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ABSTRACT

In this paper we analyzed mass transfer during the growth of epitaxial layers in magnetrons. We also
estimate growth velocity of the epitaxial layers and analyzed its value as a function of various parameters.
Keywords: mass transfer; magnetrons sputtering; analytical approach for modeling, estimation of growth
velocity.

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].

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

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. Framework the structure
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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
work is to analyze the mass transfer in the magnetron during the growth of films in order to improve their
properties. To solve this aim an analytical approach for analysis of mass transfer was developed, which
makes it possible to take into account the nonlinearity of mass transfer, as well as the changing of its
parameters in space and time.

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]

0B(r,p,z,t)
ot

divD(r,p.z,t)=p divB(r,p,2,t)=0 D=¢g¢E B=pyuH

oD(r,p,z,t)
ot

rot H(r,p,z,t)=J + rot E(r,p,z,t)=—

1)

—

Here ¢ 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.
Boundary and initial conditions for the system of equations could be written as

B.(R,p,2,t)=0 D,(R,¢,2,t)=0 E,(R,0,2,t)=0 H, (R,p,2,1)=0
E(r.9,20)=E, H(r.9,20)=H,

Current density )i proportional to speed of ions v. 1= 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

dv s -
m—=e|E+VxB
dt ( ) (3)

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

+5D4n@L0:;aHxn@Lﬂ_aHgn@LO

' ot r o 01 |

oD,(r.p.2,t) 16H,(r,p,2,t) oH,(r,0,2,)
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olrH, (rp. 2.t '
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ot or oQ
0E,(r.¢,zt) 10E,(r.p,z,t) 8B.(r,p21)
0z r oQ ot
OE,(no.2t) 10E,(rp2t) 0B, (rozt)
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olrE,(no.2t) 0E,(npzt)_ 0B,(rozt)

or FY ot

Cv

Cv +
4
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la[r Dr(r’(o’Z’t)]+18D¢(r’¢’z’t)+ 8Dz(r’w’z’t):

r or r op 0z
la[rBr(r’(oiZ’t)]_'_laB(p(r’¢’z’t)+aBz(r’¢’z’t):O

r or r oQ 0z

mOIVr =e(Er+v¢Bz) m =e(E¢+vrBZ) d\'/[Z =e(Ez+vrBw)

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 as 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

oD, (r,p,z,t
cv + 20 (he.zt) o oy ,0Punhezt) CVZ+8DH(R¢,ZJ):%
ot ’ ot ot ’
8Blr(r,go,z,t):0 GBw(I‘,(p,z,t):O 8Blz(r,(p,z,t):a la[rDlr(r,go,Z,t)]:C
ot ot ot ooy or
Ea[rBlr(r’(o’Z’t)]ZO mM:e(alE +a1v Ay, ) m%:e(am Ta,, Ay )
r or dt dt ’ o

dv, ( )
m—d n =ela,;, +a, ale

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)= —jC v,dz D, (r,p,zt)= _jCde T

t
Dlz (r’(D’Z’t): alH(pt_!;CVlzd T+880E0 mv,, :e(alEr +0€lv¢06152)t

B, (rp.2,t)=0 B, (rp,z,t)=uuH, B.(noz)=a.t
mv,, = e(ale +a, ap Jt+mv, mv, =ela, +a, 05154,)'[ +mv,,

Calculation of average values a1s by using the following standard relation [19]

2

OLR
r(S, (r,p,z,t)dedrdzdt
s = 27z®LR2m [Sulnezt)dg

(® is the continuance of growth, L is the length of magnetron) gives a possibility to obtain, that
o, =V, +e0*(H,0* —a, C @ +4s¢,E )/4m o, =0 a,, =H

a,. =2¢¢,E, +©%(H, )/2 a,. _O a,, =V

0

)
90

Further we obtain the second- order apprOX|mat|ons of components of strength and induction of electrical
and magnetic fields. To obtain these approximations we replace considered fields in right sides of Egs.
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(4) on the following sums S (r,¢,z,t)— a2s+S1(r,¢,z,t). The replacement leads to transformation of Eqs. (4)
to the following form

+ 6D2r (I’,(D, Z’t) — lé le(r,(ﬁ, Z’t)_ a quﬂ(r’(o’ Z’t)

Cv,,
ot r o 0z |
v +5D2¢,(r,(p,2,t):18H12(r,(p,z,t)_8H1r(r,go,z,t)
0 ot r o 0z |
Cvzz+raD"-Z(r’(D’Z’t)zoz2H +H, (r,gp,z,t)+raH“"(r’(D’Z’t)—aH“(r’(”’Z’t)
ot ¢ ’ or o
0B, (r,p,z,t) 9E,(r.e,z,t) 10E,(r,p,z,1)
ot ez r g
0B, (r.¢.2,t) 0E,(r,p,z,t) 10E,(r,p,7,1)
ot ez r 8
raBzz(r,go,z,t):a2E VE (r’¢’z’t)+r6El¢(r,go,z,t)_aElr(r,(o,z,t)
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10[rD, (r,p,z,t)] 10D, (r,p,z,t) oD,(r, ¢ 21t)
r or oy op - 0z
10[rB,(r,p,z,t)]  10B,(r.p.z,t) 8B,(r, ¢ 21)
r or T or op - 0z

m Oldvér _ e{azEr +E,(ro.zt)+ [a% +v,,(r, ¢, z,t)] o, +B, (1o, z,t)]}

m—=22 :e{aza,, +E,(r.¢.z,t)+ [azvr +v,(r. ¢, Zat):[azsz + Blz(r’¢’z’t)]}

m% N e{azEZ + ElZ(r’(p’ Z’t)+ [azw +V1r(l",g0, Z,t)] :0(28(” T Bl«p(r!§0, Z,t)]}

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,go,z,t):linlz(r,(p,z,r)d T—i}le(r,q),Z,r)d z‘—jCVZr dr
ropo 0Zd 0

D, (r,¢zt)= lij H,(r,p,z,7)d r—ij H, (r,p,z,7)d r—ijz(pd T
ropo 0Zb 0

t t

rD,(r,p z,t)=a,, t+[H (r,q),z,r)dr+rin (I’,go,z,r)dT—ainlr(r,¢,Z,r)dz'—
70 Qo

n oro v

t 0t 10t
~Clv, dr+regE, BZr(r’%Z,t):EIEM(MD,Z’T)dT—F%Flz(r,(ﬂaz,f)df

0

t

8,10 20)= 1 [E, (1o ze)de— B (np2e)de s umH

0
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r Bzz(r,go,z,t): Qe t+jE1¢(r,(p,z,f)d T+ rijElw(r,(p, Z,T)d r—ijElr(r,go,z,r)d T
? 0 oro 8(00

o o
rDZr(r,go,z,t)zC?—%£Dm(u,go,z,t)du—agu D, (u,@,zt)du

r BZr(r,%Z,t):—%iBm(U,% z,t)du —%iu B,(u,,2,t)du

t t
mv, =e [aZErt+jElr(r,(p,Z,r)d T+a, o, t+a, [B,(rhez,7)dr+
0 v “0

+a,, }Vm (r, 0,7, z')d T+ jvw (r, 0,1, r) B, (I’, 0,1, r)d T}
0 0

t t
mv, =e| a,t +£El¢(r,(p, 2,7)d T+ a, o t+a, { B,(r.p,z,7)dz+

2¢

+chBZjVlr (I‘,(o,z,r)d r+jvlr (r,gz),Z,T)B1z (I’,(p,z,r)d z}
0 0
t t
[ t+[E, (r, 0,1, r)d Tta,, aZBwt ta,, | Bl(p(r, 0,7, T)d T+
0 0

+ 0, j’vlr (r,p,z,7)d 7+ jvlr (r,p,2,7) B, (r,p,z,7)d TJ
0 0

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

27

Oy :—2(.?]:.?" j[qu(r,go, Z’t)_slq(r’¢’z’t)] d q)d rdzdt
000 0 , ()

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

2z

@ ¢ -t TT[Hm(r,q),z,t)d(pdrdde
000

20, :(az“w ~ %) +£27z® LR?
LR

+.[ .”..[(VZZ_Vlz)dgodrdZdt
000

2Dy o

=0 a,, =0 azBZ:O azsr:O

LR e
———[[r[E,(r,pz,t)dpdrd zdt—@ﬁ—vz0
0 0 2m

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 and to obtain some quantitative
results. The obtained analytical results were checked by comparing them with the results of numerical
simulation.
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RESULT

In this section we estimate velocity of growth of epitaxial layers by using the following relation [20]
__Yi()A
N,eC(l+y)

: (6)

where Na=6.022x10%® mol? is the Avagadro number; A is the atomic mass of material, which is
sputtering in the considered magnetron; Y is the coefficient sputtering of atomic ions of the sputtering
material; j (r) is the discharge current density at the radius r; y is the coefficient of ion-electron emission
of material of the considered target. The Fig. 2 shows dependence of velocity of growth of sputtering
material on cyclotron frequency ax. Increasing of induction of magnetic field Bo leads to increasing of the
cyclotron frequency ax and to increase homogeneity of epitaxial layer and decreasing of velocity of
growth. The Fig. 3 shows dependence of velocity of growth of sputtering material on electric strengths
Eo. Increasing of the strengths leads to increasing of speed of transport of ions to target and appropriate
velocity of growth. 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.
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Fig 2: Typical dependence of velocity of growth 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 velocity of growth 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 velocity of growth 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 velocity of growth of sputtered material on electric strengths Eo. Increasing
of density of curves correspond to increasing of length of magnetron

CONCLUSION

In the present paper we analyzed mass transport during magnetron sputtering of materials. Based on
results of analysis we formulate recommendations to control of velocity of growth of epitaxial layers. We
also introduce an analytical approach for prognosis of mass transport during growth of layers in
magnetron.
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