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Measurement of the chemical composition of gases sampled through a small hole in the subs-
trate can be a useful diagnostic for investigations of the chemistry of chemical vapor deposition
(CVD) processes. Ideally, one would measure the composition of the gas at the growth sur-
face. However, the flow disturbance due to sampling causes the conditions at the mouth of
the orifice to be different from those at the growth surface. Unless the orifice diameter is suffici-
ently small, relative to the thickness of chemical and thermal boundary layers above the growth
surface, the sampled composition will differ from the composition at the growth surface. In
this work, we present results of two-dimensional simulations of the flow, heat transfer, and chemical
reactions in an axisymmetric stagnation point flow with gas sampling through a small orifice in
the substrate on the symmetry axis of the flow field. Detailed results are given for
atmospheric-pressure radio-frequency plasma CVD of diamond, corresponding to experiments
performed in our laboratory. We also present more general results, approximate analytical
representations of the flow field, and scaling rules for the size of the disturbance due to the sampling
orifice. © 1999 American Institute of Physids$1070-663(99)01204-(

I. INTRODUCTION these experiments, diamond was deposited on a molybdenum
Gas sampling through an orifice in the substrate, foI-SUb,?trateI at atmosph(te_nc pr_(tassure u3|n9[ha rad!ofrelquency n-
lowed by gas chromatographic or mass spectrometric anal uction plasma operating with argon as Ih€ main plasma gas.

thane and hydrogen were the reactants, with typical inlet

sis of the sampled gases, has been used to investigate thg™ . .
chemistry of a wide range of chemical vapor deposition ,:H,:Ar ratios of 1:50:500. Gases were sampled through a

(CVD) processes. Systems where this technique has begﬁ) pm orifice at the center of the substrate and analyzed by

applied include combustion CVD of diamohdiot filament 925 ch7romat_ography. A two-dimensional model of the
CVD of diamond? atmospheric-pressure radio-frequencyplasmé predicted peak temperatures above 10000 K. For

plasma CVD of diamond;® microwave plasma CVD of typical conditions, that model predicted that the 4000 K iso-

diamond® plasma-enhanced CVD of diamondlike carbon, therm i_s approxima’Fer 2_mm from the substrate. A one-
laser-assisted CVD of germanidithermal CVD of AIN d|menS|ona_1I_stagnat|on point flow model was used tq model
from ((CH3)2AINH2)3,9 MOCVD of GaAsloll photo- the deposition _a_nd boundary layer chem|st_ry,_ with the
assisted CVD of $N,,*2 tungsten CVD? and laser-induced freest.ream .COI’ldItIOHS obtained from the preo!lcnons of the
CVD of amorphous hydrogenated silickhin several of two-dimensional pla}gma model at the 4000 K__lsqtherm_. The
these studies?* measured concentrations were explicitly freestream composition was taken as an equilibrium mixture

compared to one-dimensional simulations of a chemically’f Ar,ll-7|, H,, and the ¢ and G hydrocarbons at 4000 K and
reacting stagnation point flow computed using the SPINt &m-"A third model predicted composition changes in the
codd® from Sandia National Laboratories. In other casesSampling line to the gas chromatograpt. The stagnation
though such explicit comparisons were not made, the compoint flow model predicts chemical boundary layer thick-

position of the gas entering the sampling orifice was assume@€Sses comparable to the orifice diameter for some species. It
to be identical to the composition at the film surface. ThisWas also found that the predicted concentrations at a distance

neglects any effects that the flow into the orifice has on th@f 200 «m above the substrate surface were in much better
flow, temperature, and concentration fields in its vicinity. ~2greement with the measured concentrations than were the

Our interest in exploring the effect of these Samp"ngpredicted concentrations at the surf4cehis suggests that

distortions arises from the experimental and modeling stugS@MPpling distortions due to the flow into the orifice are im-

ies of atmospheric-pressure radio-frequency plasma CvD dportant in this system.

diamond performed previously in our laboratdfyt®17n Sampling distortions in molecular beam mass spectrom-
etry (MBMS) of reactive species in flames have been con-
sidered by several authors. Flame sampling is a similar, but
Current address: Department of Chemical Engineering, University at Buf-nOt ld?ntlcal prObletm to the. one ConSIder.e.d here. In flame
falo (SUNY), Buffalo, New York 14260-4200. Electronic mail: sampling, the goal is to obtain the composition of the unper-

swihart@eng.buffalo.edu. turbed flame, the situation that would exist if no sampling
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probe were present at all and, therefore, no surface reactiongork, first order upwinded differences were used for the den-
occurred. In sampling through a CVD substrate, the goal isity, second order upwinded differences were used for the
to measure the concentrations that would exist at the surfacgelocity components, and central differences were used for
if it did not have a hole in it, with the surface reactions the enthalpy and species mass fractions. The flow was treated
undisturbed. What the two situations have in common is as compressible, and variations of thermodynamic and trans-
shifting of the isotherms and composition profiles toward theport properties with temperature, pressure, and composition
sampling orifice due to the flow into it. An early analysis of were accounted for. Temperature and composition dependent
MBMS sampling from flames was presented by Hayhurstmixture viscosity, thermal conductivity, mixture-averaged
Kittelson, and Telford?=! who used simple analytical ap- diffusion coefficients, and thermal diffusion coefficients
proximations to the flow field to estimate the disturbance ofwere obtained from the kinetic theory of gaSesith
the flame due to flow into the probe and due to the boundaryennard-Jones parameters taken fromahemMKIN transport
layer formed near the probe entrance. Later, Yi and Kifuth property library?® Thermodynamic properties of the chemi-
studied the shift of concentration profiles due to flow into acal species were taken from tl@EMKIN thermodynamic
sampling cone by performing two-dimensional calculationsdatabasé® The cFD-ACE program was augmented with rou-
for inviscid flow, diffusion, and a single first order chemical tines to allow calculation of the thermal diffusion coeffi-
reaction in a binary mixture. Knutff,and Smith* have re-  cients using the rigorous methods of theEmKIN transport
viewed these and many other studies of composition distorpackage’® and with routines to solve for the fractional cov-
tions in MBMS sampling. erages of the surface species and to couple the rates of sur-
One goal of the present work was to quantitatively de-face reactions to the gas phase species continuity equations
termine the effect of distortions due to flow into the samplingthrough their boundary conditions at the growth surface.
orifice  on measured species concentrations duringurRFACE CHEMKIN® was used to manage the surface reaction
atmospheric-pressure radio-frequency plasma CVD of diamechanism and to compute reaction rates of surface reac-
mond under the conditions used in our laboratory. An additions, while the built-in capabilities afFp-ACE were used to
tional objective was to generalize these results to allowhandle the gas phase chemistry. The computational domain
simple calculation of the approximate extent of the samplinds sketched in Fig. 1, where we have indicated the boundary
disturbance under conditions relevant to other CVD proonditions used. This geometry corresponds to the sampling
cesses. To do this, we have performed two-dimensionadrifice used in the experiments presented in previous work
simulations of the near-orifice region of a stagnation pointfrom this laboratory:®
flow in which there is critical flow through a small orifice For simulations used to obtain quantitative results corre-
located on the axis of the flow. For conditions correspondingsponding to experiments performed in our laborattsge
to experiments from this laboratory that have been presentesbove, detailed reaction mechanisms were used in both the
previously}® simulations that included detailed diamond gas phase and on the surface. In the gas phase, a mechanism
CVD chemistry in both the gas phase and on the surfaceonsisting of 27 reactions among 16 spedids, H, Ar, and
were carried out. To generalize the results, we also perthe G and G hydrocarbonswas used. This reduced mecha-
formed less computationally expensive simulations, includnism was obtained from the larger set of reactions reported
ing only three species and a single surface reaction, over @sewheré" by application of the mechanism reduction based
range of pressures, total flow rates, orifice diameters, andn principal component analysi$.The larger mechanism
freestream and substrate temperatures. These results angon which this reduced mechanism is based contains the
compared to results based on simple, analytical streamfunéydrocarbon reactions found in the GRI mechanism for
tion representations similar to those used by Hayhurst, Kitmethane combustidhaugmented by additional reactions in-
telson, and Telford® Approximate scaling rules for the size volving atomic carbon, and with some rate parameters up-
of the sampling disturbance are obtained from the resultsiated based on more recent results. The extended growth-by-
These can be used to estimate the effects of sampling undgtethyl mechanism of Yu and Girshi¢kbased on the Harris
other conditions. mechanisni? was used at the diamond deposition surface.
Simpler simulations were also performed, in which only H,
H,, and Ar were included, and the only chemical reaction
was H atom recombination at the surface with a recombina-
The numerical simulations presented in this work weretion coefficient of 0.16.
carried out using the commercial finite volume based com-  For the simulations including detailed chemistry, the ex-
putational fluid dynamics coderp-AceE?® The solution pro-  panding portion of the domain downstream of the sampling
cedure used in this code is essentially that presented hyrifice was omitted. The pressure profile at the orifice exit
Patankar® with the additional capabilities of using multiple calculated without detailed chemistry was imposed as a
domains, body fitted coordinates, and higher-order differencboundary condition for the simulations that included detailed
ing schemes. The equations solved were the mixture contchemistry. The velocity profile at the orifice outlet obtained
nuity equation, the axial and radial momentum conservatiomsing this pressure boundary condition was identical to that
equations, the energy conservation equation, a continuitgbtained with the larger domain. Solutions of the quasi-one-
equation for each gas phase chemical species, and a surfadiemensional stagnation point flow problem, for comparison
species conservation equation for all but one of the surfact the two-dimensional results, were obtained using the SPIN
species. These equations are summarized in Table I. In thisode from thecHEMKIN package® These included the same

Il. SIMULATION METHODOLOGY
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TABLE I. Governing equation8.
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¥ =radial coordinatez=axial coordinatey=axial velocity,v =radial veloc-
ity, T=temperaturep=density,p=pressure)Y,=mass fraction of species
k, X,=mole fraction of speciek, 6,=fractional coverage of surface species
k, hy=molar enthalpy of specidg r=stress tensolp,=molar production
rate of specie& by gas phase reactions,=number of gas phase species,
s,=molar production rate of speciésby surface reaction ;=number of
surface specieC,=mixture specific healC,,=specific heat of specids

A =mixture thermal conductivityl), =axial diffusion velocity of speciek,
V\=radial diffusion velocity of specids D,,,=mixture-averaged diffusion
coefficient of speciek in the mixture,M =molecular weight of specidg

D, =thermal diffusion coefficient for specids
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FIG. 1. Sketch of computational domain showing the boundary conditions
applied. Variables are defined in Table I.

chemistry as the two-dimensional simulations. The pressure
profile boundary condition applied along the radial outflow
boundary of the domaifp;(2) in Fig. 1] was obtained by
integration of the axial momentum equation for the quasi-
one-dimensional stagnation point flow using the velocity,
density, and viscosity profiles predicted by the SPIN code.
Therefore the imposed pressure boundary condition was the
pressure profile that would be present in an ideal stagnation
point flow. This boundary condition was necessary to
achieve quantitative agreement between the quasi-one-
dimensional solution and the two-dimensional simulations at
points radially distant from the orifice.

Ill. RESULTS AND DISCUSSION
A. Typical results

Typical isotherms and streamlines are shown in Fig. 2.
These are for a freestream velocityyf of 10 m/s, an up-
stream pressurgpy=p1(z=0)] of 1 atm, a freestream tem-
perature T,) of 4000 K, a wall temperaturel(,) of 1200 K,
an orifice diameter of 7Qum, and a downstream pressure
(p,) of 20 Torr. These are conditions corresponding to the
experiments and calculations presented by Girshick, Li, Yu,
and Han'’ Only the streamlines near the orifice are shown.
The streamlines are those of an ideal stagnation point flow,
except near the sampling orifice. Likewise, the isotherms
(and concentration isolines, not showare parallel to the
substrate far from the orifice, as they would be in an ideal
stagnation point flow. Compressibility effects are not signifi-
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Isotherms Streamlines For the conditions of Fig. 2, the separation streamline
T between flow that enters the orifice and flow that exits radi-
ally meets the substrate at about 0.4 mm from the symmetry
axis. The radial position of this stagnation ririlgereafter
denotedRgy) is one measure of the size of the disturbance
due to sampling. Significant distortion of the isotherms is
observed near the orifice. The radial extent of this distortion
is comparable to the stagnation ring locatiéty;. Another
measure of the size of the disturbance is the axial distance by
which the isotherms are shifted at the center of the orifice.
Tompesatuwe (K] We define this shifthereafter denoted;) as the distance

4000 i § from the substrate, at points radially distant from the orifice,

! for which the temperature is equal to the temperature at the
center of the orifice. For the case shown in Fig. 2, this shift is
about 70um. There are corresponding shifts of the concen-
tration isolines for each chemical species. The distortions in
the concentration profiles are coupled to each other and to
the distortions in the temperature profile by gas phase reac-
tions, since the rates of these reactions are highly tempera-
ture dependent. These shifts in the isotherms and concentra-
tion isolines will significantly affect the concentration of a
species entering the orifice if they are comparable to the
thickness of the chemical boundary layer for that species.

B. Results from simulations with detailed chemistry

FIG. 2. Typical flow and temperature fields from two-dimensional simula- . . lati includi il
tions. Boundary conditions ar&;=4000 K, uy=10 m/s, po=1 atm, As described above, simulations inc Udmg detailed

T¢=1200 K, p,=20 Torr. chemistry corresponding to the diamond deposition experi-
ments described by Lindsay, Larson, and Girshigkre per-
formed to determine quantitatively the effect of the sampling

cant in the region upstream of the orifice. For the conditionglisturbance in those experiments. Figure 3 shows results of

of Fig. 2, the Mach number is 0.38 at the center of the orificecalculations corresponding to deposition at a substrate tem-
mouth and the pressure is 0.89 atm. perature of 1200 K, a pressure of 1 atm, an orifice diameter
Under all conditions considered here, the flow throughof 70 um, and an input methane to hydrogen ratio of 2%.
the orifice is choked and reaches a Mach numbeMefl  Figure 4 shows corresponding axial species profiles on the
just before the orifice outlet. For the conditions of Fig. 2, theaxis of symmetry and 2 mm from the axis of symmetry for
total mass flow through the orifice is about 2107 kg/s.  several compounds of interest in diamond deposition. For

The maximum gas velocity is about 1100 ni$=2.1), on  acetylene, shown on the left-hand side of Fig. 3, the concen-

the centerline, about 0.1 mm past the orifice exit. This exiration boundary layer is thick compared to the size of the

pansion is followed by a recompression with slight overcom-sampling disturbance, and the acetylene mole fraction at the
pression, then relaxation to the final pressure. This is therifice is only slightly different from its value at the growth

expected behavior downstream of the orifice. For the condisurface away from the orifice. However, methane is formed
tions of Fig. 2, the first shockexpansionwas located about in a boundary layer whose thickness is comparable to the

0.03 mm before the orifice outlet, and the second sioek dimensions of the sampling disturbance, and therefore its

compressiopwas about 0.35 mm past the orifice outlet, onmole fraction at the orifice is substantially different from its

the centerline. Due to boundary layers on the walls, thesgalue at the growth surface. Similar observations can be
shocks were not perpendicular to the walls. Since our focumade for the other species shown in Fig. 4. Mole fractions of
was on the behavior upstream of the orifice, we did not atall of the species at the orifice center, at the growth surface,
tempt to sharply resolve these shocks. The length of the daand averaged over the flow through the orifice are given in
main downstream of the orifice did not affect the flow, pro-Table Il. The difference between the mole fractions of spe-
vided that it was sufficiently long that radial pressurecies at the growth surface and at the orifice ranges from
gradients could be neglected and a constant pressure bourabout 2% for argon, § and GH,, to several orders of mag-
ary condition could be specified at the outlet. The down-nitude for trace species that are formed or destroyed in a very
stream pressure did not affect the flow upstream of the orithin region near the surface.

fice. Changing the downstream pressure by a factor of 2 in For each species we can define an effective sampling

either direction changed the mass flowrate into the orifice bylistance ¢,) as the distance from the substrate, at points

less than 0.1%. The downstream flow will not be consideredadially distant from the orifice, where its mole fraction is

further, since it does not significantly affect the flow up- equal to its mole fraction at the center of the orifice. Table Il

stream of the orifice. presents these effective sampling distances. These range
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Acetylene Mole Fraction Methane Mole Fraction

FIG. 3. Acetylene and methane concentration profiles from two-dimensional simulations including detailed gas phase and surface chemistry. Conditions are
the same as in Fig. 2. The freestream composition is an equilibrium mixture of the sixteen species considered at 4000 K and 1 atm with atom fractions of
40.3% H, 59.1% Ar, and 0.54% C.

from 31 to 160um, depending on the diffusion coefficient of orifice, D, ,,=mixture-averaged diffusion coefficient for spe-
the species, its unperturbed concentration profile, and how ities k, a=a constant of proportionality, 0.19 in Yi and

is coupled to the other species by reaction. The correspondknuth’s work??

ing shift in the isotherms & as defined aboyeds 60 pm. The final column of Table Il gives the value éf from

This is comparable to the shifts in the concentration isolineshis expression for each species, with the constant of propor-
for most of the species. Yi and Kndfhfound, in their simu-  tionality set ate=0.163, which gave the best agreement with
lations of flow into an orifice at the tip of a sampling cone, the detailed calculations when,HAr, CH,, CHs, and GH,

that the effective sampling distance for species whose chawere excludedsee footnotes to Table)lIFor these species,
acteristic reaction time was larger than the characteristic flowhere is reasonable agreement between the prediction from

time was approximately given by Eqg. (1) and the observed value ofy). Thus, Eq.(1) can
S give a useful, semiquantitative estimate of the sampling dis-
Ek =a Pe,(;5 , (1)  tance for species that have a significant concentration gradi-

ent near the surface and for which the concentration in-
where d=orifice diameter, Rg,=Peclet number for mass creases or decreases monotonically over a distance of a few
transfe=Re S¢=u,d/D,,,, U,=average velocity at the orifice diameters from the surface. The concentrations of

species without a significant concentration gradient near the

surface will be unaffected.

o We would expect the effective sampling distance to de-

' H pend only on the Peclet number if the only processes gov-
erning the species concentrations were convection and mo-
g lecular diffusion. In this reactive flow, gas phase reactions,
107} 1 surface reactions, and thermal diffusion lead to dependence
on other dimensionless quantities in addition to the Peclet
22 number. In principle, the effective sampling distance for
each component should depend on its thermal diffusion ratio
[which can be defined dsr:DI/(kaka) in a multicom-
ponent syster its gas phase Damkter numbefdefined as
Dag=(&)kd2)/(ckam)] and its surface Damkder number

[defined as D@:(ékd)/(ckanQ]. These numbers are de-
fined based on reaction rates and diffusion coefficients at a
particular location. It may not be possible to define a repre-
0 0.5 1 15 2 sentative production rateo{) for a species, since that quan-
Distance from Substrate (cm) tity may change by orders of magnitude over distances com-
_ _ . o (ﬁarable to the orifice diameter. We evaluated these three
FIG. 4. Concentration profiles for several important species in diamongyimensionless groups using the concentrations, properties,
deposition from the same simulation presented in Fig. 3. Solid lines are the . .
axial profiles at radial positions far from the orifice, and the dashed lines arétnd production rates at the S_UbStrate _Surfaf:e and examined
the profiles along the symmetry axis. the dependence of the effective sampling distance on them.

Mole Fraction
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TABLE Il. Species concentrations.

Mole fraction Mole fraction Mole Effective
at averaged fraction sampling Estimated
orifice over at distance §,) S from Eqg. (1)
Species center outflow surface (um) (uem)
H, 2.31x10°t 2.34x10°t 2.37x10°! a 38
CH, 2.71x10°° 3.93x10°° 9.87x10°° 88 74
C,H, 5.90x10°¢ 1.13x10°° 3.83x10°° 82 86
Ar 7.44x10°t 7.43x10°1 7.54x107t a 160
CH, 3.12x10°° 2.84x10°° 1.84x10°° 43 74
H 2.12x10°2 1.97x102 5.31x10°° 46 31
C,Hg 5.72x107° 2.30x10°8 1.79x 1077 81 90
c 5.05x107° 4.39x10°° 1.07x10°° 89 64
CH 1.76x10°© 1.32x10°® 1.69x10°7 88 60
3CH, 5.98< 1078 4.95<10°° 2.63x10°° 153 73
C, 1.96x10°8 1.24x10°8 5.18x 10710 81 76
C,H 4.74x1077 2.77x1077 6.34x10°° 61 85
C,H, 3.57x10°3 3.54x10°3 3.49x1073 a 85
C,H; 5.38< 108 8.54x10°° 1.62x10°° 85 86
C,Hs 6.98<10°° 2.24x10°8 1.50x10°7 80 90
ICH, 1.12x1077 7.81x10°8 9.22x10°° 58 73

aThe effect of the sampling disturbance on the concentrations of these species is negligible.

PCH, behaves anomolously because its unperturbed concentration profile goes through a maximum about 80
wm from the surface.

°CH, behaves anomolously because its unperturbed concentration profile goes through a minimum albout 25
from the surface.

The effective sampling distance appeared to correlate withised. The revised reaction mechanism, when sampling ef-
Da, and withky, but we do not have a sufficient number of fects are also properly accounted for, gives good agreement
results over a large enough range of these parameters tath the experimentally measured concentrations of the
make any general statements about this dependence. The efable hydrocarbori.
fective sampling distance did not appear to depend signifi-
Cantly on D@, but again there is insufficient information to C. Comparison of detailed simulations to S|mp||f|ed
generalize. streamfunction expressions

In previous modeling of the diamond deposition experi-
ments to which these calculations correspditdwas found
that there was significant disagreement between the conceﬁ
trations measured in a sample withdrawn through the @0 y
orifice and the predictions of the gas phase concentrations %

The flow field from the two-dimensional simulations
resented here can be reasonably approximated by an ana-
tical streamfunction. In their analysis of sampling effects in
olecular beam mass spectrometry from flames, Hayhurst,
ttelson, and Telfor® approximated the flow field using

the surface obtained from a one-dimensional boundary laye - ) S
e superposition of the streamfunctions for inviscid, incom-

model that did not account for perturbations due to the f|0V\} . . . T
into the sampling orifice. It was speculated that this differ-presslble flow against a flat plate and into a pqmt sink. If we
ence might be due to sampling effects. This hypothesis wa%doD(tj.the slam_;a approach,tthe streamfunction and corre-
based on the observation that the measured concentrationgo 'ond Velocity components are

agreed reasonably with the gas phase concentrations pre-

dicted by the model at a position 2Q0m above the growth ) mz
surface. The simulations presented here, and others not pre- ¥(r,z)=2kr<z— \/ﬁ (2
r’+z

sented, showed that sampling effects could not fully account
for the discrepancies. However, they also showed that sam-

pling effects were significant, and that inclusion of these ef- 19y mz

fects moves the model predictions closer to agreement with U= — — — = —4kz— , 3
the experimental observations. For example, as seen in Table r or (r>+ z2)%7?

Il, sampling effects can cause the sampled,@dncentra-

tion to differ from the concentration at the surface by more

than a factor of 2. The previous calculations used the reac- 19y mr

tion mechanisms presented by Yu and GirsHicand by PU:FEZZKV_UZJF—ZZ)W’ (4)

Lindsay'® More recent calculation¥, that used the same
reaction mechanism as the present work, showed that thehere i(r,z)=streamfunction (lines of constanty are
bulk of the discrepancy between the model and experimergtreamlinel r=radial coordinatez=axial coordinate, with
was due to inadequacy of the gas phase reaction mechanighre orifice in thez=0 plane;p=density; u=axial velocity;
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Detailed Simulation Simplified Streamfunction
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FIG. 5. Comparison of streamlines from a complete two-dimensional simulation to the simplified streamfunction given(®yifEthe text. Boundary
conditions areT ,=4000 K, uy,=10 m/s,py=1 atm,T;=1200 K, p,=20 Torr.

v=radial velocity; m=m/(2#)=(total mass flow rate into tions_by making modifications that_r_equire it to sat?sfy more
sink/(27); k=—(poUo)/(4zo); and py, Up=density and physmally realistic bpundary cor_ldltlons. For _predlctlr_lg the
axial velocity in a reference plane 2z, axial extent of the dlsturpance, it seems pa_mcylarly impor-
The first term on the right-hand side of each expressiof@nt that.the stre_amfunctmn result in a velocity f|eId. that_he_ls
describes the flow against an infinite plane, and the secorgf™ radlgl velocity at the s.u.bstrate surface so that it satisfies
term describes flow into a point sink. The streamfunctionth® No-slip boundary condition there. Several modifications
formulation guarantees satisfaction of the overall continuity!® E- (2) that satisfy appropriate boundary conditions for
equation, but the velocity components are not required téhis problem ¢y=u=v =0 atz=0, y=-mandv =0 atr=0,
satisfy any momentum balances. Figure 5 compares th@nd #=2Kr’z atz=z) were investigated. The simplest ex-
streamlines from the above streamfunction to those from th@ression that was found to give significantly improved agree-
detailed simulation for the same conditions described in thénent with the numerical simulations was
previous section. The sink strendim) was set to match the

3 2
flow. rate 'throug'h the orifice from the two-dimensional nu- W(r,z)=2kr?z| (a—2) i +(3-2a) i +ai
merical simulations, and the reference plafze-z;) was Z Zy Zy
taken to be 2 mm from the substrate. This was the inflow 2

boundary location for the detailed simulations. This simpli- m (6)

fied streamfunction gives a reasonable approximation to the \/(r2+zz)((ﬂr)2+22)1

flow field. A useful result from the simplified streamfunction

is the simple scaling rule that it provides for the size of thewhere« and 8 are dimensionless constants.
disturbance in the flow field. The location of the stagnation ~ We treat the dimensionless numbersand 8 as free

ring (Rs) can be obtained by solving for the radial position parameters that may be used to match this streamfunction to
of the stagnation streamlings&0) and taking the limit ag  those from the detailed simulations. Constant values €

goes to zero. This gives and B=1 gave good results for the range of conditions stud-
ied in this work(see below. Figure 6 compares this stream-
m\ 3 function (with «=9 and 8=1) to the detailed simulation
Rst=(ﬂ) , (5) results for the same conditions shown in Fig. 5. The agree-

ment is much improved, particularly for the location of the
stagnation streamline. Similar agreement was observed for a
which upon substitution of expressions forandk gives the  range of other conditions, using the same values ahd .
dependence of the radial extent of the flow disturbance ofhis expression predicts that the radial position of the stag-
operating parameters such as temperatures, freestream velo@tion ring will be given by
ity, pressure, orifice diameter, etc. va

The above streamfunction may be improved to give bet- | M4
ter agreement with the flow field from the detailed simula- St_(Za,Bk>

)
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FIG. 6. Comparison of streamlines from a complete two-dimensional simulation to the simplified streamfunction given(@®yifEthe text. Boundary
conditions areT ,=4000 K, uy=10 m/s,py=1 atm,T;=1200 K, p,=20 Torr. Parameter values in E@) are =9, f=1.

which has a slightly weaker dependenceRyfon the oper-  course, this scaling cannot be obeyed for large values of the
ating parameters than expressi@. Reynolds number, since as Ree, the discharge coefficient
must go to ondfrictional losses will be negligible For the
orifice geometry considered here, this correlation allows us
to estimate the discharge coefficient, and therefore the flow
through the orifice. Note that an iterative process is required,
since the Reynolds number depends on the flow through the
To predict the size of the flow disturbance, we first needorifice. It is also easy to measure the total flow into the
to calculate the mass flow rate through the orific®) (For  orifice experimentally. In the remainder of this work, we will
isentropic, adiabatic choked flow through an orifice of diam-
eterd, the mass flow rate is given &

D. Predicted and observed scaling of the flow
disturbance

0.6
[(y+D/2(y-1] [
= i ﬂ(wdz)po, (8) . 0"
y+1 RTo 0.5 |
3 ‘Q” .

wherey is the specific heat ratidyl is the molecular weight 'S 0.4 ’(
of the gasRis the universal gas constaily is the upstream ‘é . ’.
temperature, ang, is the upstream pressure. Since a real & g3 | .
flow is neither isentropic nor adiabatic, the actual mass flow g *
will be lower. Equation(8) is generally multiplied by a dis- g 02 |
charge coefficient€p), which is an empirical factor relating '§ ' *
the observed flow rate to the theoretical flow rate fr(8n a
Cp depends on the orifice geometry and the flow conditions. Tt o
Measurements and correlations ©f for different orifice
geometries and conditions are available in the literatti?é. 0.0 , - , -
Comparing results of our detailed flow simulations to Eq. 10 15 20 25 30 35
(8), with Ty and y evaluated at the substrate temperature, (Re)**

Y ischar fficients in the ranga,=0.
gave discha ge coetiicients the rang&,=0.08 to FIG. 7. Dependence of the discharge coefficient on the Reynolds number.

Cp=0.56. As can be seen in Fig. 7, the discharge Coef-ﬂCIer"I'he Reynolds number for the flow into the orifice is defined aw/(#du),

was found to scale with the square root of the ReynoldsWherer'n is the mass flow rate into the orificd,is the orifice diameter, and

number. In this figu_re, both the Reynolds number and(Bq. w is the dynamic viscosityevaluated at the conditions at the substrate
were evaluated using conditions at the substrate surface. Giirface.
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assume that the mass flow rate through the orificg (s by changes in the inlet velocity. The decrease in the stagna-
known, either from a correlation like the one in Fig. 7 or tion ring radius with increasing inlet velociffig. 8(c)] re-
from experiment. flects the fact that for an increasing inlet flow rétecreasing

To test the expected variation of the sampling distur-Strength of the stagnation point flguthe constant flow rate
bance with reactor conditions, a set of fifty simulations wasthrough the orifice is a decreasing fraction of the total flow.
conducted with only three chemical species H,, and A, Changing the substrate temperature at fixed inlet temperature
the substrate surface. The base conditions for these simul@ation point I|8;N. The flow rate into the orifice decreases
tions were those given above for the simulations that infoughly asTs S0 the stagnation ring radius decreases as
cluded detailed chemistry. These correspond to our atmcOmething likeTs™™* consistent with the weak dependence
spheric pressure radio-frequency plasma CVD system, whe@Served in Fig. @). Increasing the inlet temperature de-
the boundary layer above the substrate is quite thin and the§€2ses the mass flow rate of the stagnation point flow, due
sampling effects are more likely to be important than into the decrease in the inlet densftyith fixed inlet velocity.

lower temperature systems. Five parametges @, Uy, To It has little effect on the flow into the orifice, since the den-
andT,) were independently varied, and measures of the sizéity near the orifice is set by the substrate temperature. As the

of the sampling disturbance predicted by the numerical simu!—nlet temperature is increased, the flow into the orifice is an

lations were compared to simple scaling rules. The Iocatioﬁntcre"’lst'.ng fract!on of th;. total flow, aﬂ? th?l_ rf}? lus of the
of the stagnation ringRg) is a good measure of the radial stagnation ring increas¢sig. 8e)], roughly asTo ™

) : The axial extent of the sampling disturbance does not
extent of the disturbance, and can be predicted from(®q. . . )
P (& orrelate directly with the radial extent. A good measure of

or (7). Figure 8 compares those predictions to the predictionﬁje axial extent is the shift of the isotherm corresponding to

O:ézgudrztg")e do?il;ir:eegfjﬁgrgl?rgsé;?rre\;?ﬁtggg \th)h the temperature at the center of the orifice. The isotherm shift
P 07 ' Yo), (67) is defined as the distance from the surface, at points

substrate temperaturd@ ), and freestream temperaturgg]. ; o :
The solid lines are the predictions frof), and the dashed radially far from the orifice, where the temperature is equal
P ! to the temperature at the center of the orifice entrance. If the

lines are those frong7). For _this range of conditions, these nergy balance equatigsee Table)lis made dimensionless
EXpressions capture essen.tlally.the correct dependenf;e of tﬁﬁd the terms corresponding to compressibility, reaction, and
radial exte_rll_':].of tﬂe sampling d|s(t:igrban0(la on thesg five paépecies diffusion are dropped, the Peclet number remains as
rgmeters. IS allows us to pre ,'Ct’ "’,‘t east semlquant.ltathe only dimensionless parameter in the equation. Therefore,
tively, the radial size _Of the sampll_ng dlsturbarjce and, USINGyhen convection and conduction dominate the effects of
Eq. (4) or (6) 10 obtain an approximate flow field for arbi- compressibility and reaction, the solution will depend only
trary conditions. . on the Peclet number. In analogy to Edj) and the work of
As can be seen from Eq) and(7), the location of the  vj ang Knuth?2 we expect that the isotherm shifs{) will

stagnation ring depends on the ratio of the strength of theg proportional to the square root of the Peclet number,
flow into the orifice(of which mis a measureto the strength

of the overall stagnation point floof which k is a mea-

surg. The change in the stagnation ring position with pres- 5, 05

sure[Fig. 8@] arises from the increased volumetric flow rate 5~ Pe,”, 9)

into the orifice with increasing pressure. If the discharge co-

efficient (Cp) were constant, then the volumetric flow rate

into the orifice would be constaritnass flow rate propor- where Pg=Peclet number for heat transfeRe Pr
tional to pressung and the location of the stagnation ring =(rth)/(77d)\), C,= specific heat\ =thermal conductiv-
would be independent of pressure. However, the dischargg, »—a constant of proportionality, taken to be 0.22 in this
coefficient increases with increasing pressuceighly as the  \york.

square root of pressure, since the Reynolds number is pro- Figure 9 compares the predictions of Ef) to the val-
portional to pressudeand therefore the radius of the stagna-yes of; obtained from examination of the detailed calcula-
tion streamline increases with increasing pressure as Welfions. The scaling predicted by E¢) is followed closely,
This is a kinematic effect. The higher volumetric flow into except when the freestream temperature and the substrate
the orifice at higher pressures leads to a larger region aemperature are close to each other, so that the system is
streamlines entering the orifice. Likewise, the stagnation I’ing]early isotherma[see Fig. %e)]. If the temperature profile
radius increases with increasing orifice diamétéig. 8b)]  was determined solely by convection and conduction, then
because the volumetric flow rate into the orifice increasesve would expects; to depend only on the Peclet number.
with the orifice diameter while the strength of the stagnatiorHowever, for nearly isothermal conditions, this is not the
flow is unchanged. The volumetric flow rate increasescase. When the system is nearly isothermal, then the tem-
roughly asd®>, since the Reynolds number is proportional to perature gradients in the system are small, and therefore the
d (giving Cp>d®9), and the flow rate for an ideal choked conductive and diffusive terms in the energy equation are
flow is proportional tad?. The discharge coefficient is nearly small. The terms in the energy equation corresponding to gas
independent of the inlet velocityuf) so both the mass flow expansion do not depend on the temperature gradient, so
rate and volumetric flow rate into the orifice are unaffectedthey become relatively important under these conditions. Gas
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FIG. 8. Comparisons of the predicted location of the stagnation (fRyg predicted by scaling rules based on simplified streamfunctions to results of the
detailed calculations. The solid line is from E&) and the dashed line is from E€}) in the text. The filled circles connected by a solid line are the results
of individual runs of the detailed simulations.

expansion cools the gas near the orifice, shifting the isoeoncentration and temperature boundary layers and the over-
therms away from the orific8ess net shift toward the ori- all dimensions of the flow system to qualitatively evaluate
fice) when the substrate temperature is lower than the inlethe effect of sampling disturbance on measured species con-
temperature and shifting the isotherms toward the orificecentrations.
(more net shift when the substrate temperature is higher
gzz)n the inlet temperature. This is what is observed in F|glv_ SUMMARY AND CONCLUSIONS

Taken together, Eq$7) and(9) allow us to obtain semi- Results of detailed two-dimensional reacting compress-
guantitative estimates of the size of the disturbance due tible flow calculations of gas sampling through an orifice dur-
the flow field. These may be compared to the thickness of theng chemical vapor deposition were presented. Quantitative

Downloaded 08 Jan 2007 to 128.205.23.217. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 11, No. 4, April 1999 M. T. Swihart and S. L. Girshick 831

(@ ®p——7T T (b) 0 Ty
= nf ] —_ 4 ]
5 gzso- _
<o w® ]
= = . b h
g [ s ]
1= £ ]
g 8 ]
s 8 "™F .
o 4
.930'. 8 ]
[ 0O 100 |- J
gzo'- E ]
2 o ]
= £ sl h
s °F 3 E: '

0'...1...|...|...|...j oL [ AT T N NS ST S T SR AT S Y W S T

0.0 020 0.40 0.60 0.80 10 0 20 40 60 80 100
Pressure (atm) Orifice Diameter d (um)

(©) 10 FFrEEeeee (d) o F—r—————————

%0 |- E % - ]

8
g
™

~
S
1
~
=}
)

g
T
1

Isotherm Displacement 3, (um)
2
1

Isotherm Displacement 8, (um)

aaa laa s laa o ba g da g b baaad sy PRI I N RN AN I ST ST S Y SN S W [N AT S S IO

8

3

o
=3

20 40 6.0 80 10 12 14 16 600 800 1000 1200 1400 1600 1800
Inlet Velocity u  (m/s) Substrate Temperature T _ (K)

(e) ]BO-""l""l""l""l"":

g
T

5
T

N
o
I

@
o
I

g
T

Isotherm Displacement 8, {m)
g
I

8
T

PN Y Y NG WO SN S W T U S SN S T OO VO T T O W T

0 1000 2000 3000 4000 5000
Inlet Temperature T (K)

[¥]
o

FIG. 9. Comparisons of the predicted shift in the isotherms from(®qn the text to results of the detailed calculations. The dashed line is frof®Eq.he
filled circles connected by a solid line are the results of individual runs of the detailed simulations.

results corresponding to atmospheric radiofrequency plasm&CKNOWLEDGMENTS

CVD of diamond showed that these disturbances can be sig-

nificant and can partially account for discrepancies between This work was partially supported by National Science

experimental concentration measurements and modeling ré&oundation Grant No. CTS-9424271, by the Engineering Re-
sults. Simplified streamfunctions were presented that closelgearch Center on Plasma-Aided Manufacturing, and by the
approximate the flow field from the detailed calculations.Minnesota Supercomputer Institute. The authors gratefully
Finally, scaling rules for the radial and axial extent of theacknowledge contributions to this work by John Lindsay and

sampling disturbance were presented and evaluated by cordehn Larson in the form of helpful discussions, access to
parison to the results of the detailed simulations over a rangéetails of previous work, and assistance with the quasi-one-
of operating conditions. dimensional modeling.

Downloaded 08 Jan 2007 to 128.205.23.217. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



832 Phys. Fluids, Vol. 11, No. 4, April 1999 M. T. Swihart and S. L. Girshick

1C. A. Wolden, R. F. Davis, Z. Sitar, and J. T. Pratein“situ mass  2J. W. Lindsay, “A study of gas phase chemistry during RF thermal plasma
spectrometry during diamond chemical vapor deposition using a low pres- diamond deposition,” Ph.D. dissertation, University of Minnesota, 1998.
sure flat flame,” J. Mater. Red.2, 2733-27421997. 1A, N. Hayhurst, D. B. Kittelson, and N. R. Telford, “Mass spectrometric
2W. L. Hsu, M. C. McMaster, M. E. Coltrin, and D. S. Dandy, “Molecular  sampling of ions from atmospheric pressure flames II: Aerodynamic dis-
beam mass spectrometry studies of chemical vapor deposition of dia- turbance of a flame by the sampling system,” Combust. FIa8)el23—
mond,” Jpn. J. Appl. Phys., Part33, 2231-22391994. 135(1979.

3P. G. Gruel, H. J. Yoon, D. W. Ernie, and J. T. Roberts, “Mass spectro-2°A. N. Hayhurst and D. B. Kittelson, “Mass spectrometric sampling of ions
metric analysis of a high pressure, inductively coupled plasma during dia- from atmospheric pressure flames-IlI: Boundary layer and other cooling of

mond film growth,” Mater. Res. Soc. Symp. Pr&34, 141-146(1994. the sample,” Combust. Flam28, 137-143(1977).
4S. L. Girshick and J. M. Larson, “Thermal plasma synthesis of diamond,” 2A. N. Hayhurst and N. R. Telford, “Mass spectrometric sampling of ions
Pure Appl. Chem70, 485—492(1998. from atmospheric pressure flames-I: Characteristics and calibration of the

5J. W. Lindsay, J. M. Larson, and S. L. Girshick, “Effect of surface species sampling system,” Combust. Flan&8, 67—80(1977).

concentrations and temperature on diamond film morphology in induc22A. C. Vi and E. L. Knuth, “Probe-induced concentration distortions in
tively coupled rf plasma CVD,” Diamond Relat. Mate6, 481-485 molecular-beam mass-spectrometer sampling,” Combust. F&81@69—
(1997. ) 379(1986.

®C. A. Wolden, G. Zau, W. T. Conner, H. H. Sawin, and K. K. Gleason, 2°g, . Knuth, “Composition distortion in MBMS sampling,” Combust.
“A novel molecular beam reactor for the study of diamond surface chem- Flame103 171-180(1995.

istry,” Mater. Res. Soc. Symp. Pro834, 123-128(1994. ~ 2%0.1. Smith, “Probe sampling from combustion systems, Ftame Struc-
I. B. Graff, Jr, R. A. Pugliese, and P. R. Westmoreland, “Using tures and Processesdited by R. M. Fristrom(Oxford University Press,
molecular-beam mass spectrometry to study the PECVD of diamondlike oxford, 1995, pp. 168—195.

Scarbon films,” Mater. Res. Soc. Symp. Pr@34, 129-134(1994. %crp-aceE Command Language Reference Manual, version 2.1, CFDRC Re-
T. R. Gow, D. G. Coronell, and R. I. Masel, “The mechanism of laser- port No. GR-97-30, CFD Research Corporation, Huntsville, AL, 1997.
assisted CVD of germanium,” J. Mater. Ref.634—640(1989. %3, V. PatankarNumerical Heat Transfer and Fluid FlowHemisphere,

°C. C. Amato, J. B. Hudson, and L. V. Interrante, “Identification of the Washington, 1980
gas-phase products which occur during the deposition of AIN using the7; o Hirschfelder, C. F. Curtiss, and R. B. Bindolecular Theory of
organometallic precursofCHz),AINH,],” Appl. Surf. Sci. 54, 18-24 Gases and LiquidéWiley, New York, 1954.

10(1992. 28R. J. Kee, G. Dixon-Lewis, J. Warnatz, M. E. Coltrin, and J. A. Miller, “A
P. W. Lee, T. R. Omstead, D. R. McKenna, and K. F. Jensén,situ FORTRAN computer code package for the evaluation of gas-phase, multi-
mass spectrometry and thermogravimetric studies of GaAs MOCVD gas component transport properties,” Sandia National Laboratories Report
phase and surface reactions,” J. Cryst. Gro®&#h 165—74(1987). No. SANDS86-8246, 1986.

1p. W. Lee, T. R. Omstead, D. R. McKenna, and K. F. Jensén,situ 2R. J. Kee, F. M. Rupley, and J. A. Miller, “TheHemkiN thermodynamic
mass spectroscopy studies of the decomposition of organometallic arsenicyatabase,” Sandia National Laboratories Report No. SAND-87-8215B,
compounds in the presence of @#l;); and G&C,Hs);,” J. Cryst. 1990.
Growth 93, 134-42(1988. _ %M. E. Coltrin, R. J. Kee, and F. M. Rupley, “Surfaceiemkin: A general

'2M. Yoshimoto, K. Takubo, T. Ohtsuki, M. Komoda, and H. Matsunami, formalism and software for analyzing heterogeneous chemical kinetics at a
“Deposition mechanism of silicon nitride in direct photoassisted chemical gas-surface interface,” Int. J. Chem. King8, 1111-11281991).
vapor deposition using a low-pressure Hg lamp,” J. Electrochem. Soc31j. M. Larson, M. T. Swihart, and S. L. Girshick, submitted to Diamond

142, 1976-82(1995. ) _ Relat. Mater.

3P. A. C. Groenen, J. G. A. Hecher, and H. H. Brongersma, “Mechanism 32N, 3. Brown, G. Li, and M. L. Koszykowski, “Mechanism reduction via
of the reaction of Wgand Si,” Appl. Surf. Sci.78, 123-32(1994. principal component analysis,” Int. J. Chem. Kingg, 393—414(1997.

1E. Golusda, R. Lange, K.-D. lnmann, G. Mollekopf, M. Wacker, and H.  33C. T. Bowman, R. K. Hanson, D. F. Davidson, W. C. Gardiner, Jr., V.
Stafast, “CW CQ laser CVD of amorphous hydrogenated silicta Lissianski, G. P. Smith, D. M. Golden, M. Frenklach, and M. Goldenberg,
Si:H): Influence of the deposition geometry,” Appl. Surf. S6#, 30—34 “GRI-Mech 2.11,” http://www.me.berkeley.edu/grimech/,” Gas Re-
(1992. search Institute, 1998.

M. E. Coltrin, R. J. Kee, G. H. Evans, E. Meeks, F. M. Rupley, and J. F.3*S. J. Harris, “Mechanism for diamond growth from methyl radicals,”
Grcar, “Spin: AFORTRAN program for modeling one-dimensional rotating- ~ Appl. Phys. Lett.56, 2298—-2300(1990.
disk/stagnation-flow chemical vapor deposition reactors,” Sandia Nationaf®B. K. Hodge and Keith KoenigCompressible Fluid Dynamid®rentice—

Laboratories, Report No. SAND91-8003, 1991. Hall, Englewood Cliffs, 1995
188, W. Yu and S. L. Girshick, “Atomic carbon vapor as a diamond growth **w. B. Brower, E. Eisler, E. J. Filkorn, J. Gonenc, P. Plati, and J. Stagnitti,
precursor in thermal plasmas,” J. Appl. Phy&, 3914—-39231994). “On the compressible flow through an orifice,” J. Fluids EAg.5 660—

s, L. Girshick, C. Li, B. W. Yu, and H. Han, “Fluid boundary layer 664 (1993.
effects in atmospheric-pressure plasma diamond film deposition,” Plasma’H. P. Liepmann, “Gas kinetics and gas dynamics of orifice flow,” J. Fluid

Chem. Plasma Procesk3, 169-187(1993. Mech. 10, 65—79(1961).

Downloaded 08 Jan 2007 to 128.205.23.217. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



