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ABSTRACT

In this paper we analyzed mass transfer during the growth of epitaxial layers during magnetron sputtering.
During the analysis we obtained modifications of properties of films with variation of several parameters.
We analyzed possibility to decrease mismatch -induced stress on the considered films during their growth.
An analytical approach for analyzing mass transfer was introduced, which makes it possible to take into
account the nonlinearity of processes, as well as changes in parameters in space and time.
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1. INTRODUCTION

Development of solid-state electronics and widespread using of heterostructures for
manufacturing of electronic devices leads to the necessity to improve properties of layers of these
heterostructures. Different methods are used to manufacture of heterostructures: molecular beam
epitaxy, epitaxy from the gas phase, magnetron sputtering. A large number of experimental
works have been devoted to the manufacturing and using of heterostructures due to their
widespread using [1-12]. At the same time, a relatively small number of works are devoted to
predicting the growth of heterostructures [11,12].

In this paper in development of references [13-16] we analyzed processes framework growing
films by magnetron sputtering. Structure of the considered magnetron is shown in Fig. 1. In the
framework of the structure electrons are emitting from the cathode (line 1). After that under the
action of a field between the cathode (line 1) and the anode (line 3) an electron flow is formed
between lines 1 and 2. The main purpose of this paper is analysis of mass transfer in magnetrons
during growth of films in order to improve their properties. An additional aim of this paper is
analysis of possibility to decrease mismatch-induced stress during growth of films. To solve this
aim we consider an analytical approach for analysis of mass transfer, which makes a possibility
to take into account the nonlinearity of mass transfer, as well as the changing of its parameters in
space and time.
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Fig. 1. Structure of magnetron.

In the framework of the structure ions have been emitted from cathode (line 1). After that under
influence of field between cathode (line 1) and anode (line 3) one can obtained flow of ions
between lines 1 and 2

2. METHOD OF SOLUTION

To solve our aims we determine spatio-temporal distribution of electromagnetic field. We
determine the distribution by solving the following boundary problem [17, 18]

aD(r,(D,Z,t), rot E(r’w’z,t):_aB(r,¢,Z,t),

ot ot
divD(r,¢,z,t)=p, divB(r,p,z,t)=0, D=¢g,6E, B=pyuH. ()

rot H(r,p,z,t)=j +

Here s and u are the dielectric and magnetic constants; £=0.886-10" F/m; = 1.256-10° H/m;

E and H are the electric and magnetic strengths; D and B are the inductions of electric and
magnetic fields; r, ¢ and z are the spatial coordinates; t is the current time. Boundary and initial
conditions for the system of equations could be written as

B,(R,¢,2,t)=0, D,(R,0,2,t)=0, E,(R, ¢, 2,t) =
E(r,p,2,0)=E,, H(r,¢,2,0)

0, H,(R,p,21)=0,
H,.

Current density I is proportional to speed of ions V : ] = C -V, where C is the density of ions.

The speed of ions correlated with strengths of electric and magnetic field by the second Newton
law
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m%:e(ﬁ+\7xl§). 3)

Scalar form of the Egs.(1) could be written as

+aDin@LQ_gaHin@LQ_aHxn@LO

Cv,
ot r op 0z
CV+GDAR@Lﬂ:laHJnQLO_aHin@LO’
? ot r o 0z
Cvf+r8DXL¢JJ):5hH¢“#LL0L_8HXh¢JJX
ot or 8¢
0E,(r.p.2,t) 10E,(r,¢,2,t) 0B, (r,0,7,1)
oz r o ot
OE,(rp,z,t) 10E,(rpzt) 0B,(rezt)
0z r 99 ot ’
olr E(,,(r,qo,Z,t)J_aEr(r,go,z,t)_raBz(r,go,z,t)
or op ot ’
;d}Dxn¢J¢ﬂ+18DAn¢li)+ann¢J¢)_
r or r op 0z
lé[rBr(r,go,z,t)]+185¢,(r,(0,2,t)+8Bz(r,go,z,t)_0
r or r o 01 '
mOIVr =e(Er+v Bz), mdv“’ :e(E +vrBZ), mdvz =e(Ez+vrB )
dt ? dt ’ dt ?

To solve these equations we use the method of averaging functional corrections [19]. To
determine the first-order approximations of the required functions we replace them in the right-
hand sides of equations (4) by their not yet known average values aas in the right-hand side of
these equations. As a result of this substitution we obtain the following equations to determine
the first-order approximations of components of strength and induction of the considered fields

cy + 20 (r,p,2,1) oD, (r,p,z,t)

vV, =0,Cv + =0
ot ? ot
CVZ +8D12(r’¢’z’t)=0(m , 8Blr(r’¢’z’t):0, aBlrp(r’(p’z’t):O
ot 4 ot ot
0B,(rezt)_  10[rD,(re.zt)]_. 10[rB,(rezt)]_,

ot o'y or r or
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m%:e(‘%gﬂr%vﬂmz)’ mddL;—e(a +a, A, )
m%ze(oclE +ay, O, )

Further after integration of left and right sides of these equations on considered variables we
obtain the first-order approximations of the considered fields and velocity of ions in the following
form

D, (r,p,z,t)= —ijlrd r,D, (rpzt)= —ijl(pd z,

-

Dlz(r,go,z,t): H(,,t [Cv, d7r+eg,E, my, e(alEr+alv¢ale)t,

0
B, (r.0,2,t)=0, B, (r.p,2,t)= s H,. B, (g, z,t) = et 1,
me:e(OflEq,JrO!lerf )t+mv mv,, =ela, +a, a, Jt+mv,

Calculation of average values s by using the following standard relation [19]

2z

ersm(r,(p,z,t)d pdrdzdt
000 0

als

! 27Z'®LR2

(® is the continuance of growth, L is the length of magnetron) gives a possibility to obtain, that
a1v12V20+e®2(H0®2_0{ C®2+458E34m, alezoy o :HO,

1H,
a, =2¢&,E, +©° ( —-a, C) 2, . e =0, a, =V, Further we

obtain the second-order approximations of components of strength and induction of electrical and
magnetic fields. To obtain these approximations we replace considered fields in right sides of
Egs. (4) on the following sums S (r,¢,z,t)—>as+Si(r,@,z,t). The replacement leads to
transformation of Eqs. (4) to the following form

+6D2,(r,(p,z,t):EaHlZ(r,go,z,t)_Gle(r,qD,Z,t)
2’ ot r o oz
0D, (he2t) _10H,(np.zt) oH,(nezt)
2 ot r o oz
- raDZZ(r’¢’Z’t)=a2H 8H1¢(r,g0,z,t)_
ot ? or

oH, (r,p,z,t) 0B, (r,p,z,t) OE,(r,ez,t) 10E,(r go,zt)
- oo ot T 8z r  og

Cv

Cv

Cv +H,(rpzt)+r

28



International Journal of Computer- Aided Technologies (IJCAX) Vol.11, No.1/2/3/4, October 2024

0B, (r.¢.z,t) 0E,(r.p.zt) 10E,(r.¢ zt)
ot T 9z r  op
OE,(r.¢.z,t) GE.(r,p2,t)
or e
10D, (r¢,zt) 0D, (r.¢,z,t)

’

raBzz(r,(p,z,t)
ot
18[rD,(r,p,2,t)]
r or IR o 01
19[rB,(r.pz,t)]  10B,(rezt) 9B,(r,pzt)

r or r op 0z

[%BZ + Blz(r,gp,z,t): }

= + E,(rezt)+r

)

m% = e{azEr + Elr(r,(ﬂ, Z,t)+ [asz +v1(p(r,(p, Z,t)

dv y 1
d ;(p = e{aqu, + Elgo(rl(p7 Z’t)+ [Olzvr +V1r(r’(p1 Z’t)_[QZBZ + Blz(r’¢’ Z’t)_ }'

m% = e{aZEZ +E, (r,p,2,t)+ [aZVr +v, (r, o, z,t)] :0523(,, +B, (1,9, z,t): }

m

Integration of left and right sides of the above equations on considered variations gives a
possibility to obtain the second-order approximations of the considered fields in the following
forms

D, (r,@,2,t)= %aij H,(r,p,z,7)d r—%i H,,(r,¢,2,7)d r—inzr dr,

¢O
D, (r,¢zt)= %%i H,(r,p,z,7)d r—%ile(r,q), z,7)d r—inwd T,

t

rDzz(r,go,z,t):%t+1Hw(r,¢,z,f)dHr%ij(r,q),z,f)df+rggoEo -
0 0
—inlr(r,@Z,r)d T —ijzz dr+reg,E,,
8(00 0
rB,,(ro.zt)=a, t +jElw(r,go, z,7)d 7+ r%}Ew(r,gp,z,r)d -
0 0
-2 IE, (rpzo)de

0po

0t 10t
Bzr(r,go,z,t):E{Em(r,go,z,r)d T_F%F“(r’q)’z’r)d r

t

0 10t
Bz¢(rl¢’ Z't):E!;Elr(r’(D’Z’T)d T_F%.([Elz(r!(l)’z'r)d T+,u,uOH0,
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r> o: o
rDZr(r,(p,z,t):C?—%gDm(u,(p,z,t)du—agu D, (u,¢,z,t)du,
rBZr(r,q),z,t):—ijBl (u,go,z,t)du—ifu B,(u,@,zt)du
opo ! oA

t t
mv, =e [QZErtJrjElr(r,go,z,r)d T+a, a,,t+a, jBlz(r,(p,Z,z')d T+
0 ’ ‘ 70

+ jvlq) (r, 0,1, z')d T+ thp (r, 0,2, r) B, (r, 0,2, r)d T} :
0 0

t t
mv,, =e [aZE(pt +£Ew(l‘,§0, Z,z')d Tta, a,t+a, £ Blz(r,go, Z,z')d T+

+ ler (r, 0,1, z')d T+ jvlr(l‘, ¢,2,7)B,(r, 0,1, z')d Ti| :
0 0

mv, =e [aZEZt + j E, (r,(p, Z,r)d Tt+a,, aZBwt +a,, j Blw(r,(p, Z,z')d T+
0 0
+0525¢jvlr (r,p,z,7)d r+jvlr (r,p,z,7)B,(r,p,2,7)d 2']
0 0

Average values of the second-order approximations a»s were calculated by using the following
standard relation [19]

27

(7r ([s,.(r @ 2,t) =S, (r.0,2,t)] dpd rd zdt
“osy = 27r®LR2£££r£ 2\ @ L) =0, L 2, [ dedrdzdl. ()

Substitution of obtained approximations of strength and induction of considered fields and
velocities of movement of ions into relations (5) gives a possibility to obtain relations for the
required average values in the following form

® o @O-t LR2r
Oyp, _(052H ayy )6 !27[@LR2Mngw(r,¢,Z,t)dgpd rdzdt+
C] p(®_t LR27x
+-([27Z-®LR2-([.(|;-[').(VZZ_V12)dg0drdZdt,aZDI'ZO,aZDw:O'aZBZ:0'
awrzo’
aZB(ﬂ :'uluOHO’ aZvr :0’ asz :_V(po’
e (®-t LR 27
=— rjEe ,z,t)Jdpdrdzdt—-0© v
o =l er il [Eeztde om Ve

In this paper we calculated the second-order approximations of the required strengths and
inductions of the considerate fields, as well as the ion velocities by the method of averaging
functional corrections. The approximation is usually sufficient to obtain qualitative conclusions
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and to obtain some quantitative results. The obtained analytical results were checked by
comparing them with the results of numerical simulation.

Further let us consider changing of components of displacement vector in the grown multilayer
structure with changing of spatial coordinates and time. Equations, which are describe

components ur(r,g,z,t), u,r,e,z,t) and u.(r,o,z,t) of displacement vector U(r,(o, Z,t), could be
written as [20,21]

C 62 Ur(r,(ﬁ, Z’t) — 18 [r ) O-rr(r’(p’ Z’t)] +160W(r,(0, Z’t)+ 8O-rz(r’¢’ Z’t)
ot? r or r dg 01
C82 u,(rezt) 1 6[r .o,(r.e, Z’t)]+ 100, (r.e,2,t) s oo,,(r.e.zt)
< = — _
ot? r or r oy 0z
Caz uz(r’go’z’t):la[r.O-zx(r’w’Z’t)]_'_lao-z)/(r’(p’z’t)_'_Gazz(r'q)’z’t)
ot’ r or r o 01
where & = E(z) 8ui(r,go,z,t)+ 8uj(r,§0,Z,t)_ﬁauk(r,go,z,t) N
b 2l+o(2)]]  ox, OX, 30X
+K(z)s, M ~ B(2) K(2)[T (r,@,2,t)—T,|; &is the Kronecker symbol.

Y 0X,

Accounting of the last relation leads to transformation of the above system of equations to the
following form

Cazurgt’f’z’t):%{K Seol] z)]} { o t)}
o i ey e e

r 6r8(p r 0’ 0z°

. E(z) +azuz(r,go,z,t){K(z)+3[1E(z) )]}_K(Z)ﬂ(z)lé[r-T(r,go,z,t)]

2[1+0(2)] oroz +0o(z r or

oulpzt)_ E() {1 at M}E{M}

ot’ 2[+o(z)]|ror or or or
o[ E(z) [ou(rezt) 16ulrezt) p(2)e[r-T(r,p,z,t)]
+E{2[l+a(z)]{ a;p r az }_K(Z) r a; "
1 [ 5E(2) o'u,(ro,2,t) K(z)o*[r-u,(r,pz,t)
+—2{m+ K(z)} = = o160 +
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+1{K(Z)— ad }aqu(r’q)’z’t) ©)

r 6[l+o(z)]] ooz

culnezt)  E(@) { 0 {rﬁu ez, t)}izazuz(r,co,z,th

ot 2[+o(2)]|ror or r 0 ¢
. 82[r-ur(r,go,z,t)]+182U¢(F,¢,Z,t)}+i{ K(Z){laur(r,go,z,t)Jr
oroz roeoz 0z r or
LLou(rezt) ou(rezt)]] 1 E(z) |.ou(rezt)
r ogp 0z eaz 1+ G(Z) 0z
_10[ru(rezt)] 10u,(rezt) du(rezt)]]
r 0 X r oy 0z
B oT(r,p,2,t)
K(2)pl2)—73 7=

where E is the Young modulus; g is the coefficient of thermal expansion; K is the modulus of
uniform compression; o is the Poisson coefficient; a=(as-aeL)/ag. is the mismatch parameter; as,
agL are the lattice distances of the substrate and the epitaxial layer; T (r,¢,z,t) is the temperature of
growth with equilibrium value T.. Conditions for the system of the above equations can be
written in the form

66(r,go,z,t)| :OIGU(r,go,Z,t)| Olﬁﬁ(r,q),z,t)| _0.

or o or R 01 i,
0 U(;’(Zp, 28 0. 0(r0.2.4)=0(r27.2.t): 0(r.,2.0) =0,
z=L

a(r,p,z,0)=10,.

Now let us determine solutions of system of equations (6), which describe components of
displacement vector. To calculate the first-order approximations of the required components in
the framework the method of averaging of function corrections one shall substitute their not yet
known average values «; in the right sides of the equations (6). The substitution leads to the
following result

)

c o°u,(r,p,2,1) _ K (Z),B(z) olr-T(rpzt)]

ot’ or
C 82 u1¢(r’2¢’ Z’t) —_K (Z)ﬂ(z) oT (I’,(D, Z’t)1
ot r op
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o’u,(rozt) oT (r,p,2,t)
C e = K(z)ﬁ'(z)—az .

Integration of the right and the left sides of the above relations on time t leads to the following
result

u, (r,ezt)= K(z)@i[r }fT rozr)drd .9}
—K(z)’B( z) 0

t g
1 & d dlg
Tz nrds

0,020 = K@Y 2 i1 (r,p,2,0)d rd 9-

.,
o))
S

_K(Z)f(é);;zi-r( ’¢,Z,z')d rdd+u,,,

u,(r,ezt)= K(z)ﬂ(z)ijf T(r,p,z,7)drd $-
- K(z)'B(Z)QTJJi T(r,pz,7)dzd $+u,,.

Approximations with the second and higher orders of components of displacement vector could
be obtained in the framework of the standard replacement of the required functions in the right
sides of equations (6) on the following sum ai+ui(r,¢,z,t) [16, 19]. The replacement leads to the
following result

080,20 ;{K(m = ) { drga), e

ot : ro(2))f 2 or 2+ o(2)]
1 0%u, (r, ,z,t) (r,p,z,t (z) |1 8Z[r-ulw(r, 7,t)]
X{r"- 8(p(2p (p }{K 3L+o(z }rz arago(p B
><iéz[r-uw(r,(p,z,t E(z) |10 (1, gp,zt az (r ¢,z t)|
r’ orog 2h+o(n] ’
—K(ﬁﬂ@yﬂr r¢ltﬂ % 3[1+a)(z]}82 arafltﬂ

ot? - 2h+0(2)] 8ra¢)

{ ( 0.2,1) %8 L1, ¢th}+
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R <O kg

. 82u1¢,(r,¢,z,t)Jr K (z)o°u,,(r.p,z,t)

o0poz r orogp
ou,,(r,p,z,t) E(z) [10] ou,(rezt)| 120u,lr (p,zt)
C = r + —
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r or 01 1+0o(z) 0z

Integration of the right and the left sides of the above relations on time t leads to the following
result
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107 = 10 %2
_Fa[rﬂulr(r,go,z,r)dTd&}—F%Muw(r,(p,z,r)drd,9_
—%Ifuu(r,(p,z,r)drdg} —K(Z)_ﬁéZ)%IET(r’(D’ZaT)dfd'g"'uw'

In this paper we calculated the second-order approximations of components of displacement
vector by using the method of averaging functional corrections. The approximation is usually
sufficient to obtain qualitative conclusions and to obtain some quantitative results. The obtained
analytical results were checked by comparing them with the results of numerical simulation.

3. DISCUSSION

In this section we analyzed dynamics of mass transport during growth of films by magnetron
sputtering to determine conditions to change properties of epitaxial layers. The Fig. 2 shows
dependence of concentration of sputtered material on cyclotron frequency . Increasing of
induction of magnetic field By leads to increasing of the cyclotron frequency ax and to increase
homogeneity of epitaxial layer. The Fig. 3 shows dependence of concentration of sputtered
material on electric strengths Eo. Increasing of the strengths leads to increasing of speed of
transport of ions to target and their concentration. In this case the opposite effect was obtained
with increasing of the ion mass (see Fig. 3), radius (see Fig. 4) and length (see Fig. 5) of the
magnetron. During analysis of components of displacement vector we obtained, that increasing of
velocity of ions of growing material leads to decreasing of value of the considered vector (see
Fig. 6).

1.0

0.8

0.6

CIC,

0.4 +

0.2

0.0 T T T T T 1
0 5 10 15

O

Fig. 2. Typical dependence of concentration of sputtered material on cyclotron frequency ax. Increasing of
density of curves correspond to increasing of strength of electrical field
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Fig. 3. Typical dependence of concentration of sputtered material on electric strengths Eo. Increasing of

density of curves correspond to increasing of mass of ions
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Fig. 4. Typical dependence of concentration of sputtered material on electric strengths Eo. Increasing of

density of curves correspond to increasing of radius of magnetron
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Fig. 5. Typical dependence of concentration of sputtered material on electric strengths Eo. Increasing of
density of curves correspond to increasing of length of magnetron
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Fig. 6. Normalized dependences of component of displacement vector u, on coordinate z at small velocity
of ions (curve 1) and large velocity of ions (curve 2) of growing material

4. CONCLUSIONS

In the present paper we analyzed mass transport during magnetron sputtering of materials. Based
on results of analysis we formulate recommendations to control of properties of epitaxial layers.
We analyzed possibility to decrease mismatch-induced stress in multilayer structure during
growth. We also introduce an analytical approach for prognosis of mass transport during growth
of layers in magnetron.
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