high values show that the electric
field is sufficiently strong to be the source
of dislocations resulting in the field-induced
plastic properties.
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ExexTponinacTuuauii e(peKT y mMo4aTKOBO
0e3aMCIOKAiIMHUX HUTKOMOMIOHHX KpHCTAJaX KpPeMHilo,
NOB’SI3aHNM 3 TEHEPAI[i€I0 TUCJIOKAIIN

A.Il.€pmaxoé, B.M./[apuncorkuil, A.l.J] poxcicun

ExcrmepuMeHTH 3 JOKaJbHOTO BHMCOKOIHTEHCHBHOTO BILIMBY IMIOYJIbCOM €JEKTPUYHOTO
CTPYMy Ha MeXaHiuHi BJIACTMBOCTI HHUTKOIOAIOHOTO KPHCTAJY KPEMHiI0 JO3BOJUIN BUSIBUTU
HOBUI Pi3HOBHJ €JEKTPOILIACTUUYHOrO e(deKTy, OB’ SA3aHOr0 3 3aPOIMKEHHAM AMCJIOKAIil.
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