Met. Phys. Adv. Tech., 1999, Vol. 18, pp. 549—556 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under
Photocopying permitted by license only the Gordon and Breach Science
Publishers imprint.

Printed in Singapore.

METALLIC SURFACES AND FILMS

Oscillating Character of the Diffusion of Point Defects in the
Elastic-Strain Field Induced by Machining of InAs Surface
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45 Nauki Prospekt, UA-252028 Kyyiv-28, Ukraine

The (100) single-crystalline InAs substrates 150—400 pm in thickness are in-
vestigated. The process of time relaxation of the point defects system formed
as a result of machining of the surface of the plates is studied using X-ray
techniques. An explanation is proposed for the oscillating character of the
diffusion of defects in the course of stress relaxation in substrates and the role
of stress concentrators in these processes.
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1. INTRODUCTION

The phenomena of instability of the physical parameters of single crys-
tals caused by various technological workings are studied in [1-3]. In
particular, the oscillating character of the behaviour of optical proper-
ties and stoichiometry at the working surface of GaAs plates after
grinding of their rear face (long-range effect) is established in [1]. The
wave-like character of the relaxation process in the course of plastic
deformation of metals is also indicated in [4]. However, though a cru-
cial role of the transformations in the system of point defects and im-
purities in the behaviour of physical properties of crystals is specified in
these papers, the mechanism of positive feedback remains unknown.

Interest in the study of the effect of machining (cutting, grinding) on
the properties of crystals is caused by its wide application in the pro-
duction process of substrates. Therefore, the purpose of the present pa-
per consists in the explanation of the oscillating character of diffusion
in the course of elastic stresses relaxation in machined InAs crystals
and also in finding out the role of intrinsic and introduced point de-
fects and impurities in these processes.
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2. THEORY

Description of the deformation processes in crystals under external ac-
tions includes the problems of nucleation of defects of various types in
local deformation zones (stress concentrators) and their evolution un-
der the action of external forces. An assumption on the formation in a
crystal of the highly-excited states not concerned with phonons consti-
tutes the basis for the model describing the behaviour of a crystal under
the conditions of strong external actions [5]. These states by their na-
ture are far from the equilibrium with a structure not characterigtis of
the basic state of a crystal, and their stability is maintained by external
action.

Under the action of stress o, the strain energy per one atom in the
zone of stress concentrator increases by the value

E=d%/(2Cn), )

where Cis a modulus of elasticity, # is a number of atoms per unit vol-
ume.

Transition of a crystal into highly-excited state means the increase of
the energy of chemical interaction of N, atoms in the vicinity of a
stress concentrator, that results in changing short-range order of the
atoms arrangement. Then, the total increase of energy of the specified
number of atoms is equal to E, = N, E,, where E,, is the energy per one
excited atom. The most probable value of N, can be found from the
condition of the maximum value of W '

W= N/{N(N - Np!}

with the conservation of E,. Here W is the number of different con-
figurations of the arrangements of N, exited atoms taken from N con-
figurations.

Further, according to [6], we introduce the quantity n, which has
the meaning of the probability of occupation of the highly-excited state
with the energy E, or concentration of these atoms:

n=N,/N= exp[—)%] [1 + exp[—)%]] , (2)

x=0/c, o,=(CnE)". 3)

E, is equal in order of magnitude to the difference in energy between
two crystalline structures of the crystal. Its value can be estimated using
the following explanation. In order to go from one minimum to an-
other in the configuration space, it is necessary to overcome a saddle
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point with energy E,. The stresses necessary for it are close to the
theoretical strength. Therefore, setting o, ~ o., we find from (3) for
InAs that E, ~ 10~ eV/atom. It is obvious that E, < E,,.

Analysis of the expression (2) shows that the probability of formation
of highly-excited states increases with growing o.- Structurally, these
states can be considered as a cluster with short-range order of atoms
different from the initial state. The process of their formation depends
on the size of stress concentrator through the number of atoms in its
vicinity, on the properties of crystal and value of excitation energy E,.
With the changing structural state of a specimen as a result of ma-
chining, o changes locally in the vicinity of a stress concentrator, and
the probability of formation of highly-excited states increases. The
square-law dependence of E on o results in a strong dependence of n
on x. The dependence on E, is weaker, it is root-law. Therefore, the
condition o <o, <o, (o, is the theoretical strength) results in the op-
portunity for defects nucleation at the stresses lower by one-two orders
of magnitude than the theoretical strength. However, the probability of
their nucleation at x < 0.1 is very small and the crystal behaves as an
elastic body.

Further evolution of the formed highly-excited state is determined by
the character of stress distribution in the active zone of stress concen-
trator. Stress relief can result in irreversible changes in crystal such as
the formation of defects. Criterion of the formation of defects is the
following:

Ehc > Ed' : (4)

If this condition is not satisfied, structures with short-range order not
characteristic of the crystal are conserved in it.

Thus, under such consideration, breaking through a high potential
barrier is not required for the nucleation of a defect. Having deter-
mined experimentally the nonequilibrium number of defects formed in
a crystal as a result of machining (change of the parameter of deviation
from stoichiometry), we can estimate the energies of their formation.

3. EXPERIMENTAL TECHNIQUE

The processes of the formation of point defects, their diffusion in the
fields of elastic stresses, and changes of stoichiometry, were studied
using X-ray diffractometry methods [7, 8]. The integrated intensities I
of the allowed 400 and quasi-forbidden 200 reflections were measured
with the use of Cuk, irradiation. The technique described in [8] is sen-
sitive to changes of stoichiometry of crystals. The essence of the tech-
nique is that Iy ~ (c.f, - ¢sfs) (c;is the atomic concentration of com-
ponents, f; is the function of atomic dissipation of components) and the
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slightest changes in the concentration of components at the level
~10"cm™ result in variations of integrated intensity, which are re-
corded experimentally. As is shown in [7, 8], the intensity of these re-
flections is low-sensitive to the macrodeformations of a crystal, because
the ratio of reflecting capacities calculated for perfect-mosaic and per-
fect crystals equals ~ 1. The macroscopic bend of crystals was examined
according to changing position of the reflection peak (400 reflection) in
the course of crystal scanning by X-ray beam. The microscopic bend
was measured from the change of angular distance between the lines of
CuKk, doublet. _

The (100) InAs single-crystalline plates 150—400 pm in thickness
doped with S and Sn and having density of dislocations of the order of
magnitude 10* cm™ were studied. Upon measuring the parameters in
the initial state, the back surfaces of the plates were ground using M20
abrasive, and the measurements were carried out again in the same ar-
eas at certain time intervals ¢

4. RESULTS AND DISCUSSION

The basic experimental results are presented in Fig. 1. It can be seen
that the crystals in the initial state have a surplus of metal component
(the value 1.00 on the ordinate in the Figure corresponds to the level
of stoichiometric composition). The integrated intensity decreases
drastically after grinding down to the level below the stoichiometric
value, ie., As atoms predominate, and the crystal is bent with the
camber on the disturbed side. The bend value is affected by the depth

L/1,
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Figure 1. Time variations of the ratio between the integrated intensities of
-ray 209 reflections of the machined crystal, I, and the value I, of the stoi-
chiometric crystal (degree of changi nonstoichiometry). I—initial elastic-

deformed crystal, 2, 3—machined (ground) crystals 170 and 400 pm in thick-
ness, respectively.
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Figure 2. Changes of the curvature parameter of InAs plate (=170 um) along
[100] direction. 1, 2—crystals with the disturbed layer 53 and 7 pm in thick-
ness, respectively.

of disturbed layer and plate thickness. It follows from the experiment
that the decrease of intensity appears to be different depending on the
bend radius of a plate. The average curvature of a plate appears to be
highly modulated (Fig. 2), and it oscillates with the step of some hun-
dred nanometers. This testifies that the deformation in the studied dis-
turbed crystal layer is laterally inhomogeneous despite the spatial re-
moteness of the disturbed layer. Therefore the effect of decreasing in-
tensity as a result of grinding is variously displayed in various regions of
the plate. It emphasizes once again the importance of taking account
the distribution of deformation along the surface of plates in the study
of point defects behaviour. Besides, the modulation of curvature is
concerned with macroscopic inhomogeneities of the distribution over
the plate area of the components (impurities), which are the stress
concentrators.

It follows from [9] that these modulations of curvature give rise to
the lateral component of deformation (along the surface of a plate) and
consequently to the distribution gradient of intrinsic point defects and
impurities. This component under normal (equilibrium) conditions
does not manifest itself, and this deformation mechanism is initiated
qrély) in the case of disturbed system equilibrium (grinding of the back
side).

Thus, decrease of integrated intensity immediately after grinding can
be explained also by the effect of this component. The level of local
stresses after grinding reaches the critical size, and the equalization
(recllistribution) of the components concentration begins in the plane of
a plate.

In turn, the disturbed layer is a powerful source of point and ex-
tended defects. As is shown in [10], the disturbed layer creates point
defects not only in this layer and in its vicinity, but also in the whole
volume of the crystal. The mechanism of such defects formation is de-
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scribed above. In the field of elastic strains, the diffusion movement of
point defects to the working surface begins. Since point defects are
available in the whole volume, this movement has to be initiated im-
mediately after machining and reaches a maximum at the instant the
point defects from the disturbed layer attain the working surface of the
plate by the way of diffusion. Thus, the first maximum is formed in the
dependence I;=f7 (Fig. 1). At the instant the defects attain the
working surface, the deformation level at local inhomogeneities reaches
again the critical size and strain relief takes place to account for the
lateral component of the diffusion of intrinsic point defects and impu-
rities. '

Inasmuch as the InAs crystal is a complex compound, defects of
various types with different diffusion rates are available in it, ie., the
defects reach the working surface in different times. Thus, it is possible
to explain the presence of several maxima in the experimental depend-
ence of relaxation in the point defects system.

Analyse now the energy aspects of point defects formation in the
course of machining. In view of (1)—(3), the equation (4) can be writ-
ten as

E;<nPEq, &)

where / is the characteristic size of stress concentrator (it is determined
in our case by the depth of disturbed layer).

The parameter n has the meaning of the relative concentration of
highly-excited atoms, N,, which is estimated from the variation of inte-
grated intensity of the reflection 200 (Al ~ N,), and its value is equal to
~ 10"*—10" cm™. Having calculated ¢ from the radius of curvature of a
plate similar to [12] and using the formula (3), we obtain the estimated
value E,. The parameters for E, calculation are presented in the Table.
Substituting the obtained values in (5), we find that E, changes in the
range ~0.1—0.5 eV.

These are the defects which carry out the mass transfer from the
zone of stress concentrator in the field of elastic strains to the working

fTABLE. Parameters for the calculation of the activation energy of point de-
ects.

N,, cm™ n x o, dyne/cm? E,, eV E, eV
10 10 0.33 1.20-10° 5-10° 0.1
109 1073 0.38 1.05-10° 4.10° 0.5

n=18102cm3, I~ 10%cm, o, = 4.04-10° dyne/cm?, o.~ 2.8.10" dyne/cm?,
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surface of a plate. This statement is supported by the fact that the os-
cillations are not observed experimentally in the case of the crystal de-
formed without disturbed layer, though the level of intrinsic point de-
fects in the crystal equals ~ 107—10'® cm>. If the band of highly-excited
states has several levels, than several types of defects can be originated
simultaneously in the crystal, which is consecutively recorded in the
experimental dependence.
\ As mentioned above, the movement of intrinsic point defects and
impurities is of purely diffusion nature. Hence, the diffusion coeffi-
cients of one or other crystal defect in the field of elastic strains can be
- estimated. The analysis of experimental results points to the change of
diffusion coefficient by orders of magnitude in the direction of in-
creasing value. Such considerable change is indicative of the large con-
tribution of the elastic strains caused by the presence of a disturbed
layer to the diffusion processes in the volume of a crystal. This result
can be explained taking into account the elastic properties of InAs
(high brittleness and low strength). Furthermore, as is known from
[11], the disturbed layer gives rise to the formation of a region with
large density of dislocations, which being the drains (sources) of point
defects can considerably change the diffusion conditions.

' 5. CONCLUSION

As the preliminary studies show, the period of integrated intensity os-
 cillations depends on the thickness of crystal, type of machining, and
degree of doping. After removal of the disturbed layer by means of
chemical etching, the parameters of substrates do not return to the ini-
tial values.

Thus, machining of the back surface of plates, even in the case of
considerable thickness (~ 400 pm), has a substantial effect on the proc-
esses of defect formation. The elastic stresses arising in the course of
machining are the essential factor determining the effective diffusion
coefficient and, hence, physical properties of the substrates. The
changes taking place in crystal substrates during storage result in the
degradation of parameters of devices.

REFERENCES

1. V. P. Klad’ko, T. G. Kryshtab, and G. N. Semenova, Pis’ma v Zh. Tekb. Fiz.,
18, No. 24: 1 (1992) (in Russian). )

2, V. P. Klad’ko, T. G. Kryshtab, Yu. A. Kleinfeld et al., Fiz. Tekh. Poluprovodn.,
26: 368 (1992) (in Russian).

3 K. V. Frolov, V. E. Panin, L. B. Zuyev et al., Izv. Vyssh. Uchebn. Zaved. Fiz-
ika, No. 2: 9 (1990) (in Russian).

4. V. E. Panin, Izv. Vyssh. Uchebn. Zaved. Fizika, No. 2: 4 (1990) (in Russian).



556

= o

10.

11.

12.

V. P. KLAD’KO

V. E. Panin, V. E. Egorushkin, E. V. Savushkin, and Yu. A. Khon, Izv. Vyssh.
Uchebn. Zaved. Fizika, No. 1: 9 (1987) (in Russian).

Yu. A. Khon and V. E. Panin, Fiz. Tverd. Tela, 38: 767 (1996) (in Russian).
L. 1. Datsenko, V. P. Klad’ko, E. N. Kislovsky, and V. 1. Khrupa, Kristallo-
grafiya, 29: 1066 (1984) (in Russian).

L. Fujimoto, Jap. J. Appl. Phys., 23: 287 (1984).

Yu. A. Tkhorik and L. S. Khazan, Plasticheskaya Deformatsiya i Dislokatsii Ne-
sootvetstviya v Geteroehpitaksial 'nykh Sistemakh (Plastic Deformation and Misfit
Dislocations in Heteroepitaxial Systems) (Kiev: Naukova Dumbka: 1983) (in
Russian).

A. V. Lyubchenko, P. A. Maksimyuk, A. V. Fomin et al., Ehlektronnaya
Obrabotka Materialov, No. 2: 3 (1995) (in Russian).

V. G. Bogunov, O. N. Kuzhkina, L. N. Ishutinova et al., Enlektronnaya
Tekhnika. Materialy, No. 4: 4 (1987) (in Russian).

Yu. A. Kontsevoj, Yu. M. Litvinov, and E. A. Fattakhov, Plastichnost’ i
Prochnost’ Poluprovodnikovykh Materialov i Struktur (Plasticity and Strength of
Semiconductor Materials and Structures) (Moscow: Radio i Svyaz’: 1982) (in
Russian).





