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Monte Carlo modeling of electron beam physical vapor deposition
of yttrium

Jing Fana) and Iain D. Boyd
Department of Aerospace Engineering, University of Michigan, Ann Arbor, Michigan 48109

Chris Shelton
Three M Company, St. Paul, Minnesota 55144

~Received 26 May 2000; accepted 24 July 2000!

As part of a study on the deposition of superconducting films of YBa2Cu3O72d , a three-dimensional
electron beam physical vapor deposition process of yttrium in a vacuum chamber is investigated
both computationally and experimentally. The numerical analysis employs the direct simulation
Monte Carlo~DSMC! method. The experimental studies consist of atomic absorption spectra taken
in the evaporated yttrium plume and deposited film thickness profiles. Some important modeling
issues such as atomic collision cross sections for metal vapors and hyperfine electronic structure of
the atomic absorption spectra are addressed. Film deposition thicknesses on the substrate and atomic
absorption spectra given by the DSMC method and experiment are in excellent agreement.
Collisions between the atoms are found to have a significant effect on the film growth rate and area
of uniform deposition as the evaporation rate of yttrium increases. ©2000 American Vacuum
Society.@S0734-2101~00!02206-5#
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I. INTRODUCTION

Electron beam physical vapor deposition~EBPVD! is an
important deposition technique for a variety of materials t
involves the use of an electron beam to vaporize meta
atoms from a solid ingot. Applications of this technolog
include coating of high temperature superconducting film
metallic coating of fibers, and enrichment of uranium f
nuclear power generation. A critical component of these p
cesses is the manner in which the atoms are transported
the ingot to the deposition surface. There is a need to un
stand in detail the gas dynamics of the expansion proce

In this article, we consider yttrium vapor deposition bo
numerically and experimentally. This investigation is part
a study of the deposition of superconducting films
YBa2Cu3O72d that are of great technological interest in n
merous applications.1 In the EBPVD process, atoms are v
porized from a liquid pool of an ingot of pure yttrium by
high-energy electron beam. The vapor jet expands throu
chamber, impinges, and deposits on to a substrate. U
vacuum pumps, the background pressure is maintaine
2 – 531025 Torr. The vaporization rates achieved with th
electron beam produce flow of relatively high density clo
to the ingot surface. However, as the jet proceeds toward
substrate, rapid expansion brings the flow into the nonc
tinuum regime. The focus of the present work was to prov
a basis to understand and improve the EBPVD process
ried out in the experimental facility.

The direct simulation Monte Carlo~DSMC! method2 is
used to simulate the three-dimensional gas dynamic proc
It is a powerful and general numerical technique for com
tation of low density, nonequilibrium flows, and has be
developed over the past 30 years primarily for aerosp

a!Electronic mail: jingfan@engin.umich.edu
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applications. In the method, a relatively small number
model particles that is stored in a computer is used to re
sent the larger number of particles in real gas flows. T
particles move through physical space and undergo collis
appropriate to the local flow conditions. Once the simulat
has reached a steady state, macroscopic quantities su
density and temperature, as well as surface fluxes, are
tained by time averaging particle properties. The meth
provides detailed information on the gas flow at the level
particle velocity and energy distributions. A numerically e
ficient implementation of the DSMC method calle
MONACO has been developed and successfully verified
nonequilibrium flows.3,4

The application of the DSMC method to metal vap
flows is straightforward in principle and has been demo
strated in relatively simple geometries such as an axis
metric case.5 Some specific complications do naturally aris
One of them is the determination of atomic collision cro
sections for metal vapors,sT . Collisions between atoms
change their trajectories that decide them moving toward
substrate or toward the chamber walls, and therefore sig
cantly affect the film growth rate and area of uniform dep
sition that are key factors for film technology. Appropria
collision cross sections are essential for the DSMC met
to simulate particle collisions. They are usually derived fro
coefficients of viscosity6 and have been obtained for man
common gases such as nitrogen, argon, etc.2 Measurement of
the transport properties for metal vapors at high temperat
however, has proven very difficult because of many unavo
able sources of error.7 Actually, except for alkali metal
vapors,8–12 no viscosity data are available for metal vapo
such as yttrium, barium, and copper, and few studies th
retically address the collision cross sections for metal vap

In the present article, we describe the development
assessment of a DSMC model for yttrium EBPVD. Fir
29370Õ18„6…Õ2937Õ9Õ$17.00 ©2000 American Vacuum Society
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2938 Fan, Boyd, and Shelton: Monte Carlo modeling 2938
collision cross sections for metal vapors are investiga
Then a method to calculate atomic absorption spectra is
scribed. Next, DSMC results are compared with measu
data. Finally, some conclusions are given.

II. ATOMIC COLLISION CROSS SECTIONS FOR
METAL VAPORS

The inverse-power model is often employed to descr
gaseous atomic or molecular interactions.2,6 According to the
model, the force between the particles varies as some inv
powerh of the distance between their centers,

F5k/r h. ~1!

The constantsk and h can be adjusted to make the coef
cient of viscosity conform to experimental data for a giv
gas over a range of conditions.

The collision cross section and coefficient of viscosity
the inverse-power model may be written as2,6

sT5pW0,m
2 S k

mrcr
2D 2/~h21!

, ~2!

and

m5

5
8 ApmkT

~m/4kT!4*0
`cr

7sm~cr !e
2mcr

2/4kTdcr

, ~3!

whereW0,m is a constant,mr is the reduced mass,cr is the
relative speed,m is the atomic mass,k is the Boltzmann
constant,T is the temperature,sm is the viscosity cross sec
tion,

sm52pS 2k

m D 2/~h21!

cr
24/~h21!A2~h!, ~4!

andA2(h) is a numerical factor~see the Appendix!. Substi-
tution of Eq.~4! into Eq. ~3! gives

m5
5~kmT/p!1/2~2kT/k!2/~h21!

8A2~h!G@422/~h21!#
. ~5!

In DSMC calculations, the variable hard sphere~VHS!
model is often employed.2,13 The model assumes that th
scattering during particle collisions is isotropic in the cen
of mass frame of reference, but the collision cross sec
has the same relation with the relative speed as the inve
power model,

sT5sT,ref~cr ,ref /cr !
4/~h21!, ~6!

TABLE I. Interaction parameters for alkali metal vapors.

Element h k A2(h)

Lithium 6.333 7.984E270 0.379
Sodium 7.351 4.979E279 0.355

Potassium 6.737 4.462E273 0.368
Rubidium 6.669 2.521E272 0.370
Cesium 6.531 7.018E271 0.374
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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where subscript ‘‘ref’’ denotes the values at a reference te
peratureTref . It may further be shown that2,13

sT

pdref
2 5

~2kTref /mrcr
2!v20.5

G~22v!
, ~7!

with the reference collision diameter (pdref
2 5sT,ref),

dref5S 15~mkTref /p!0.5

2~522v!~722v!m ref
D 0.5

, ~8!

where m ref is the coefficient of viscosity atTref , and v
51/21(2/h21).

The values ofh andk for alkali metal vapors have bee
obtained by equating the right-hand side of Eq.~5! with the-
oretical data12 at temperatures of 700 and 2000 K, respe
tively, and these are given in Table I. Figures 1 and 2 co

FIG. 1. Comparison of the coefficient of viscosity for sodium vapor
temperature.

FIG. 2. Comparison of the coefficient of viscosity for cesium vapor vs te
perature.
 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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2939 Fan, Boyd, and Shelton: Monte Carlo modeling 2939
pare Eq.~5! to the theoretical and experimental data f
sodium and cesium. The profiles of Eq.~5! are in excellent
agreement with the theoretical results;12 the experimental
data,9 although with scatter, support the theoretical resu
and fitted profiles in their trend.

The reference collision diameters of the VHS model2 for
the alkali metal vapors have been obtained using Eqs.~5! and
~8!, and are given in Table II. We assume that the values
h and k for the alkali metal vapors apply to other met
vapors occupying the same row in the periodic table of e
ments. The values ofdref for several metal vapors of intere
based on this assumption are calculated and given in T
II. The selection of the reference temperature is arbitrary
does not affect collision cross sections. To be reason
physically, it is taken to be 2000 K since that is above
melting point of all the elements considered in Table II.

Atomic collision cross sections of metal vapors are mu
larger in comparison with common atomic gases. Figur
compares the VHS collision cross section for sodium va
to that for argon gas withdref54.17310210m at Tref

5273 K ~Table A2 in Ref. 2!. The sodium profile is three to
four times higher than the argon profile. This is mainly d

TABLE II. Parameters of the VHS model for metal vapors atTref52000 K.

Element dref31010 m v

Lithium 4.562 0.875
Sodium 4.961 0.815

Potassium 5.554 0.849
Rubidium 5.846 0.853
Cesium 6.306 0.862
Barium 6.358 0.862
Yttrium 5.903 0.853

Zirconium 5.941 0.853
Copper 6.271 0.849

Titanium 5.844 0.849

FIG. 3. Comparison of the VHS collision cross sections for sodium va
and argon gas vs relative speed.
JVST A - Vacuum, Surfaces, and Films
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to the larger viscosity of argon which, for example,
5.45231025 N m s22 at 700 K and 0.1 MPa,14 while the vis-
cosity of sodium vapor at the same conditions is 1.4
31025 N m s22.12 The larger collision cross sections of th
metal vapors result in more frequent collisions between
atoms and have an important effect on the gas dynamic
the plume expansion, thus affecting the film growth rate a
area of uniform deposition. These aspects will be conside
in Sec. IV.

III. ATOMIC ABSORPTION SPECTRA

In situ monitoring and control is one of the primary issu
involved in EBPVD processing of superconducting film15

Diode-laser-based atomic absorption monitors for yttriu
and barium have been developed to meet this need.16 They
are simultaneously both element specific and noninvas
and can provide the atomic absorption spectrum from wh
the atomic flux may be derived.

Using the monitors, an atomic absorption spectral dis
bution around the central frequencyv0 along a laser path
may be observed. The spectrumI (v) in the vicinity of v0 is
called the line profile. The profile may have many pea
centered atv i (v i5v01Dv i , and Dv i!v0!, respectively,
that correspond to the frequencies absorbed by the ato
molecules when the light beam traverses the subject mate
These peaks usually have a finite width due to various effe
of broadening. In low pressure (,1022 Torr) situations, the
width is mainly determined by the Doppler effect.17 This
takes place because the frequency absorbed by a pa
with a velocity component in the direction of the light bea
is slightly different from that absorbed by a stationary p
ticle. At thermal equilibrium, a Doppler-broadened pe
shape centered at the frequencyv i is described by17

I i~v !5
bl i

Ap
exp@2b2l i

2~v2v i !
2#, ~9!

where the wavelengthl i5c/v i , c is the light speed, andb
5Am/2kT.

The spectral distribution, Eq.~9!, corresponds to a Max
wellian velocity distribution,

f ~vl !5
b

Ap
exp~2b2vl

2 !, ~10!

wherevl is the thermal velocity component in the light-bea
direction, which causes the Doppler frequency shift. Co
parison of the two distributions, Eqs.~9! and ~10!, leads to
the relations,

v2v i5vl /l i , ~11!

and

I i~v !5l i f ~vl !. ~12!

Equations~11! and ~12! provide a means by which to
convert a velocity distribution of particles into an absorpti
scan. There are two ways to calculate the velocity distri
tion using the DSMC method. One is through direct sa

r

 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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2940 Fan, Boyd, and Shelton: Monte Carlo modeling 2940
pling of the particle velocities along the laser path; the ot
is based on the assumption of Maxwellian velocity distrib
tions characterized by the temperature, velocity, and den
in the cells along the laser path. Note that the latter appro
is numerically less expensive. Results from both of th
approaches will be provided. The calculated velocity dis
bution function must be normalized in accordance with
experimental spectrumI exp(v). The normalization condition
requires

Avl
E

Vvl

f ~vl !vl*
21dvl 51, ~13!

and

BvE
Vv

I i
exp~v !v* 21dv51, ~14!

wherevl* and v* are velocity and frequency normalizatio
factors, respectively, andAvl

andBv are overall normaliza-
tion factors. Relation~11! requires

v* 5vl* /l i . ~15!

The hyperfine electronic structure of absorption spectr
another issue that must be considered.18 For example, a line
profile for the ground state transition of yttrium atv0

54.48631014Hz is the sum of four components withDv i

and relative intensity factorsg i given in Table III. Thus the
calculated line profileI cal(v) is the weighted sum of the fou
peak shapes centered at slightly different frequenciesv i

5v01Dv i ,

I cal~v !5(
i 51

4

g i I i
cal~v !Y (

i 51

4

g i . ~16!

IV. EXPERIMENTAL AND COMPUTATIONAL
CONDITIONS

The top and side views of the experimental deposit
chamber are shown in Fig. 4. The yttrium, barium, and c
per pool surfaces are designed to be oval and of the s
size. We consider two cases where only the yttrium sourc
evaporating. The evaporation rates are measured by the
rate of the ingot into the chamber, and are given in Table
The pool surface temperatures are calculated from19

log10W5C20.5 log10T2B/T, ~17!

whereW denotes the evaporation rate in units of g/cm2 s, and
B andC are constants that are 2.1973104 and 9.17, respec
tively, for yttrium ~cf. Table 10.2 in Ref. 19!.

DSMC calculations are carried out using a software s
tem called MONACO-YBC.20 The system is developed from
the originalMONACO code3,4 that employed a localized dat
structure based on a computational cell to achieve high
formance on workstation processors. Besides the tran
tional energy mode, the atomic electronic energy is ta
into account using the model described in Ref. 5. About t
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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million simulated particles are used in the calculations. T
results are obtained overnight on a SGI OCTANE works
tion.

An orthogonal coordinate system with the originO is em-
ployed: thex and y axes are alongOO8 and OA, respec-
tively, and thez axis points to the substrate~cf. Fig. 4!. The
computational grid employs 20360350 cuboid cells. The
cell sizes are nonuniform: a very small cell size in thez
direction is employed to capture the rapid jet expansion n
the evaporation source, and small cell sizes in thex and y
directions are used to resolve the flow in the region cover
the source that is most important for accurate simulation
the deposition process.

TABLE III. Hyperfine structure parameters of atomic absorption spectra
yttrium.

Case
Ge

~mole/s!
Ts

~K!

I 9.9531025 2091
II 8.4231026 1881

FIG. 4. Schematic diagram of the deposition chamber.
 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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2941 Fan, Boyd, and Shelton: Monte Carlo modeling 2941
The chamber walls and block plate surfaces are assu
to be perfectly sticking. This assumption is well satisfi
because the wall and surface temperatures are low in
study. New particles are vaporized into the chamber from
oval surface of the yttrium pool each time step. The p
surface is described by a certain number of surface eleme
If a surface element is wholly within the source, all particl
generated at the known evaporation rate will be permitted
enter the chamber. Because the cells are cuboid and the
surface is oval, a surface element may lie only partly with
the source~Fig. 5!. In this situation, only the particles gen
erated in a region within the source are actually accepted
particles generated in a region outside it are rejected.

When particles evaporate from the surface into the ch
ber, they may collide with one another immediately abo
the pool, particularly for cases with high evaporation rat
This causes a fraction of the atoms to develop postcollis
velocities that move them back to the molten pool. In Ref
the total backscatter flux was found to be as high as 19%
the evaporating rate. There are two ways to maintain a
inflow rate measured by the feed rate of the ingot into
chamber. One is based on iteration, i.e., correcting the infl
flux using the backscatter fraction until the net inflow rate
the same as the measured data;5 another is to let the back
scattered particles diffusively reflect from the pool surfa
The latter approach is numerically inexpensive and is e
ployed here.

V. RESULTS AND DISCUSSION

A. Case I: High evaporation rate

Figures 6~a!–6~c! show the computed number densit
translational temperature, and velocity fields. A rapid exp
sion occurs around the source. Within a distance of ab
0.05 m, the velocity in thez direction increases from abou
100 to 700 m/s, while the number density and translatio
temperature decrease from 1020m23 and 1500 K to 1018m23

and 250 K, respectively. Thereafter, variation of all flo
properties is relatively slow.

Figure 7 shows variation of two continuum breakdow
parameters along a path from the yttrium source center in
direction perpendicular to the substrate. One was propo
by Bird for expanding flows,21

FIG. 5. Determination of inflow atoms.
JVST A - Vacuum, Surfaces, and Films
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8

l

r Udr

dsU, ~18!

where U is the local velocity,v is the local collision fre-

FIG. 6. Flow field given by the DSMC method for case I.~a! number density
~m3!; ~b! translational temperature~K!; ~c! velocity in thez direction.
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2942 Fan, Boyd, and Shelton: Monte Carlo modeling 2942
quency,M is the local Mach number,g is the specific hea
ratio, ands is the distance along a streamline. Studies in R
21 indicate that the continuum approach fails in expand
flows at a value forP of about 0.05. The other breakdow
parameter was proposed by Boyd, Chen, and Candl22

Comparison between DSMC and Navier–Stokes results
shock waves and hypersonic flows around a sphere sho
that the gradient-length local~GLL! Knudsen number base
on density,

KnGLL2D5
lu¹ru

r
, ~19!

can more precisely specify the limit at which the Navie
Stokes equations are invalid. The continuum approach br
down wherever the value of KnGLL2D exceeded 0.05.22 Both
parameters show that the flow is completely in the nonc
tinuum regime, and needs to be studied based on the kin
point of view.

Figure 8 shows a comparison of the DSMC deposit
thickness profile along the symmetric line of the substr
with measured data. The collisionless result computed u
DSMC but with atomic collisions turned off is also show
The experimental data are obtained over a deposition tim
12 min. The thickness is measured with a profilometer acr
a film edge which is created by blocking the substrate w
adhesive tape. The substrate used is a polished silicon w
Since the coating is rather thick and the blistering of the fi
does not allow accurate sampling points, scatter in the m
sured data is clearly seen. The comparison between the
culated and measured results is reasonable. The collision
profile is significantly lower than the DSMC profile and th
measured data. The atomic collisions impede to some ex
the atomic diffusion to the block plates and chamber wa
that are assumed to be perfectly sticking. Neglecting the
lisions results in the atoms having more chance to stick
the block plate surfaces or chamber walls rather than be
posited on the substrate. Figure 9 shows the computed d

FIG. 7. Variation of the Knudsen number along a path from the yttri
source center perpendicular to the substrate for case I.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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sition thickness distribution over the whole substrate. Th
is a region with a thickness of around 4.2mm, whose diam-
eter is about 0.8 in. and its center corresponds to the yttr
source center. The thickness decreases as the distance
the core increases. The value along the edges is about
third that of the core value.

Figure 10 gives a comparison of DSMC and measu
atomic absorption spectra at frequencies of 4.48631014 and
4.41631014Hz along an aperture close to the symmetric li
of the substrate. The calculated and measured Dop
widths and peak-structure details are all in excellent agr
ment. Because of different hyperfine electronic structure
the two frequencies~cf. Table IV!, the corresponding pea
structures are inclined to the right and to the left, resp
tively.

FIG. 8. Comparison of DSMC and experimental deposition thickness p
files for case I.

FIG. 9. Deposition thickness distribution over the whole substrate for cas
 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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2943 Fan, Boyd, and Shelton: Monte Carlo modeling 2943
B. Case II: Low evaporation rate

Figure 11 shows the computed computer number den
Since the present evaporation rate is about one tenth th
case I, the largest number density around the source
creases to about 1019m23, that is, one tenth that for case
whereas the evolutions along thez direction exhibited by
Figs. 11 and 6~a! are similar.

FIG. 10. Comparison of DSMC and experimental atomic absorption spe
for case I:~a! v054.48631014 and ~b! 4.41631014 Hz.

TABLE IV. Hyperfine structure parameters of atomic absorption spectra
yttrium.

v031014 ~Hz! 4.486 4.416
Dv13108 ~Hz! 0.00 0.00
Dv23108 ~Hz! 1.14 0.86
Dv33108 ~Hz! 1.76 1.99
Dv43108 ~Hz! 2.90 2.85

g1 5 20
g2 1 1
g3 1 1
g4 9 14
JVST A - Vacuum, Surfaces, and Films
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The continuum breakdown parameters Eqs.~18! and~19!,
are computed along a path from the yttrium source cen
perpendicular to the substrate and are shown in Fig. 12.
parameterP is greater than 10 except in a region close to
source. This means that the flow is close to the free mole
lar limit.

Figure 13 is a comparison of the DSMC deposition thic
ness profile with measured data and the collisionless re
In the experiment, the deposition time is 30 min. A qua
crystal monitor was used to measure the atomic flux r
toward the substrate. The rate integration provided the th
ness data that were verified by the profilometer meas
ment. The DSMC profile agrees quite well with the me
sured data. The agreement between the DSMC
collisionless profiles is in accordance with the predicti
given by the continuum breakdown parameters.

ra

r

FIG. 11. DSMC number density field~m3! for case II.

FIG. 12. Variation of the Knudsen number along a path from the yttriu
source center perpendicular to the substrate for case II.
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DSMC and measured atomic absorption spectra cent
at a frequency of 4.48631014Hz are compared in Fig. 14
They agree well with each other in their trend. Because
the decrease of number density, the light intensity variat
caused by the atomic absorption is small, i.e., the meas
signal accepted by the spectrometer is weak. This resul
significant scatter in the measured data.

VI. CONCLUSIONS

A three-dimensional yttrium vapor deposition process w
investigated using the DSMC method and experiment. T
atomic absorption spectra and deposited film thickness
files of the yttrium vapor plumes given by the DSM
method and experiment at the two different evaporation ra
were both in excellent agreement.

Atomic collision cross sections for metal vapors we
studied. The parameters of collision cross sections for
variable hard-sphere model2,13 were obtained for alkali meta
vapors and other metal vapors of interest such as yttri

FIG. 13. Comparison of DSMC and experimental deposition thickness
files for case II.

FIG. 14. Comparison of DSMC and experimental atomic absorption spe
with v054.48631014 Hz for case II.
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ed
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barium, and copper. The values for yttrium vapor were u
in the DSMC calculations. The excellent agreement of
DSMC and experimental results indicated that the appro
used to determine the collision cross sections for metal
pors was reasonable.

Collisions between the yttrium atoms were found to ha
an important effect on the film growth rate and the area
uniform deposition as the evaporation rate increased. C
sions determine the atomic trajectories and whether parti
move toward the substrate or toward the chamber walls
block plates that were assumed to be perfectly sticking.
the case with the high evaporation rate, the DSMC calcu
tions showed that the atomic collisions may result in a s
nificant increase of the deposition rate and a decreas
deposition uniformity.

The hyperfine electronic structure significantly affect
the atomic absorption spectra of yttrium. For instance, in
case with the high evaporation rate, because of the diffe
hyperfine structure atv054.48631014 and 4.41631014Hz,
the DSMC and experimental atomic absorption peaks at
two frequencies were inclined to the left and to the rig
respectively.
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APPENDIX: CALCULATION OF THE VISCOSITY
CROSS-SECTION COEFFICIENT

The viscosity cross-section coefficientA2(h) is defined
as2,6

A2~h![E
0

`

sin2 xa da, ~A1!

with

x5p22E
0

w1F12x22
2

h21 S x

a D h21G2~1/2!

, ~A2!

wherew1 is the ~unique! positive root of

12w22
2

h21 S w

a D h21

50. ~A3!

Table 3 in Ref. 6 tabulated the values ofA2(h) for the
cases ofh55, 7, 9, 11, 15, 21, 25, and̀ that were contrib-
uted by many researchers with the original literature given
a note in Ref. 6~p. 172!. For cases in whichh is not an
integer, Eqs.~A1!–~A3! may be solved numerically. Equa
tion ~A3! is transformed into

w5aS ~h21!~12w2!

2 D ~1/h21!

. ~A4!

-
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2945 Fan, Boyd, and Shelton: Monte Carlo modeling 2945
It may be solved through a numerical relaxation iteratio
Then the corresponding values ofx and A2(h) themselves
are obtained from Eqs.~A2! and ~A1!, respectively, by nu-
merical integration. The relation ofw1 and x vs a for h
56.531, which is the value for cesium vapor, is shown
Fig. 15.
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