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NEW THERMODYNAMIC APPROACHES TO FAILURE ANALYSIS IN
MICROELECTRONIC MATERIALS

Failure of the microelectronic device may be treated in the frame of non-equilibrium
thermodynamics applied to open systems under the condition of incompatibility of steady
states for different processes. The criterion of failure can be related to some threshold amount
of the structural entropy produced and accumulated in the system by the external forces. This
hypothesis provides a simple interpretation of the empirical Black equation for the mean time
to failure in the case of electromigration, and helps to predict similar equations for the cases
of thermo- and stress migration. The failure itself can be treated as a phase/structure
transformation in the open system and described by kinetics similar to Kolmogorov-Avrami
kinetics of the first-order phase transformations.
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1. Introduction.

Failure of any concrete microelectronic device is a stochastic event and, as a rule, cannot be

predicted deterministically, but the mean time to failure and even distribution of times to

failure can be predicted with good accuracy. Actually, this is the main task of reliability

theory [1-4]. This paper will be about some fundamental, even philosophical aspects of

reliability. The key issues and questions of our thermodynamic approach to failure are:

1. Interconnect or solder joint is an open system under the heterogeneous external
(boundary) conditions producing the thermal and structural entropy

2. Failure is a result of incompatibility of steady-state for different non-equilibrium
processes.

3. Failure is a result of the accumulation of some threshold structural entropy

Failure is a kind of phase transition, including nucleation, growth, and ripening, but all

this in open heterogeneous systems.

5. All living creatures are mortal. All microelectronic devices are also, most probably,
mortal. Is it possible to make an immortal interconnect?

B
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Let us remind shortly some fundamentals of thermodynamics of the closed and open systems.
Our definitions of closed and open systems are similar to but not coinciding with traditional
descriptions. This is summarized in Table 1.

If a system is isolated and in a non-equilibrium state, it may have various evolution paths to
equilibrium (Fig. 1). What is the criteria of choice among these paths - is not known for sure,
but many people believe that the most probable evolution path corresponds to the maximal
entropy production rate among all possible paths. The final state of an isolated system (if one
forgets about fluctuations) corresponds to maximum entropy and it is a second law of
thermodynamics.

If a system is surrounded by (and in good thermal contact with) a thermal bath with uniform
fixed temperature and fixed volume, it may have also various evolution paths to equilibrium.
What is the criteria of choice among these paths - is also not known for sure, but many people

believe that the most probable evolution path corresponds to the maximal rate (— %) of the

Helmholtz free energy F=U-TS decrease among all possible paths. The final state of the
system in thermal bath and with constant volume corresponds to minimum Helmholtz free
energy. Itis a well-proved consequence of the second law of thermodynamics.

If, instead of volume, the pressure is fixed (which is typical for condensed phases), the final
state is characterized by the minimum of Gibbs free energy G=U-TS+pV, and many people
believe that the choice of evolution path corresponds to the maximum release rate of Gibbs

free energy, (— Z—i).

Initial state +
External conditions evolution paths

\\ Final state(§) .

may be ambiguous

Fig. 1. lllustration of multiple evolution paths.
Puc. 1. ImocTpariiss HEOAHO3HAYHOCTI MUISIX1B €BOJIIOIIIT

Table 1
Taoauns 1
Evolution paths and final state of the closed and open systems
Insaxu esontoyii ma Kinyesuti cmam 3aKkpumux i 6IOKpUMuUX cucmem
Initial state + Choice of evolution Final state and
External conditions path and level of level of
understanding understanding
Closed Isolated Maybe, % = max, S->max -second law of
system but it is not proved thermodynamics
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In homogeneous
thermal bath,
T=const,
V=const

Maybe (-Z—IZ = max)
or maybe

transformation
velocity =max or...?

F=U-TS-> min
checked and proved

In the homogeneous
thermal bath,
T=const, p=const

Maybe(—i—f =

max) or maybe
transformation
velocity =max or...?

G=U-TS+pV-> min
checked and proved

Open
system

Under gradient of Not very well studied but | Steady-

electric potential taking a small state, characterized by

with constant time interval a minimum

conductivity of entropy production,
total = min
dt

Under gradient of Temperature Steady-

temperature with
constant heat
conductivity

redistribution
according to heat
diffusion parabolic

state, characterized by a
minimum
of entropy production,

equation dStotal .
=min
dt
Under gradient of Electron wind effect Failure - formally, also
electric potential induces electro- “steady-

inducing the
electron wind effect

migration, and correspon
ding

redistribution of

atoms, vacancies.

Also, electro-

migration induces
stresses and
corresponding stress migr
ation. Also,

current induces
nonuniform Joule

heating and
corresponding
temperature gradients whi
ch induce the
thermomigration.

state” effect but with effe
ctive conductivity tendin
g to zero,

ja=0

2. Evolution of open systems
2.1. Open system - one parameter - one steady-state process is approached

Now we come to an open system. We will treat as an open system any system, which finds
itself in the heterogeneous or/and time-dependent external (boundary) conditions which
means global gradients of temperature or electric potential, chemical potential, or any flux
over the system. In this sense, maybe it would be better to call such a system “driven” as
Georges Martin from Nuclear Centre Saclay in France used to call it. Yet, we will keep the

more general term “open system”.

For us, the system is open if its boundary conditions are incompatible with reaching the
equilibrium. If we keep the different electric potentials in different points of the conducting
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system, the equilibrium is not possible because the current will always pass between
boundaries with different potentials, unless the effective conductivity will decrease to zero
due to a large void or crack (and it means failure) (Fig. 2). Instead of equilibrium, the
system may reach the steady state: non-zero fluxes but zero time derivatives. Simple
mathematics shows that, if conductivity is constant, then the steady state corresponds to the
globally minimal entropy production among all possible distributions of electric potential and
current, compatible with boundary conditions for potential.

vioid -_——
Cu Je

<
<

enma,
. ‘e

. A
dielectric Ta liner,

Fig. 2. Failure mechanism - migration of void under electron wind along the interface
metal/dielectric towards via
Puc. 2. MexaHi3M BiIMOBH - Mirpariisi Iopu A0 MePeXiTHOTO 3’ €THAHHSA i €0
€JIEKTPOHHOTO BITPY B3/I0BXK iHTepdelcy MeTan/nieneKTpuK

2.2. Entropy production minimization for steady-state current

The density of entropy production by current, multiplied by temperature, is just a product of
current and minus gradient of electric potential and is equal to Joule heating density. When
approaching the steady state, entropy production tends to a minimum. Indeed, entropy
production density times temperature is a sum of products of flux densities and the driving
forces generating these fluxes. In our case, the flux density is the current density, and force is
a minus gradient of electric potential. Flux and force are related by conductivity A. In a steady
state, the integral of this product over all volume of conductor should tend to minimum.
Mathematically, call such integrals the functionals of potential and current didtribution.

TS = [ 1a(—Ve)dV = [[f A(Ve)?dV = min (1)
Putting variation of this functional (under fixed constant conductivity A) and equalizing it to
zero at the arbitrary variation of electric potential immediately leads us (by the standard
procedure of variational analysis) to the Laplace equation for electric potential:
div(grad @) = 0 (@)
This distribution of potential and current may exist unchanged forever if the conductivity will
be constant. BUT! Conductivity, in the long term, is not constant because it depends on
morphology (including changing cross-section of interconnect due to voids and cracks),
morphology changes due to migration of atoms, and especially due to migration,
accumulation, and generation of vacancies.

3. Structural entropy production during diffusion, vacancy generation, and annihilation.
Now we will concentrate on the entropy production as a reason, or at least, as a marker of
failure.

Failure is, typically, a result of an accumulation of some threshold level of structural defects
in one place. On the other hand, the evolution of an open system is described by the entropy
production in local relaxation processes. This entropy production, in general, contains thermal
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and structural parts. The thermal part of entropy production (in our case, Joule heating)
usually just dissipates in the ambient and is not accumulated, but the structural part may
accumulate in the form of extra defects. Thus, failure may be treated as the result of reaching
the threshold of the structural part of entropy production. Let us consider some obvious
examples of the structural part of entropy production.

3.1. Diffusional redistribution of tracer atoms in chemically homogeneous pure material or
chemically homogeneous alloy.
If the concentration gradient grad(C*) of the tracer concentration and corresponding driving

force - the minus gradient of chemical potential, — ké’*T - grad(C"), then the entropy production
density (times temperature) will be the product of flux density —D - grad(C*) and the driving
force and of course, will be positive. Yet, redistribution of tracer atoms (isotopes of the main
matrix components) does not change any energy or enthalpy - thus, this entropy production
does not produce any heat - it changes only configurational entropy (increasing it). So, the

self-diffusion of isotopes produces only structural entropy.

3.2. Structural entropy production by vacancy diffusion.
In the solid material with vacancies but with vacancy sinks and sources only at the external

boundaries, the following conservation law is valid inside the material:

acy PR
F = —dw(!)],,) . (3)
(J» is a local vacancy flux density, £2 is the mean volume per site which we approximately
take as equal to vacancy volume).

Configurational entropy of vacancy distribution within the material is

av
Sy = —kp [ (CyInCy + (1 = C)In(1 - C)) - (4)
The chemical potential of vacancies is equal to zero for the case of vacancies in equilibrium
and is determined by vacancy super- or undersaturation:

Cy
Uy = kaan ) (5)
so that
InC, = k’:’T +ncs? . (6)

Here C.? is an equilibrium vacancy concentration. After some elementary algebra, one gets
from Egs. (3-6) and taking into account that C, << 1 :

dx“—_kfﬂyag’lc In(1—C,))dV =

= =2 [[f (~div(27)) =% + InCHav W
The equilibrium vacancy concentration is determined by the vacancy formation enthalpy H,,,:
€7 = exp(=2 ®)

At that, Hy,, = TS;,, here S;,, is an entropy increase due to adding one vacancy to the system.
Our result is:

ds, — 3 -, 3
TE = #(UV - Hlv)]vdz + .Uf]v(_VUV)dV (9)
Here, the first term is an entropy production due to vacancy diffusion, and it is purely
structural, not related to any heat generation or absorption:

Dy
kpTCy

Jo(—Vp) = (VC,)(VC,) (10)
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3.3. Structural entropy production by vacancies with an account of vacancy sinks/sources in
relaxation approximation.

Now we consider the more realistic case of entropy production by vacancies in the real crystal
with vacancy sinks and sources. Here we consider the simplest relaxation approximation
when these sinks/sources are “smashed” over all crystal continuously and characterized by the
single parameter — relaxation time. Mathematically it is a second term in the right-hand side
of the kinetic equation (11) for vacancy concentration

acy
= = —div()y) — (11)

The first term is a minus divergence of vacancy qux and the second describes going extra
vacancies to sinks if the vacancy concentration is higher than the equilibrium value, and the
generation of lacking vacancies by sources if the vacancy concentration is lower than the
equilibrium one. Here 1, - vacancy relaxation time determined by the mean free path for
vacancy migration from sinks to sources and by vacancy diffusivity.

If supersaturation or undersaturation by vacancies is relatively small, the difference of actual
and equilibrium vacancy concentration is easily transformed into the chemical potential of
non-equilibrium vacancies.

Cy = €0 = (0 — D) = Clexp(Ga) = 7Y % (12)

In such terms, the relaxation rate is proportional to the difference of actual vacancy chemical
potential and equilibrium vacancy potential (which is of course, zero).

2 = —div(0j, kVT b (13)
Again we write down andtransform the expressions for vacancy configurational entropy and
the rate of its change:

e

Cq

Sy = —ky [[[(CyInC, + (1 = C)In(1 - C,) < (14)
ds, —k, (({ C,
= Q”M o (InC, = In(1 = C,)dV =
—k \' e
- e - e -

v—Hip ;. > 1 \'4 V) k Cv 1 Cv
=ﬂﬂ74dwmmv+ﬁﬂu;%vd-+;W;_mmnv (15)
fff(uv - Hlv)div(]_v))dv = fff div((UV - Hlv)]v)dv - fff]_I; VquV (16)
Here,
{If 72 (=Vny) - entropy pr?duction by vacancy migration
¢ (uy — Hip) Jpd% = dST — out-flux of entropy (if any)

Due to the out-flux of vacancies to the external boundaries which act as a vacancy sink, one
gets:

v Cy—Cyd [[fcyav—-Ci [ffav  oN,—aN? AN,
[If St gy = [ff S=Sl gy = . = =02 (17)
kpT Ty Ty Ty Ty Ty
On the other hand,
tot tot
T (18

tot
(total shrinking rate = 4
Finally, our result is:

— N&4

ds,, 2 N, — N,
= B = Hu) oS + By (-2

Ty

+ ) (Tuyav + fff o @l (19)
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Here, the first term is an entropy change due to the out-flux of vacancies.

The second term is a global entropy change due to the creation or annihilation of vacancies at
the sinks/sources.

The third term is entropy production due to vacancy diffusion.

The fourth term is an entropy production due to the relaxation of non-equilibrium vacancy
concentration.

4. Structural entropy production as a reason for failure

4.1. What is the fraction of structural entropy in the total entropy production by diffusion,
electromigration, thermomigration, and stress migration?

If the driving force of vacancy flux is purely configurational, the produced entropy is purely
structural. What is the form (thermal or configurational or both) of the produced entropy, if
the driving force is an electron wind in electromigration or temperature gradient
thermomigration or stress gradient in stress migration, is not very clear so far.

Let us consider electromigration. The elementary act of electromigration — atomic jump (and
opposite vacancy jump) under electron wind force, of course, proceeds with heat generation
during electron scattering on the jumping atom and its deformed vicinity. Yet, at least a
significant part of this heat generation is actually a Joule heating already taken into account in
entropy production by electron current under a gradient of electric potential.

Let us assume that the structural entropy production by electromigration is a constant fraction
f of total entropy production by the electromigration, (0 < f<1)

dSstruc ¢D ' j
T (;t t=f']'X=f'(kb_T.Zep]el)'Zep]el (20)

Now we will try to apply this assumption for the explanation and prediction of parameters in
the Black equation for MTTF.

Our task is to understand the Black equation for MTTF and to provide receipts for the
prediction of its parameters n, Ea, A.

P E

MTTF = AG™")exp (kb—T) (21)
4.2.Treating MTTF as a time to accumulate the threshold structural entropy
Now, we consider entropy production during electromigration. We treat MTTF as a time to
accumulate some threshold entropy, S threshold. At that, we take into account the entropy
produced by electron flow (Joule heating) is evacuated by the heat out-flux. Thus, we may
assume that the accumulation of entropy proceeds via electromigration of atoms. We exclude
entropy production by Joule heating, from the entropy balance. So far, let us exclude also
thermomigration and stress-migration. The total entropy production until failure is

]'X'MTTF:M o
f-C-D . TSumroche
KT (Zepje)? - MTTF = % )
failure  TSthreshold _ pr 11 _ -2y (o
t - V]eXe =A ]-2 D - A] eXp (ka) (24)

4.3 Threshold structural entropy

It is important to suggest some receipt for predicting the threshold entropy corresponding to
failure. In general, it is a very complicated problem since failure has various mechanisms
(modes). In this paper, we limit ourselves to the case of voiding (pore formation) at the
cathode end, as an immediate mechanism of failure.

To nucleate and grow the viable void, the cathode end should accumulate the nonequilibrium
vacancies. If the supersaturation by vacancies is not large, then the accumulation of N,, extra
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vacancies increases entropy by % Indeed, the equilibrium of the vacancy subsystem means
zero derivative of Gibbs free energy:

d ds ds  H,
. (NyH, —TS(N,))=0=H,—T > —== (25)

dN, dN, T

It immediately gives that the increase of entropy by adding one extra vacancy to the system is
just a vacancy formation enthalpy divided by temperature.

4.4. Vacancies as the “quants” of entropy and carriers of entropy
Thus, adding one vacancy to the almost equilibrium system means adding additional entropy
equal to the enthalpy of vacancy formation divided by temperature. In usual conditions of
small pressures (typically less than gigapascal) the vacancy formation enthalpy is close to
vacancy formation energy, so that

AS ~ ANgXtra 2 (26)
Sooner or later these extra vacancies will unite into the void or crack stopping the current. To
stop the current completely, the void should have cross-section A of the interconnect and at
least § = 0,2 nm of thickness:
Then the threshold entropy may be VERY ROUGHLY approximated as

ASE
Sthreshold ~ 2% (27)
N T

4.5. Competition of K (Kirkendall) - and F (Frenkel) - vacancy sinks

Relaxation of the vacancy subsystem can proceed in two ways:

1) The first way is voiding as a result of vacancy relaxation at the so-called F-sinks (Frenkel
sinks - the terminology of Ya. E. Geguzin), which means just joining vacancies into
voids.

2) The second way is vacancy relaxation without voiding, at the so-called K-sinks,
(Kirkendall sinks, according to the same terminology of Ya. E. Geguzin, localized at
dislocation kinks or the surface of crystal grains).

This classification appeared due to an investigation of interdiffusion. Since 1947, thanks to

Ernst Kirkendall, we know that the inequality between the diffusivities of components in

binary diffusion couple leads to compensating vacancy flux from the slow component side to

the fast component side, and divergency of this vacancy flux leads simultaneously to two

effects — Kirkendall shift and Frenkel or Kirkendall voiding. The Kirkendall shift is a

movement of inert markers, embedded in the crystal lattice, shifted due to dislocation climb

generated by vacancy annihilation at one side of diffusion couple and vacancy generation at
another side. Frenkel or Kirkendall voiding is just uniting extra vacancies into voids.

The difference between K-sinks and F-sinks of vacancies in the case of interdiffusion
generating the vacancy flux from the side of slow component B to the side of fast component
A. Vacancies coming to the A-side have two possibilities — (1) to annihilate at the dislocation
generating its climb and causing the lattice shift? And (2) to join the void and increase fit,
instead of causing lattice shift. In the case of electromigration, the vacancies migrate from
anode to cathode due to electron wind onto the atoms. If there are no preexisting voids, then
they can be created only at the K-sources at the anode end, but they have two possibilities at
the cathode end. Therefore, the total amount of “emptiness” in the interconnect increases (Fig.
3).
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4 Kirkendall Shift I
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& Frenkel effect (Kirkendall voiding)

J

Fig. 3. Mechanisms of Kirkendall and Frenkel effects (Drawing for description of competition
between the Kirkendall shift and Kirkendall voiding was made by Dr. T. Zaporozhets)
Puc. 3. Mexani3zmu edektiB Kipkennanna ra @penkens (MantoHOK [Ji OMHUCY KOHKYPEHIIIT
Mix 3cyBoM KipkeHana Ta yTBOPEHHSIM OP BUKOHAHO TOKTOpoM T. 3amopoxenp)

Vacancies lead to failure if they go to F-sinks, and they annihilate without causing damage if
they go to K-sinks. Thus, one should help K-sinks in their competition with F-sinks.

For this, we may try to increase the dislocation density. Yet, it will increase the resistivity,
which is not good. Professor Chih Chen et al. discovered about 10 years ago that nanotwinned
copper may be a good candidate. Nanotwinned copper can absorb vacancies without forming
voids and has a resistivity almost the same as “ideal ” copper without defects.

4.6. MTTF for thermomigration. Prediction of MTTF for thermomigration-caused failure
Similar to electromigration, the major entropy production in thermomigration is due to heat

propagation under a temperature gradient:
TdS 1dT

oo = (K a)(—;a) (28)
In thermomigration of atoms, we have, very roughly
TdS D
var (4 kb_TXh)Xh = (3kb _)2 (29)
f_]hXhtfailure — TSthreshold (30)
. +failure _ TSthreshold __ p,_ dT 24
MTTE ~ tlailure — Ztbreshod _ g =) (ka) (31)
D Q* aT
Jh=ck”<—5) (32)
Xp =2 (- g) (33)
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So, we predict that the MTTF for thermomigration is inversely proportional to the squared
temperature gradient.

4.7. MTTF for stress-migration
We can practically repeat the same time of derivation of MTTF for the case of stress
migration. In this case, the driving force is the gradient of the stress tensor, grad(o(1).

doQ)

Xg=— (34)

Js = CMF = €= (50 = 232 (35)

f-J X, tailure — TSthr‘e/shold (36)

MTTF ~ tfailure — Tbreshold — G(— 9%)~2exp (22 (37

So, we predict that the MTTF for stress migration is inversely proportional to the squared
stress gradient.

5. Failure as a phase/structure transformation in open system

One of the basic equations in the general kinetic theory of the first-order phase
transformations is the Kolmogorov-Avrami equation for the time dependence of the
transformed fraction of the parent phase

Y =1—exp[—K-t"] (38)

where K includes nucleation frequency and growth velocity of the new phase precipitates.
The kinetics of K-A evolution is a typical S-curve (Fig. 4a), which gives, in a double-
logarithmic scale, the linear dependence (Fig. 4b)

10
2_
0.8 04

0.6

04 Gradient = n

Extent of transformaticn (%)
In{In {1/ (1))

0.2

0.0

0oo 025 050 075 100 125 150 175 -2.0 -15 -1.0 -0.5 0.0 0.5
Time In(Tirme}

Fig.4. Kolmogorov-Avrami evolution: S-type dependence of transformed volume fraction vs
time (a) and the same dependence in double-logarithmic scale (b).

Puc. 4. Esomontist KommoropoBa-Apawmi: S-mmoiOHa 3a1eXHiCTh YaCTKH ITEPETBOPEHOTO
00’emy Bij yacy () i Ta X 3aJeXKHICTh B OJBIiTHOMY Jorapudmiunomy Macurradi (b).

On the other hand, the times to failure dispersion is often described by Weibull distribution,
which in cumulative form (Cumulative function -fraction of failed devices by time t)
practically coincides with the Kolmogorov-Avrami equation (Fig. 5):

F(x) = 1 — e~ /D"
~In(1 - F(x)) = (x/D)*

42



ISSN 2076-5851. Bicauk Yepkacskoro yHiBepcurery. Bumyck Nel. 2022

In(-In(1 — F(x))) = klnx — kIn2A (39)
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Fig. 5. Typical Weibull plot (data taken from our recent paper[4])
Puc. 5. Tunosuii rpadik BeiiOyruia (1aHi B3sTi 3 HENOIaBHBOT CTATTi aBTOPIB [4])

Failure, like phase transformation, usually starts its pre-history by some (1) “nucleation
event” - for example, nucleation of nanovoid somewhere at the triple joint of grain boundaries
or the interface metal/dielectric, (2) “growth process” (for example, migration of nanovoid to
the cathode end, or/and merging or just growth of the voids at the cathode end).

At that, we should be ready to consider the “growth” process of future failure in the
multidimensional space depending on the nature of evolution from nucleating defects to the
abrupt change of resistivity (depending on mechanism).

6. Conclusions
1. Failure may be treated as a result of the accumulation of structural entropy beyond

some threshold value. Accumulation of structural entropy is calculated as a "non-heating"
part of entropy production in the processes of electromigration, thermomigration, and
stress migration. Such an approach leads to Black's equation for MTTF with exponent n =
2 for electromigration-induced failure, and to analogous predictions for thermomigration-
induced failure, as well as for stress migration-induced failure.

2. Failure may be treated as a result of the incompatibility of steady-states for different
processes in an open system. For example, steady-state current under fixed voltage
between the cathode and anode ends of interconnect leads to electromigration of atoms
and vacancies which, in realistic materials, lead to non-steady-state voiding and hillock
formation, and eventual failure. Fully compatible steady-states for all processes would
mean "immortality" at least for interconnect.

3. Failure may be treated as a kind of first-order phase transformation in an open system
and includes nucleation, growth or migration, and (sometimes) ripening. Moreover, the
usually used cumulative Weibull distribution for time to failure (TTF) looks very similar
to the Kolmogorov-Avrami equation for crystallization kinetics describing nucleation and
growth of the crystalline phase.

4. Some ideas of the present paper may be found in the following books and papers: [1-9].
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HOBI TEPMOJANHAMIYHI IIAXOAU 10 AHAJII3Y BIIMOB Y MATEPIAJIAX
MIKPOEJIEKTPOHIKH

Merta poGotu: chopmymroBat 0a3oBi i€l TEPMOAMHAMIYHOTO MIAXOAY IO TPOOIeMHU
Ha/IIHHOCTI MaTepialiiB MiKpOEJIEKTPOHIKH.

Metoauka: exeMeHTH MiKpOeIeKTPOHHOTO MpriIaay (y Mepiry 4epry MeTayeBi 3’ €THaHHS Ta
NPUIIONMHI KOHTAKTH) PpO3IJNAIOTECS SIK BIAKPUTI TEPMOAMHAMIUHI CHUCTEMH Y TOJIX
TPai€HTIB EJIEKTPUIHOTO MOTEHITIATY, TEMIIEpaTypy Ta HAIPYT.

PesynbraTi: BigMOBY MOXHA pO3IIIsIaTH SIK Pe3yIbTaT HAKOMMMYEHHS CTPYKTYpPHOI €HTpOTii,
0 TepeBUNIy€e JesKe TOpOroBe 3HA4YeHHA. HakomwueHHs CTPYKTYpHOI —EHTpOIIii
pPO3paxoBY€EThCSI SIK  «HETEPMIYHA» 4YacTWHA BUPOOHMLTBA EHTPOIIi B Hpolecax
eJIeKTpoMITpalii, TepMoMmirpaii Ta mirpauii y rpajieHTi Hanpyr. Herepmiune BUpOOHUIITBO
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EHTpOIIii OB s3aHe, B TEPILy Yepry, 3 HapoKEHHIM Ae]eKTiB, 30KpeMa BakaHCciid. Brepiie
OTpUMaH1 BUpa3u Il BUPOOHHUIITBA SHTPOINi y TBEPAMX TUIAX 13 CTOKAMH Ta JDKEPEIIaMH
BakaHciii. Takuil migXig NOpU3BOIUTH 1O HOBOI iHTeprperaunii piBHAHHS bieka mns
CEpeIHBOr0 Yacy 10 BIAMOBHM 3 MOKa3HUKOM N = 2 1A BUMAJKY BIAMOBH, CIIPUYMHEHOT
€JIEKTPOMITpAIli€l0, 1 10 aHAJIOTTYHUX PIBHSAHB JJIS BIIMOB, COPUYMHEHUX TEPMOMIrpali€lo, a
TaKOK MITpaIli€lo B IMOJI1 HAIPYT.

BucHoBku:

1. BignmMoBy MOXHa pO3IISAATH SK Pe3yJIbTaT HECYMICHOCTI CTAIllOHAPHUX CTaHIB IS
pi3HUX TpoleciB y BiAKpUTiH cuctemi. Hampukman, cramioHapHUi cTpyMm mia (hiKCOBaHOIO
HaIpyrow MDK KAaTOAHUM 1 aHOJHUM KIiHIIIMH 3’ €JHAHHS MPHU3BOJIUTH 10 €JICKTpOMIrparii
aTOMIB 1 BaKaHCId, II0 B pealiCTUYHUX MaTepianax NPU3BOAUTH O HECTalliOHAPHOTO
YTBOPEHHS ITYCTOT 1 TOPOKIB, @ TaKOX JO OCTAaTOYHOTO BUXOMY 3 jaay. [loBHICTIO cywmicHI
CTalllOHApHI CTaHU AJISl BCIX MPOLECIB O3HAYamu 6 «Oe3cMepTs» MpUHANMHI Ui 3'€THAHHS.
Hanpuxkmnan, vac 10 BIIMOBH TOBHHEH MPSMYBaTH [0 HECKIHYEHHOCTI, SKIIO CTPyM
POXOJUTh Yepe3 MeTall, y SIKOMY 3a0e3ledyeThCsl MOBHE NMpHUTHiYeHHs edekty DpeHkens
(mopoytBopenHsi) edexkrom Kipkennamia (3cyBOM KpPUCTaIiyHOI TpaTKM  BHACIIOK
NePENOB3aHHS KPaOBUX AUCIOKALIIN).

2. BinMoBYy MO>KHA pO3IJIsiIaTU SIK CBO€EpiAHE (ha30Be MEPETBOPEHHS MEPIIOro MOPSAKY Y
BIJIKPUTIN CUCTEMI, sIKE BKIIFOUAE 3apPOJDKCHHS, pICT a00 Mirpamiro Ta (1HOZ1) KOaJeCIECHCI0
nop abo IHIIMX MPUYKH BigMoBH. [Ipu 11bOMy 3BHUHUIN KyMYJISTUBHUHN po3noain Beiilymia
i dacy HanpamroBanss (T TF) Burnsmae qyxe cxoxxuMm Ha piBHsHHS KonMoroposa-ABpami
JUTSL KIHETHKY KpHCTali3allii, 10 ONMUCY€E 3apOXKEHHS Ta PICT KPUCTATIIYHOI (a3u.

Kuo4uoBi ciioBa: BUpOOHHUIITBO €HTPOITIT, BaKaHCIi, TOPH, BIIMOBA, BIIKPUTA CHCTEMA, TOTIK,
TQy3is.
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