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Abstract. Boundary conditions for Navier-Stocks equations in the case of strong boundary effect are derived. The boundary
function method is used to obtain the uniform asymptotic representation for distribution function in the Knudsen layer and

outside. Kramers' kinetic problem for the boundary function inside the Knudsen layer is formulated. Derived hydrodynamic

boundary conditions are applied to the film growth problem solution.
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INTRODUCTION

The problem of boundary conditions for rarefied gas flow was previously studied both analytically on the base of
Boltzmann equation [0] and numerically in the framework of DSMC approach. Correspondent publications are widely
represented in the proceedings of RGD symposia. For high Mach number flows as well as for flows with intensive
surface chemical reactions or evaporation the discrepancy of hydrodynamic parameters jumps on the surface obtained
in DSMC and predicted from correspondent expressions derived from Boltzmann equations was disclosed. In paper [1]
the hydrodynamic boundary conditions for the case of moderately strong evaporation/condensation and heterogeneous
catalytic reactions were derived for the first time. Their principle distinction from the boundary conditions obtained
for slightly perturbed gas consists in the values of the hydrodynamic parameters jumps. Generally used boundary
conditions assumes those jumps to be of the order of the Knudsen number, while obtained in [1] assumes them to be
of the order of unity.

The flow is described by the set of the Wang Chang-Uhlenbeck kinetic equations
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wherel ande are collision integral and the Knudsen numlf@rls the velocity of the molecules. We suppose that the

gas consists from the molecules of different sors1, . .., nwith the correspondent distribution functiofg{?c,f’,t).
Following [2] the distribution functiorf, will be represented in the fory = f0+ .. HerefQ = fMB is a Maxwell-
Boltzmann distribution that is determined by hydrodynamic parameters of the flow outside the Knudsen layer. As in [2]

the functiond, is expanded into series over small parametab, = S5 e o Usually this expansion is assumed

to begin from the term of the order &f If further to this perturbation of the distribution function caused by surface
chemical reactions or by high-Mach-number flow is small enougl®(¢)) one obtains the well known boundary
conditions with gas dynamic parameter jumps of the ordeg.dh our case we assume that the perturbation is not

so small and therefore this expansion begins from the term kvithD. Generally it will not allow to linearize the
Boltzmann equation and to obtain the analytical solution necessary for hydrodynamic boundary condition derivation.
Therefore we assume thé = O(qa), € < a < 1, a? < ¢. This allows to use the linear Boltzmann equation and

at the same time to obtain strong jumps of hydrodynamic parameters on the surfacetbgrismot of the order

of unity more precisely this situation should be announced as moderately strong jumps. It should be mentioned that
the same assumption towards the valuégfvas used for investigation of two component gas mixture with disparate
mass ratio [3].

The asymptotic method of boundary functions [4] is used to obtain the uniform asymptotic representation for
distribution function in the Knudsen layer and outside. Kramers’ kinetic problem for the boundary function inside the
Knudsen layer is formulated. Introduced function inside the layer is represert®(zg = ®3"(0) + MN(z1), where
®2U4js determined outside the layer using Chapman-Enskog method in the Navier-Stocks approximatiois; and



zis a co-ordinate, normal to the surfa€&; is a boundary function that vanishes outside the Knudsen layer and gives
the correction to the asymptotic behavior of the distribution function inside it. Since we assunhg ithamall enough
we deal with the integral-differential equation 1dg with linear collision integral. Using the model representation for
the collision integral this equation is solved that allows to obtain the hydrodynamic boundary conditions and therefore
determines the hydrodynamic parameter jumps.

Derived hydrodynamic boundary conditions are applied to the problem of film growtha #&i: H film formation
from the silane(SiHs) rf plasma is studied. The heterogeneous reactions of the silane and its ré8ieg)swith
different surface sites are accounted following the model described in paper [5].

KINETIC BOUNDARY CONDITIONS
The kinetic boundary conditions for equation (1) have the following form:
fe o= fo, fe |z—0= f', 2

wheref? is the Maxwell-Boltzmann distribution function far from the surface (at the infinity):
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nc is the numerical density of speciesindUy is hydrodynamic velocity. We will use boundary conditions femwith
the diffusive model for non-reactive reflection processes

fe = (1 ac)Aclfe ]+ e fE, (4)

wherea. is a sticking coefficienty. is the probability of depletiony < 0) or production {¢ > 0) of the particle of the
c-th type. The linear operatdy. conserve the mass flux of the componeand has the form:

\c[fe]= ch/c\f\/(fd,fc)[fEL (5)

wherePy. is the probability of the reaction— ¢/, and operatoW is defined as:
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Here &0 is the component of the vect@t normal to the surfaceff is the equilibrium distribution function of the
"evaporated" moleculesover the surface:
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whereUg is hydrodynamic velocity of the "evaporated” flux afglis the surface temperature.
Functionsf? and f€ can be expanded overthat is the parameter of nonequilibriutn>> a >> €, a? << £ and
expressed via the functiof}’ as follow:

3
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wheref¥ = (my/(2kgTym))¥/2e~™/keTWwVE a1 = (To— Tw)/Tw, Uc = (& —Uo), Uo = aUp, Ue = aUk.



SiHs DEPOSITION

The main contribution to the deposition process is given bySitg radicals. According to [5] six types of surface
sites are considered that are arranged into two types. The first one consis& &toms having one outward dangling
bond and one or tw&i— H bonds pointing outward from the surface. These dangling-bond sites will be marked as
SisP, sisitH, SiSiI—E with correspondent coverage densitflgs6; and 6.

The other type of the surface sites consists from the silicon aféirhaving at least on&i— Si bond with other
atoms from the film and at least o8&~ H bond pointing outward from the surface. The number ofShe H bond
can vary froml to 3. These hydrogenated sites will be markedsiSiH, SiSikb and SiSiH and the correspondent
coverage densities arés, 6, and6s. The following surface reactions will be considered:

1) The direct chemisorption &iHs radical on dangling-bond sit&iSP, SiSiH, SiSiH) with the newSi— Sibond
formation. The initial "sticking" probability?, for this reaction will be assumed to be equal to unRy= 1.

2) The thermal physisorbtion @&iHz with the probabilityPyn. These reactions form the three new sites on the
surface with the coverage densitiés; 8; and 6 corresponding to siteSiSiH, SiSiH andSiSiH; respectively.

3) The reaction of dimerization (gas-phase hydrogen molecule formation from two atomic hydrogens from neigh-
boring sites with released silicon dangling bonds saturation by each other) with the reaction proBahility

4) The hydrogen abstraction giving one dangling bond and one silane molecule which goes back in the gaseous
phase with the probabiliti?,.

5) The thermal desorption &iHz with the probabilityPyes

6) The diffusion reaction (hoping &iH; on the neighboring sites) with the probabilRy.

The corresponding probabilities are written in the Arrenius form.

Therefore three surface reaction channels can be distinguished:

1) Scattering reaction with the probability£ H, = 1, c = Sicg =2, ¢ = SiHy = 3) P = (1 p2), c = 1,2, 3, where
p2 = v2/u. is the adsorption probability of the partiateug is the adsorption rate, ang = nckgTw/(2 nm;kBTW)l/Z.

For the considered species the following expressions can be wiiften0, v3 = Py(6p+ 61+ 62)Nz3 + Pon(63+ 64+
95)['137 Ug =0.

2) Desorption with the probabilitp? = p2 pd, wherepd = vg/u. is the desorption probability of of the particles
ud is the desorption ratevy =Wy = Pyim(02 + 02 + 62), US = Pyed B+ 67+ 05), U =Ws = Pa(85 + 67 + Bs).

3) Probability of the reactios — ¢’ on the assumption of adsorption and diffusiorPfg = P§ paiff Py, Where
PLy = Ul /Uc is the reaction probabilityy, is the reaction rate of the reaction— ¢’: 053 = Pa(6s+ 67 + 6g), it
is taken as in [5].

As a result one can write the following expressions for these three channels of reactions:

1)ForHy: Pl=1, P?=0, P}=0

2) ForSitg:  P3 = (1—p2) = (1 (Ro(Bo+ 01+ B) + Pon( 83+ B4 + 65))ng/ 2 ),

PZ = (Po(B0+ 61+ 6) -+ Pon(63 + 64+ O5) ) Paed B + 67 + 6g)n3 /U3,

(Po(B0+ 61+ 62) + Pyn(63+ 64+ 65) ) B(1— 64) 64 PhPa( 6 + 67 + 6)N3
(1—6uRy)U32 '
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3)ForSiH:  Pi=1 P2=0, P}=0.
Taking into consideration the previous expressions, the boundary condition at the surfaitg; fran be written as
following: .
fo = (1= p)Ac+ (RE+PY)fE, ()

where operatoA|f; | is determined by (5) and (6) and the ker\né@g?é — .?c) fc(g?é) has the following form:
M >
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Taking into consideration expression (4) we can find the following relationships.fand y;:

aG=ps  =PE+RY (10)



KRAMER'S PROBLEM

In order to distinguish the intensive processes the semilinearization is performed by Chapman-Enskog expansion. We
look for the distribution function in the form:

fo(&e) = £2(&c) (1 + ade(&)), (11)

wheree < a < 1. After substituting this expansion into (1) and (2) one obtains the following set of equatiofs for
>0 1 af
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To solve the equation (12) the boundary function method is used. Fungtisndivided into the outside (of the
Knudsen layer) part and the internal function inside the Knudsen layer. The external decomposition of the distribution
function has the forng&t = ¢9+ ¢, while the internal one has the fopd™ = ¢S+ MNc(z), z2 = z/¢. The internal
decomposition can be rewritten as

L902(0)
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The boundary functiong* should satisfy the following asymptotic conditidimg, . n ( ;) = 0. After substitut-
ing the internal decomposition (15) into the kinetic equation (12) one obtains the following equatlﬁlfslfor

0 1
EoTne = UMYl &t = cLMEa)] (16)

For the functiong12! the following boundary conditions are used

0 _ ~
RolNE) = (1) 5% + LM =g Py — ) (e - 3/2)| -R99(0)), =0

1 5 1l . Al — 0 (17)
Re[Mg] = —Re[¢c(0)], 2 =0, Re[M=M"—(1-ac)A[N]", ¢c(0) = aWai,
]

wherea, =fi;, ay = lic, 8g = 8, andfi, {, 6 are the deviations from the equilibrium values of the numerical density
ne, hydrodynamic velocityl and the temperatufe respectively (index) denotes the equilibrium valuesy = no+fic,
U =Uo+0, T = To+ 6. These deviation-macroparameters can be expressed via the following invariants:

ey &—02-3)
Wei = {5cka (&i—Ui); \/6 ,i=0...4
fic = (Weo, fc); G = (Wai bc), 1 = 1,2,3; (18)

0= (Wor 0o (acbo) = [ deau(E)be(Ee) fo(Eo).
FunctiongZ(0) has a Navier-Stocks form

£95(0) =Ac-0INT —BcOUe+n Y B -,

di = Ox + (x —yi)0In(p), Xizlni/na Yi = pi/p

(19)



wherelﬁ‘C is the diffusion coefficient and; are the diffusion thermodynamic forcegsis the total pressure. Vectoﬁ"t
andA. and tensoB; are functions of.
Functiong 1! can be represented as a sum of two ones depending on co-ordinates tangential and the perpendicular
to the surface respectivelﬂg = h e hCZ , hCX = le‘lgl, hCZ = PZI‘IQ1 Operators, P, are the projectors to
the corresponding subspadgs= 7 (I —DX)(I —Oy), P, = 2(I +0xy), Oxf(x,y,2) = f(—x,y,z). Operators, P,
commute with the operatd:rtherefore we obtain two equations for each funcfignin their own subspaces

ahgC ahQC ah%c ahic 1
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The boundary condition fdnd. then has the form

A Nec/NeYe — 1 0 o\ ~ n
Rc[hgc] = ((EC/;VC +(1- ac)% - acng> Wi+ (Vcnec(UOZ— Uez) + acUOz) L)
c
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F}C[hgc] = (Vc (UOX Uex) Uxc+ C(cUOx> - Ugf\)c [chl]a
Py =1, Py = W, P3 = Wy, Py = Re [Wesl, W5 = R [Wedl-
where relationshipghc, UZCPi) =0, =0,4; (he, UzUx) = 0 are used. For functiorh%x andhéZ one has

Re[hi) = Re[med,  Re[htd = —Re[me, (22)

where pu )
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Functionshd;' can be represented &8 = — S¢_, g% p%". When using the asymptotic stipulatidim,, . h%" = 0

one finds the following gas-dynamic boundary cond|th\f§1 nﬁslpgkl =0, s=1,2. Finally the hydrodynamic

variables entering the Navier-Stocks equation thatrgseTo and Uo can be connected with true (in sense of [1])
boundary valueg:(0), U (0) andT (0) by the following equations:

ms (Nee/NeYe — 1+ (1— ac) AY) + ms(Me/ka o)™/ (yence/Ne(Uoz — Uez) + acUoz) — s (1— To/Tw) Ye Nee/Ne
+MggmET (0)/To + Mgsmis(Me/ke To) ™/?(U2(0) — Uoz) + Migo/n( Y Dl dai — Ache(0) /o) =0,  s=1,2,
.
BY (Yenee/Ne(Uox — Uex) + acUo) + B2 (Ux(0) — Uox) — BilcoBoxeylox = 0,
whereUs is the parameter of§ function and in the case of the chemical reaction it should be set to Ia@is(inl()a

mean free path for-th particle:lp = (v/2nmo?)~*
The expression for the velocityp,(0) can be derived from the boundary condition (9) by integration éver

Z/dfc écfe(ée) = Z ac g Pec / dfc Ec EC (25)

&n<o
[keTw mUd?\ | o [ TMe n [ Me
fc| — .
+ z Velleey | 5 e [exp( T +Ug kT, e U T
In the case of BGK model for the collision integtghl;", fo] ~ —h); + A[h%] one obtains the following equations

for functionsgy*
1
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can be rewritten as the integral ones

—(s—¥) —(s—9)
s EE— 0 EE—
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In our case the BGK model has the following form
— mpuZ -3 (O (0 Mw3-3
A=act8(FE) e o, b= (k). (28)

By calculating the scalar produ@?, ¥;), i = 0,4 the following integral equations fan, andt, = \/ge are obtained

W = Zk(s) +/Owd§ {(Koo(|5—§|) +Woo(s,8)) ax(S) + (Koa(|s— ) +W04(S,5'))Tk(5/)},
o (29)
T = Tk(s) JF/O ds {(K40(|5*5[|) +Wao(s,S)) ax(s) + (Kaa(ls— 1) +W44(3»51))Tk(5l)},

where

Zk(s) = <‘P07 Yie (S SI)/UZ>, Tu(s) = <W47 e (- 5’)/Uz>,

Kij = <Wi, Ll"juizei(sis,)/uz>7 W =—(1- p3) <LIJie7(st,)/UZ7 Ao [%ei(sfg)/uﬂ >

z

(30)

The expressions for the momeni§fL and Tkl have the same view. The coefficients in the gas-dynamic boundary
conditions are related with the solution of the integral equations as

mgy = lim s, m, = lim 7. (31)

CONCLUSION

The boundary conditions problem for rarefied gas flow has been considered and the boundary conditions for Navier-
Stocks equations in the case of strong boundary effect were derived. The boundary function method was used to
obtain the uniform asymptotic representation for distribution function in the Knudsen layer and outside. Kramers'
kinetic problem for the boundary function inside the Knudsen layer was formulated. Derived hydrodynamic boundary
conditions are applied to the film growth problem solution. The obtained result shows that in the case of the strongly
perturbed rarefied gas flow the boundary function in the zero order approximation should be taken into account. It gives
an appreciable correction into the hydrodynamic boundary conditions and therefore into the hydrodynamic parameter
jumps.
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