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The part played by electric current pulses in formation of residual electroplastic effect
and the "electric memory"” effect in dislocation-containing silicon crystals has been inves-
tigated. The character of the observed effects has been found to be defined by parameters
of electronic excitation and to result from relationship between the charge state and its
relaxation in motionless and mobile dislocations.

WccnemoBana poJjib MMIYJBCHOTO 3JEKTPUYECKOTO TOKA B (DOPMHUPOBAHUM OCTATOUHOTO
2JIEKTPOILIACTUYECKOTO a(pderra u sddeKTa dIEKTPUYECKON MaMATH IUCIOKAIMOHHBIX
KPUCTAJNJIOB KDPEMHHUs. ¥YCTAHOBJIEHO, UTO XapakTep HalJeHHBIX 9(h(HEKTOB Dperyampyercs
mapaMeTpaM# 3JIEKTPOHHOTO BO30Y:KIEeHUS M OOYCJIOBIMBAETCS CBSASHI0 MEXKIY 3apPATOBHIM

COCTOSAHUEM U €ero peJIaKC&HPIefI B HEIIOABMKHBIX U IIOABUMHBIX AUCIOKAIIUAX.

Both experimental studies and theoreti-
cal principles of nonequilibrium processes
are now in progress [1, 2]. The processes
resulting in semiconductor memory associ -
ated with the appearance of nonequilibrium
stimulated conduction (SC) or residual con -
duction (RC) as well as the long-time con-
duction relaxation (LCR) in semiconductors
are under intense investigation. The slow
RC relaxation (or its essential absence) is
elucidated by hindered recombination of the
current carriers that may take place in the
following cases: (i) the presence of
macroscale potential barrier separating spa -
tially the recombining carriers; (ii) capture of
one carrier by deep attachment levels; and (iii)
transition into a quasi-nonequilibrium state in
the extrinsic band. The carrier transfer into
the RC state occurs in the intrinsic conduction
band or in the extrinsic one; the drift potential
barriers are taken into account, too.

The presence of a potential relief in sam -
ples exhibiting SC (or RC) is confirmed by a
number of additional facts. In most cases,
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the samples showing such properties are
subjected preliminarily either neutron irra-
diation or a special doping, or heat treat-
ment in a specified atmosphere. All those
influences favor the formation of inhomo -
geneities. Some other treatments that form
inhomogeneities in the sample and simulta -
neously impart the SC and LCR thereto are
also worth to note. Those include generation
of dislocations by plastic straining, forma -
tion of structure distortions and inhomo -
geneities by laser treatment, etc. The poten -
tial barriers appear, in particular, due to
macrodefects. Such defects include, for ex-
ample, intercrystallite boundaries, disloca-
tions together with their surroundings, ac-
cumulations of point defects (clusters), seg -
regation of alien phases as metallic and
dielectric particles, finally, the doped re-
gion boundaries and the sample surface.
There are also data on recombination in ele-
mentary Ge and Si semiconductors contain-
ing dislocations and on the influence of
Coulomb dislocation barrier due to an ex-

Functional materials, 11, 2, 2004



V.A.Makara et al. /| Relation between structure ...

cess charge at dislocations on the major and
minor carrier lifetime [3—5]. The scientific
activity in investigations of the long-time
relaxation of structure defect charge states
is explained by the hope that these investi-
gations favor the understanding of the
memory effect in semiconductors.

Consideration of literature data on LR
and RC allows to suppose that non-equilib-
rium electron states may arise in disloca-
tion-containing Si crystals under electric
current pulses. These non-equilibrium elec -
tron states are connected with the presence
of space charge about the dislocation as well
as with effect of the Coulomb dislocation
barrier. The investigations of the current
pulse effect can be intended to create pre-
conditions for revealing the charge state of
defects (including dislocations) as well as
revealing the relaxation processes of that
charge state. That is, the "electric memory”
of defects can be revealed through the non-
equilibrium process study.

Our suggestions were confirmed in ex-
periment. So, in [6], we have observed ef-
fects similar to the RC ones. The essence of
the effects revealed consists in what fol-
lows. If silicon crystals are subjected first
to a combined electric and mechanical pulse
to tear off the dislocation from its start
position and then the mobile dislocations
are exposed to continued mechanical stresses
only, the charge relaxation can be observed as
well as changes in the dislocation kinetics and
dynamics related thereto, that is, the "electric
memory” and residual electroplastic effect
(REPE) on mobile dislocations.

The matters related to the effect of di-
rect electric current on motionless disloca -
tions are of interest. To that end, we car-
ried out experiments with motionless dislo -
cations. Silicon crystals with introduced
dislocations were exposed first to electric
current pulses at different density values j
of 105 to 105 A/m? and duration T, of
1074 to 102 s; as the electron excitation was
over, mechanical stress o= 63.5 MPa was
applied. The preliminary treatment of sili-
con crystals containing dislocations with
electric current pulses resulted in a consid -
erable (100 %) hardening of surface layers
under the following mechanical loading
(Figure). According to [7, 8], a strong hard -
ening due to illumination or electric field
application (photo- or electroplastic effects) is
connected with changes not only in the crys-
tal structure but also in electron subsystem.

The presence of broken dislocation bind -
ings in the dislocation nucleus causes elec -
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Fig. Dependence of dislocation mean free
path on the duration of 63 MPa mechanical
stress action at 823 K for initial silicon sam-
ples (1) and those passed by electric current
at the density j (A/m2): 1005 (2), 500° (3),
1108 (4). The samples 2, 3, and 4 were de-
formed in stationary mode, the current ac-
tion duration being equal to that of mechani-
cal loading. The sample 1% was deformed in
pulse mode, the deforming was carried out
after the sample treatment by current pulses.

tron capture at those bindings, rise of the
dislocation energy level E,; in the semicon-
ductor band gap and electric charge appear -
ance along the dislocation. The E,; level as-
cends due to Coulombian electron repulsion
thereat as its electron occupancy increases
and attains very fast the chemical potential
U value; then its occupancy process ceases.
According to [9], this limitation results in
low values of experimental occupancy coef -
ficient for motionless dislocations as com -
pared to mobile ones.

The dislocation charge ¢ is known to be
connected with the occupancy coefficient f
by the relation gb/e = f (where the disloca-
tion charge ¢ is normalized to the electron
charge e and multiplied by the distance b
between the broken bindings). Thus, the
motionless dislocation charge can be sup-
posed to be lower than that of mobile ones.
Assuming that the radius of the Reed cylin -
der surrounding a dislocation (R,;,;,) is de-
fined by the occupancy coefficient and the
density of local extrinsic centers with en-
ergy E, (Ry;01q ~ (f/Tna)l/2, where n is the
center density), the following conclusion
can be drawn. Since the motionless disloca -
tions are characterized by the occupancy co -
efficient of dislocation broken bindings
(DBB) f much lower than that of broken
bindings of mobile ones, the shielding ra-
dius of motionless dislocations will be
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smaller than that of mobile ones. Consider -
ing two characteristic distances of an ex-
trinsic center from a dislocation, R; and R,,
associated with different DCC occupancy ex -
tents, the following conclusion has been made
in [9]: If the radius R; answers to a low f
value and Ry, to high f, that is, if R; < R,
then the electron transition probability from
the extrinsic center to the dislocation exceeds
the reverse process probability.

Applying the conclusions from [9] to our
experimental results, it can be supposed
that when a current acts on silicon crystals
with motionless dislocations, the shielding
radius of those dislocations is such that,
starting from a certain value <Rg;,;, the
electron transition probability from the im -
purity to the dislocation becomes close to 1.
This will result in a considerable increase of
the dislocation charge and the correspond -
ing increase of the Coulomb barrier. Per-
haps that is why the motionless dislocations be -
came unable to motion when treated with elec-
tric current. Other suppositions can be made on
the current effect on motionless dislocations.

The dislocation mobility depends on the
electric field configuration near their nu-
clei. In the case of motionless dislocations,
in the opinion expressed in [10], the pie-
zopolarization may be of importance for the
dislocation nucleus charge. It can be as-
sumed that the surface layer hardening of
silicon crystals due to previous current ac-
tion may be associated with mechanism
mentioned in [10]. The store of electric ex-
citation ("electric memory”) is due to the
presence of deep capturing states in the
crystal volume. Both motionless dislocations
and point defects may be such states. Thus,
a change in the charge state of stable de-
fects is characteristic for the hardening ef -
fects observed by us. The hardening effects
caused by the "electric memory” storage are

independent of the value and duration of the
electric pulse acting previously on the mo-
tionless dislocations. The conservation time
of that "memory” is essentially endless (the
spontaneous relaxation processes are absent).
Thus, the pulsed electric current, being
an excitation method of the electron subsys -
tem, can be used to vary the silicon crystal
strength. It has been established in experi-
ment that previous treatment of silicon
crystals by short electric current pulses re-
sults in appearance of residual electroplas -
tic effect at the following crystal straining.
For motionless dislocations, in contrast to
mobile ones, the charge relaxation time is
independent of the electron excitation pa-
rameters (the pulse density and duration).
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3B’A30K MiK CTPYKTYPHMMM HEOJHOPIAHOCTAMMU i
pejaKcamiiHMMH NpolecaMud B 30yMKeHHUX KpPHcCTAaJax
KPEeMHIiIo

B.A.Maxapa, A.M.Konomieys, I0.JI1. Konvuenxo,
C.M.Haymenko, O.B.Pydenxo, JI.II.Cmebnenxo

HocaifkeHo poJb iMOYJIBCHOTO €JIEKTPUUHOTO CTPYMY V (hopMyBaHHI 3aJIUIITKOBOTO €JIeK-
TPOIJIACTUYHOrO e(eKTy Ta ed@eKTy ~eJeKTPUUYHOI mam’saTi” [JUCIOKAIifHUX KPUCTAIIB
KpeMHifo. BcTamoBieno, 1Mo XxapaxkTep BusABIeHHeX e(eKTiB peryaioeThCcs MIapamMeTpaMu
€JIEKTPOHHOTO 30yIKeHHS i OOYMOBJIOETHbCS 3B A3KOM MiMK 3apsAJOBHUM CTAHOM i Ta ioro
penakcalielo y HEpyXOMUX i PyXOMUX AUCIOKAaIliii.
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