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In connection with the widespread use of copper conductors in microelectronics, the problem arises
of modeling the processes that occur when active gases act on the substrate surface. The situation
is further complll'éated by the circumstance that in order to obtain the final result facing a specific
process, individual parts of the system are specifically placed under the influence of an external force.
This complicates the thermodynamic modfling of systems in which both the location of the phase
boundaries and the distribution of substances over the volume are essential. Based on thermodynamic
principles, a model is proposed for the behavior of copper penetration into germanium from spots
on the surface under the action of sprayed hydrogen. It has been suggested that some of the energy
that is released on the surface is transferred to the crystal lattice and copper atoms and causes a shifi
in equilibrium. A differential equation is derived that describes the propagation of deviations from
the equilibrium composition, and a method for compiling boundary conditions for it is also shown.
The results of modeling the hydrogen-germanium-copper system are presented, and the dependence
of the concentration of diffused copper on the concentration of superequilibrium atomized hydrogen
is obtained. It has been proven that an increase in hydrogen atomization ensures an increase in
the number of copper atoms in germanium. Thus, the stationary state of a chemical heterophase
system, caused by a point source of perturbation of the chemical composition, is described using
the minima of the functionals corresponding to the shift of the Gibbs free energy from the equilibrium
value into the elementary cells of the system, the distribution of which over the system is described
by differential equations of the form. In this case, due to the consideration of zones (elementary
cells) bordering the phase boundary, not only the dissolution of an impurity in a solid body, but also
sorption phenomena are described. The results of applying the model in an extended reactor for
the H-H, system are also presented, and the correspondence of the results to the classical scheme for
solving the problem using mass transfer equations is shown.
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Czaooe C. O. Komn’romepne moO0ent06aHHA IHOYKOBAHO20 600HEM MACONEPEHOCY
Yy HanienpoeooHiKax

V 36’s13ky 3 wWUpoOKUM BUKOPUCMAHHAM MIOHUX NPOBIOHUKIE Y MIKDOCLEKMPOHIYL nOCmae
npobrema Mooeno8anHs NPoyecis, ujo 6i00ysaromovcs npu Oii aKMUBHUX 2d3i8 HA NOBEPXHIO NiO-
knaoxku. Cumyayis YCKIaoOHIOEMbCA wje 1l mi€lo 006CMasurolo, Wo 01 OMPUMAHHA KiHYe8020
pe3ynbmamy 8 KOHKPeMHOMY RPOYeci OKpemi Hacmuny cCucmemu CneyianbHo nio0armucs Gnauey
308HiWNbOI cunu. Lle yckaaonioe mepmoouHamivne MOOeNo8an s CUCIeEM, 8 AKUX iCIomHe 3Ha-
YeHHS MAE AK PO3MAULYBANHSA MeIC (ha3, max i po3nodin pevosun 3a 06 ’emom. Ha ocnoei mepmo-
OUHAMIYHUX NPUHYUNIE 3ANPONOHOBAHO MOOENb NOBEOIHKU NPOHUKHEHHS MIOi 8 2epMAHIll 3 NIAM
Ha nogepxui nio 0IEr po3nuieno2o 800HI0. Byio npunyweHno, wo uacmuna enepeii, aka usinb-
HAEMbCSL HA NOBEPXHI, Nepe0acmbCsi KPUCMAIYHIL peuimyi ma amomam Mioi ma SUKIuUKae
3miugenHs pigHosacu. Bueedeno ougepenyianvhe pieHAHHA, SKe ONUCYE NOWUPEHHS BIOXUNEHD
80 PiBHOBANCHO20 CKAAOY, A MAKOIHC NOKAZAHO MEMOO CKAAOAHHS OISl Hb020 SPAHUYHUX YMOS.
Hagedeno pezynomamu mooenioganmsn cucmemu 600€Hb-2ePMAHI-MiOb | OMPUMAHO 3AediC-
Hicmb Konyenmpayii oughynoosanoi mioi 8i0 KOHyeHmpayii HAOPIBHOBANCHO2O PO3NULEHOZO0
600H10. Jl06edeHo, wo 30iiblUeHHs PO3NUNEHHSA B00HIO 3abe3neuye 30iIbUeHHs YUCIa amoMie
MiOi 6 eepmariio. Takum YuHoM, CMayioHapHUtl cmaH XiMiuHoi cemepoghaznoi cucmemu, SUKIU-
KaHUl MOYKOBUM 0JICeperom 30YPeHHs XIMIYHO20 CKAAdY, ONUCYEMbCA 3d 00NOMO2010 MIHIMY-
Mi8 QyHKYioHANI8, WO 8i0N06i0aoms 3¢y8y 8inbHOI eHepeii 1i00ca 6i0 pi6HOBANCHO20 3HAYEHHS
6 eneMeHmMapHi KOMIpKU cucmemu, po3nooinl AKUX No CUCeEMI ONUCYEMbCA OupepeHyianbHUMU
PIBHAHHAMU 6UOY. V yboMy 6UNAOKY 3A60KU 6PAXYEAHHIO 30H (eleMEeHMAapHUX 0cepeoKis), o
Medicyioms 3 medicelo po30iny haz, onucyemuvcs He miibKu pO3HUHEHHA OOMIWUKU 8 EepooMmy
mini, a 1 copbyitini asuwa. Takooc HagedeHo pe3yibmamu 3acmocy8anH MOOeNi 8 PO3UUPEHOMY
peaxmopi onsa cucmemu H-H, ma noxazano 6i0nogionicme pesynbmamie KAaCuunitl cxemi po3e 's-
3aHHA 3a0a4i 3a PIGHAHHAMU MACONEPEHOCY.

Kniouogi cnoea: mepmoounamixa, pieHo8aicHa KOHYeHMpayis, MaconepeHoc.
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Introduction. Processing of surfaces with the activated gas phase finds a wide appli-
cation in the technologies connected by cleaning, oxygenating, nitridation of a surface
of solid bodies, their etching, sedimentation on a surface of various coverings [1, 2].
Such processes, for the purpose of modeling, are usually described by methods of chem-
ical kinetics [3]. So way they receive systems of the differential equations (most often
nonlinear and non-uniform) containing parameters which are selected empirically from
a condition of coordination of results of modeling with experimental data for each case.
Along with methods of chemical kinetics equilibrium thermodynamics methods have
wide distribution for studying of structure of systems [4]. Such methods use thermody-
namic parameters which are derived on the basis of independent experimental data, are
reliably established and tabulated.

However the considered systems in principle are non-uniform and therefore are
nonequilibrium. The situation is complicated also by that circumstance that for obtain-
ing the end result facing concrete process, separate parts of system are specially taken
away under the influence of external power. It complicates thermodynamic modeling
of systems in which both the arrangement of borders of phases, and distribution of sub-
stances on volume is essential.

As the majority of above-mentioned processes are conducted in the stationary
modes, the author made attempt to apply thermodynamic methods to the description
of processes of interaction of the activated gases with a surface of a solid body.

Due to the wide use of copper conductors in microelectronics there is a problem of mod-
eling of processes which happen at impact of active gases on a substrate surface. In this work
the behavior model of the copper getting in germany of the islands of copper applied on the sur-
face of the semiconductor in the form of fragments of a thin film at influence of the atmos-
phere of atomized hydrogen on the basis of thermodynamics methods is considered.

Mathematical model. The most general, i.e. not demanding strict specification,
approaches are thermodynamics methods on the basis of optimization of thermody-
namic potentials, for example, Gibbs’s function. It will allow do not consider concrete
mechanisms of migration of atoms of copper in germany. Then the task is formulated as
a research of amount of the dissolved substance in a substrate depending on concentra-
tion of atomic hydrogen.

Thus, the considered system includes:

H2, H, Ge (gas) — a gas phase;

Cu - in the form of a film,

Ge (kp), Cu in Ge, H in Ge — as components of solid solution.

Using of such model assumptions of structure of system allows to find a conditional
minimum of energy of Gibbs look like:

G(7,N) = Zn c, +1nZn JJFiNka

= (1)
where
A H @ A, H, @
¢ = Ziinp, ¢ =Ltk @)
RT R RT R

corresponds to individual substances in the gas and condensed phase.
A, H— their enthalpies of education, @ — their specified thermodynamic potential

(Massye — Planck’s function), defined from experimental data [5], p — the general pres-
sure in the atmospheres.
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The material balance is considered by restrictions look like
1 K
damn +Y a,N, =b, j=1.1 n>0, N, >0forall i and k. (3)
i=l1 k=1
Function (1)~(3) have been minimized analytically by method of multipliers
of Lagrange [4]

mZ=Nanr ¢, G=1.D),
P J

Dayh, —c, =0, (k=1.K),

Y an+da,N, ~b =0, (=1.) 4)
i k

and (missing intermediate calculations) we receive expression for a share of the dis-
solved copper in germanium:

OJCLlGe = exp(CCu(Kp) - CCuGe ) . (5)

As in the received formula the copper’s part in solution has no obvious dependence
on concentration of monohydrogen, the author make the assumption that some part

from energy of Q=KA  H[H T* which is allocated at a hydrogen recombination for

surfaces is transferred to a crystal lattice and atoms of copper. At the same time subex-
ponential expression changes at a inteface

o _Bo _BKA, HIHT
==

RT ©

nCu
He, + W,
tion of hydrogen and K-coefficient characterizing experimental conditions and speed
of reaction,

A,.H —hydrogen recombination enthalpy, [/ ] — its concentration.

where B = — a part of the transferred copper film of energy of a recombina-

. . * oy . . .
Finally we receive a part o, of superequilibrium copper in Germanium

2
. n. KA, H[H]
o, =¢eX u explc.,.  —c¢ . 7
Finally we have:
2
. n. KA, H[H]
[0 =@, €x " explc —-c s 8
Cug, Cug, p(nGe + na‘ RT ) p( Cu(kp) Cu(,-(,) ( )

where 7., —amount of copper in a film, 7, — quantity germanium in a near-surface
layer in moths, A A H —a specific enthalpy of a recombination of atomic hydrogen,




Komrm’rorepHi Hayku Ta iHdopmamniiiai TexHOMOril |

121

and [H] — its concentration, K — the empirical coefficient reflecting experimental con-
ditions.

For accounting of transfer of products of chemical reactions between cells we will
write down the continuity equation look as:

2

0
D, —n =F(n,x 9
laxz i 1( ) ( )

where F,(n,x) — considers interaction of i-go of substance with borders.
The amount of the substance nim = n(xm) has to satisfy to differential equation (9).
Therefore substituting n(x) in the form of

J
nim = Pm eXp a'ik jm _cim _(pim
[Z Y ] (10)

in the equation (9) we receive the equation for distribution of perturbation in the system:

2%, +(a¢i ) a9,

+ —_—
ox? ox

a fi(x)+gi(x):mis (11)
X

where

PV
(x) =262 a,4' = ).
J

J

;= F,/ {DIPeXP{Z a;d;— ¢~ (DJ} (12)
7

2
PV Pn
£(0=(¢) =26 2 aA + (Z %ﬂf] 2 p[cf’—Z %ﬂf’j -G ad
J J J

value ©, considers influence of boundary conditions and power exchange on bor-
ders of the cell and in case of two and more measured boundary-value problems it
is most often equal to zero since in this case it is considered by boundary con-

e L . v,

ditions. For example, for the recombination case on walls F; =%there—
r

i Vi

rD,

Vi — the recombination coefficient and thermal speed of molecules respectively. Gener-

fore from (11) we receive ®, = where r — the cross size of the system,y, and

ally speaking, boundary conditions for (11) can be received from boundary conditions
for the equation of the mass transfer (10) according to the scheme:

n.(x,) =n =, |, I,
ni *
' 4 Pm Hi
n;(x,) =11, _>¢i(x0):;aﬁ7\dj’” +F_Cim _P”i(x )

where n, *— equilibrium concentration.
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Values ¢,, = ¢,(x,,) and X, are also interdependent therefore it is reasonable to use
the Zeydel method, having separated process of the solution of the system (4) and dif-
ferential equation (11) substituting in turn the received values ¢,, in the system (4)
and received from it A, in coefficients and local conditions of the equation (11).

If the considered process is in steady state, then it is possible to demand performance
of'the principle of detailed balance in sense of constancy of amount of atoms in each unit
cell and in volume in general. On the other hand as a result of chemical reactions atoms
do not disappear and do not arise, and there is their regrouping both between substances,
and in space. And from here follows that if the system contains J grades of atoms, then
for them conservation law in the form of the law of continuity, for concentration of j-go
atoms of the grade b, which for the case of fixed diffusion constants (i.e. not depending
from x) can be written down in the look has to be carried out b :

Vb, =0, j=L.I. (13)

The solution of the corresponding boundary-value problem for these equations
on the differential grid is the sizes b,, which are logging in. (4). Thus, steady state
of the system is generally described by the solution of the system of the nonlinear equa-
tions (4) and boundary-value problems of differential equations.

The considered system is separated into three parts: the gas phase with possible depos-
its of the besieged (condensed) phases of individual substances, the thin near-surface zone
which corresponds to the substance adsorbed by the surface and solid solution behind
the phase boundary. The model received above allows to describe solution as the perfect gas
(approach which works in many cases, especially at low impurity concentrations, besides,
not ideality can be considered introduction of activities that is quite trivial within this model).
Therefore it is easy to broadcast the description of transfer in the gas phase on the description
of distribution of impurity in the solid body, having considered it also as set of unit cells. For
this purpose it is necessary to write the condition for approval of two parts of the system for
the decision of differential schemes of differential equations (13) and (12).

Let’s consider the interphase boundary. Let’s consider at the same time that the interphase
boundary passes on border between ¢ and 6+1 a cell. The cell has to correspond to a layer
thickness of h of an adsorbed gas. The following cell (m=c+1) corresponds to a near-sur-
face layer of a solid body hl1 thickness. As both phases differ with chemical composition,
on border diffusion constants suffer jump. At the same time, as penetration of a diffusant
goes through an adsorption stage, for substance flows at the left and on the right surfaces for
the same substance in a type of the principle of detailed balance the ratio has to be carried out:

D_@_:Q@L, (14)

Ox Ox
where D ,D, — diffusion constants for this substance in gas and in a solid body
of the same substance. Having separated both parts (14) on D, and, having used deter-

mination of amount of atoms in bjm cell, we receive a ratio for the near-surface site:

b, D_on
: . 15
Ox |+ Z,-:a" D, ox' (15)

If to enter differential operators A+ and A- defined as finite differences

A,y:yg_yc,l 5 A+y:ycs+l_yca (16)
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then (13) it is possible to write down in the form of the differential scheme:
h D_
A.b, =;lzi“aﬁ 540 (17)

Considering n, ¢ as functions of coordinate x, we will substitute expression (10) in
(14), having expressed the last in terms of finite differences (16). After some transfor-
mations we will receive:

D h P,
5 h[ P —Lexp(- Za”AJ/ +A ¢, +A c)J exp(Zaﬂ A=A —Ac)-1.(18)

Thickness of layers of h and h1 are chosen so that cells o and o+1 could be con-
sidered in mutual thermodynamic equilibrium separately from volume, that is would
become possible to apply to them a condition of equality of chemical potentials which
in this case can be formulated through the parameters A, making sense of chemical
potential on atom in a look: ‘

xjc :}\'jcﬂ (19)

Neglecting composed under an exponent in comparison with 1 and considering that
the total quantity of substance in a cell P, is proportional to its size and also a ratio (19)
from (18) we receive the equation:

P, D h Ax
Lol axn(=Ad —~Ac )=+ 2%) 20
o op(-A0, —Ac) D. h[ h) 20)

o

As arule, the cell size in a gas phase Ax> h and therefore that the equation (20) had
the decision, has to will be executed a ratio

2 3(1-5)
D, h h

h reached by selection, h1 and Ax. Then we receive expression for jump of size ¢,
on border:

<1, 201

A ~Infei Ao —35(1—&j (22)
P D, h\' h

(o3

or, neglecting last composed in (22) rather others we will receive:

P
A, ~ IH;TH_AJ}- (23)

(e

Thus, the stationary state of a chemical heterophase system caused by a point source
of perturbation of chemical composition is described by means of minima of the func-
tionalities of a look (4) corresponding to the shift of a Gibbs free energy from equi-
librium value in unit cells of a system which distribution on a system is described by
differential equations of a look (8). Influence of border, is considered by introduction
of jump of shift (23) for approval of a mass transfer in a gas and condensed phase.
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At the same time due to consideration of zones (unit cells), border to a phase bound-
ary, not only dissolution of impurity in a solid body, but the sorption phenomena is
described. It is important to note in this sense that the size A, ¢, corresponding to jump
of free energy a surface — solution describes change of energy of an unbound particle in
the course of implementation in surface layers of a solid body

Results of modeling and discussion. Results of calculations for the above-men-
tioned algorithm for the sequence of temperatures are given in Table 1 and on graphics
(fig. 1) in the form of dependence of concentration of copper on concentration of hydro-
gen. Atomization of hydrogen was modelled by temperature increase.

Table 1
Composition of the system
GE . Cu in GE,
p, atm T.K H2 GAS, | HGAS, | GE GAS, SOL, Hin GE, molar Cu film
atm atm atm mol
mol shares

1.E-05 300 1.00E-05 | 1.25E-33 | 2.16E-03 2.00 1.52E-29 | 3.80E-18 | 5.00E-01
350 1.00E-05 | 3.38E-28 | 2.25E-85 2.00 9.24E-26 | 1.17E-15 | 5.00E-01
400 1.00E-05 | 4.05E-24 | 2.55E-72 2.00 6.31E-23 | 8.60E-14 | 5.00E-01
450 1.00E-05 | 6.09E-21 | 1.95E-62 2.00 1.01E-20 | 2.43E-12 | 5.00E-01
500 1.00E-05 | 2.13E-18 | 1.08E-54 2.00 5.79E-19 | 3.53E-11 | 5.00E-01
550 1.00E-05 | 2.59E-16 | 1.81E-48 2.00 1.59E-17 | 3.15E-10 | 5.00E-01
600 1.00E-05 | 1.42E-14 | 2.36E-43 2.00 2.49E-16 | 1.95E-09 | 5.00E-01
650 1.00E-05 | 4.24E-13 | 4.49E-39 2.00 2.56E-15 | 9.12E-09 | 5.00E-01
700 1.00E-05 | 7.81E-12 | 1.92E-35 2.00 1.87E-14 | 3.42E-08 | 5.00E-01
750 1.00E-05 [ 9.79E-11 | 2.54E-32 2.00 1.05E-13 | 1.08E-07 | 5.00E-01
800 1.00E-05 | 8.98E-10 | 1.31E-29 2.00 4.72E-13 | 3.02E-07 | 5.00E-01

3.5E-07

3.0E-07

2.5E-07

2.0E-07

Cu B Ge

1.5E-07

1.0E-07

5.0E-08

0.0E+00

0 1E-10 2E-10 3E-10 4E-10 5E-10 6E-10 7E-10 8E-10 9E-10 1E-09
pH

Fig. 1. Dependence of concentration of copper on the partial pressure of hydrogen

Let’s apply the model received above to the one-dimensional problem of the recom-
bination of atomic hydrogen on reactor walls the radius of r and long L at the set shift
and recombination coefficients y1 and y2 on reactor walls and on the sample respec-
tively. And for simplicity we will not consider influence of structure of the sample on
gas, and we will consider distribution of atomic hydrogen.
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For this task the right part of differential equation (11) F' = I therefore from (12)

. . .21
we receive ® = % . As a result of numerical experiments it is revealed that the f (x)
r

and g (x) functions are small therefore at. (11) it is possible to rewrite in the look

&, J{%T o

ox? ox

(analytical solution of which could be easily received).

Calculations of the reactor L=0.25m, r = 0.0125 m, p=10 containing hydrogen with
the pressure were made 4 atm, and average temperature of T=600K. Dependences for
different values of recombination coefficients on the sample are by results constructed.
At the same time the recombination coefficient on walls was accepted by equal 10-2.

For comparison calculations for the formulas received at the analytical solution
of differential equation (11) at the same coefficients were carried out:

1 _ kch k(L - x)+ Bsh k(L - x)
n, kch kL + Bsh kL

344 k=@, B=y,/4D.

Calculation results are given Tab. 2. and Tab. 3.

Table 2 Table 3
X, M n(x)/n, n_...(x)/n, X,M n(x)/n, n .. (x)/n,
0.00E+00 1.00E+00 1.00E+00 0.00E+00 1.00E+00 1.00E+00
1.30E-02 9.08E-01 9.08E-01 1.30E-02 9.03E-01 9.04E-01
2.50E-02 8.25E-01 8.24E-01 2.50E-02 8.15E-01 8.16E-01
3.80E-02 7.50E-01 7.48E-01 3.80E-02 7.34E-01 7.37E-01
5.00E-02 6.82E-01 6.80E-01 5.00E-02 6.61E-01 6.64E-01
6.30E-02 6.21E-01 6.18E-01 6.30E-02 5.94E-01 5.98E-01
7.50E-02 5.66E-01 5.62E-01 7.50E-02 5.33E-01 5.38E-01
8.80E-02 5.16E-01 5.12E-01 8.80E-02 4.77E-01 4.83E-01
1.00E-01 4.71E-01 4.67E-01 1.00E-01 4.26E-01 4.32E-01
1.10E-01 4.31E-01 4.26E-01 1.10E-01 3.78E-01 3.86E-01
1.30E-01 3.95E-01 3.89E-01 1.30E-01 3.35E-01 3.44E-01
1.40E-01 3.63E-01 3.56E-01 1.40E-01 2.95E-01 3.05E-01
1.50E-01 3.34E-01 3.27E-01 1.50E-01 2.57E-01 2.68E-01
1.60E-01 3.09E-01 3.00E-01 1.60E-01 2.23E-01 2.35E-01
1.80E-01 2.86E-01 2.77E-01 1.80E-01 1.90E-01 2.04E-01
1.90E-01 2.67E-01 2.56E-01 1.90E-01 1.59E-01 1.74E-01
2.00E-01 2.50E-01 2.38E-01 2.00E-01 1.30E-01 1.47E-01
2.10E-01 2.35E-01 2.22E-01 2.10E-01 1.03E-01 1.20E-01
2.30E-01 2.22E-01 2.08E-01 2.30E-01 7.65E-02 9.54E-02
2.40E-01 2.12E-01 1.96E-01 2.40E-01 5.15E-02 7.12E-02
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Thus, the author relaying on methods of thermodynamics has received the depend-
ence describing dissolution of copper in the semiconductor under the influence
of atomized hydrogen. It is proved that with a growth of atomization of monohydrogen
the number of copper quantity of atoms, difused in a substrate, grows. The simple for-
mula (8) describing concentration of superequilibrium copper in Germany is received.
The received model can be expanded on the basis of a hypothesis of local balance on
a diffusion picture if to consider the sample thickness as a set of elementary cells.
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