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ABSTRACT

In the present study, we propose the use of a light, inert carrier gas to support deposition uniformity and rate in continuous physical vapor deposi-
tion, in which closely spaced slots or nozzles are required to achieve a sufficiently high deposition rate. Interaction shocks between the emerging
rarefied plumes cause undesired nonuniformities in the deposited coating. The present work evaluates the effect of adding a carrier gas on the
interaction shock. We study the interaction between two sonic plumes consisting of a binary mixture, i.e., silver as coating material and helium as
a light inert carrier gas, by direct simulation Monte Carlo. While the inlet Mach and Knudsen numbers were kept constant, the fraction of carrier
gas was varied to single out the effect of species separation. The influence of rarefaction on species separation was also studied. Species separation
produces a high carrier-gas fraction in the periphery and an accumulation of the heavier species in the jet core. The resulting change in the speed
of sound alters the local expansion characteristics and, thus, shifts the shock location and weakens the shock. These phenomena intensify with the
degree of rarefaction. It is shown that adding a light carrier gas increases deposition rate may enhance uniformity and reduce stray deposition.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002126

I. INTRODUCTION

In thin-film deposition processes from the gas phase, such as
physical vapor deposition (PVD), varying the inert and reactive gas
mixture composition is used to influence the layer growth mode,1

enhance uniformity,2 or to produce compounds, such as titanium
nitride, which requires a nitrogen atmosphere.3 Several experimen-
tal and numerical studies analyzed the effect of adding an inert
background or carrier gas onto the film thickness and distribution
in batch deposition processes, mainly finding a smoothing of the
deposition profile and a decrease of deposition rate due to an
enhanced number of collisions.2,4–7 Directed vapor deposition pro-
cesses8,9 were developed, which utilize light carrier gases to
enhance the deposition rate and reduce deposition loss (i.e., frac-
tion of evaporated material not being deposited on the substrate).
The latter diminishes production downtimes due to cleaning and
maintenance in continuous lines. Inert carrier gases were used to
foster the transport of coating material to undercuts since otherwise
PVD is a line-in-sight technology.10–12 In chemical deposition pro-
cesses, carrier gases are utilized to suppress early reactions and
control the reactant ratio to achieve the desired morphology of
the deposited film.1 It was shown that light carrier gases benefit the
conductance of material through pipes and orifices and, thus, the

possible deposition rate.13,14 In summary, the use of background
and carrier gases decisively influences the film’s growth in thin-film
and coating technology.

Recently, continuous PVD lines were introduced which over-
come the disadvantages of batch processes, i.e., a low deposition
rate and production downtimes due to maintenance. A sufficient
evaporation rate for coatings is typically reached via a thermal
source,15 whereas maintenance is reduced by avoiding stray deposi-
tion using plumes (or jets) directed toward the substrate emerging
from multiple closely spaced nozzles or slots.16,17 In these plume
clusters, the initially free expansion interacts with neighboring
plumes producing shocks.18 This causes mass flow nonuniformities,
which are especially undesirable in thin-film deposition.19,20 The
higher the mass flow rate and the smaller the nozzle-to-nozzle dis-
tance, the higher the peaks in deposition. However, a high and
uniform deposition is required in continuous coating technology to
keep the coating process step at the general line speed and to
obtain a high-quality coating.

The successful use of adding light carrier gases to heavy
reactant gases in batch PVD and other coating processes indi-
cates a good chance that this may also improve continuous PVD
processes.
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An important effect to be taken into account when utilizing
mixtures of heavy and light gases is the spatial separation of the
various species. This may be caused by various physical mecha-
nisms, such as differences in body forces in centrifugal flows,21–23

thermodiffusion effects in nonisothermal flows,24,25 and pressure
gradients in confined microflows.26,27 Gas species separation occurs
in microelectromechanical systems,28,29 radiometric pumps,30,31

Knudsen pumps,32,33 and aerospace applications.34–36 For the
latter, pressure-driven species separation has a severe influence
since both high pressure gradients and long mean free paths occur,
and the separation increases with both.

Because of its relevance to aerospace applications in for
instance (micro)thrusters, free expansions of rarefied plumes or jets
have been comprehensively studied. Several analytical,37 experimen-
tal,34,38,39 and numerical13,40,41 studies on multispecies gas plumes
found that the heavier species accumulates around the jet axis. In
contrast, the fraction of the lighter species is high in the backflow
region and regions farther away from the jet axis. Simulations of
species separation of an argon-helium mixture at small Knudsen
numbers were performed by Riabov.40 He found that the decou-
pling of the streamwise and the circumferential temperatures,
the so-called “freezing,” which is an indication for continuum
breakdown, takes place further upstream for the heavier species.
Wu et al. studied experimentally and numerically the interaction of
two three-dimensional hydrogen–oxygen thrusters at small separa-
tion distances with a focus on the interaction shock and its possible
effect on a backflow.42 The latter may damage the spacecraft using
multiple thrusters. The effect of species separation on the flow field
was not in the focus of the study.

Species separation effects are also reported for flows involving
shocks, but it is difficult to establish the same generality as for free
expansion flows due to the multitude of possible geometries and
shock types. Rothe43 experimentally studied the species separation
effect in bow shocks. He found an earlier number density increase
for the lighter species than the heavier one, which implies a staggered
onset of the shock. Ramos et al.39 analyzed this separation of species
for a nitrogen-hydrogen mixture in supersonic jets with and without
a shock-wave structure. In the former case, the authors found a steep
increase of the heavier species in the jet core right after the nozzle
where the pressure gradient is highest. In the shock-wave structure,
Ramos et al.44 found separation across the shocks (yielding an accu-
mulation of lighter species slightly before and inside the Mach and
Barrel shock). Additionally, background gas penetrated into the jet
core after the first Mach disk, which was increased for light back-
ground gas. The authors also addressed the rotational-translational
energy transfer as well as the energy transfer between species.

In summary, there exists a good understanding in the litera-
ture of species separation in free expansions of a single rarefied
plume. However, the knowledge of the influence of shocks on
species separation as available in the literature is limited to some
specific, generally nonrarefied, gas flow configurations. To the
authors’ best knowledge, species separation in interacting free
expansion rarefied gas plumes with downstream interaction shocks,
as it appears in plume clusters of a continuous PVD line, has not
been described in the literature.

The present paper studies the species separation in planar plume
interaction of a binary mixture of silver and helium and its impact on

the location and strength of the shock. We aim to answer the question
how the mutual influence between shocks and species separation has
an impact on mass flux magnitude and uniformity. We show how the
addition of a light carrier gas influences this mutual interaction and,
consequently, the deposition rate, deposition uniformity, and deposi-
tion loss. The involved phenomena are unraveled, on the one hand,
by considering the free molecular flow to evaluate species separation
effects and, on the other hand, by visualizing the flow field plotting
the characteristic curves. With the latter also, the downstream shift of
the shock location and the weakening of the shock with helium frac-
tion and degree of rarefaction is presented.

II. METHODS

We simulate the interaction between two parallel, planar sonic
plumes by the direct simulation Monte Carlo (DSMC) method.45

The plumes emerge from two inlet slots of width D ¼ 3mm at a
separation distance 2L ¼ 6mm (the distance between the edges of
the nozzles, see Fig. 1). Due to the symmetry, we simulate only the
upper half of the geometry. The computational domain is planar and
spans 21� 12mm2. Except for the inlet and the symmetry plane, all
other boundaries are vacuum boundary conditions. The inlet mixture
composition at the orifice is assumed to be uniform. The mass ratio of
silver and helium is mAg=mHe ¼ 26:94. At the inlet, a free stream
boundary condition is applied with a mixture of silver and helium at a
temperature of Tin ¼ 2000K at a velocity corresponding to M ¼ 1,
which corresponds to a stagnation temperature of Ts ¼ 2600K. The
inlet density depends on the Knudsen number, which was chosen as a
multiplicity of Kn0 ¼ 0:0125, i.e., Kn [ [Kn0, 2Kn0], and the carrier-
gas fraction, i.e., the mole fraction of helium, which takes the following
values yHe [ [0, 0:1, 0:3, 0:5, 0:7, 0:9, 1]. The inlet velocity is the
speed of sound, which depends on the mixture composition. To deter-
mine the inlet number density from the inlet Knudsen number
Knin ¼ λ=D, the mean free path of the binary mixture needs to be
evaluated as45

λ ¼ 1
n π

yHeffiffiffi
2

p
d2HeyHe þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ mHe

mAg

q
d2He,AgyAg

2
64

þ 1� yHeffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ mAg

mHe

q
d2He,AgyHe þ

ffiffiffi
2

p
d2AgyAg

3
75, (1)

FIG. 1. Geometry and boundary conditions for the DSMC simulation.
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where the collisional diameter for each species varies with temperature
according to the variable hard sphere model45 as follows:

d ¼ dref
Tref

Tin

� � ω

2
� 1
4

� �
, (2)

where the energy exponent ω and reference diameter dref are given in
Table I. The collisional diameter between atoms of different species is
given as

dHe,Ag ¼ 1
2

dHe þ dAg
� �

: (3)

The inlet speed, i.e., the speed of sound of the mixture, is given by

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ

kBTin

yHemHe þ (1� yHe)mAg
� �

s
: (4)

DSMC requires a thermodynamic closure for the collisions to
match the macroscopic transport properties. For this, the variable
soft sphere model45 is applied, since the viscosity and binary dif-
fusivity cannot be correctly modeled by simpler models. The
properties of helium and silver are listed in Table I. The reference
diameter and viscosity parameter of silver are estimated by the
inverse-power-law approximation described by Fan et al.47 The
reference metal for the inverse-power law was rubidium, which is
in the same group as silver and whose viscosity is reported in the
literature.48 The data for helium are the ones reported by Bird.45

To obtain accurate results despite the decoupling applied in
DSMC, a time step smaller than one-tenth of the mean collisional
time has to be maintained, i.e., dt , τ=10, and a cell size smaller
than one-third of the local mean free path is required. Since we
use eight subcells per cell,49 this requirement can be loosened to
(dx , 2λ=3). To have enough unbiased collision partners, at least
20 representative particles are required per cell. All these require-
ments were fulfilled, except for the highly rarefied region (i.e., in
the “blind spot” of the plume where the collision probability is
low anyway), which justifies our approach. To fulfill the spatial
resolution criteria, first a simulation on a coarse grid was per-
formed and based on the local mean free path refined before
starting the actual simulation. The time step was also adapted and
kept constant throughout the simulation. This procedure was con-
ducted for each case, as the resolution requirements differ
depending on both Knudsen number and carrier-gas fraction.
The dsmcFoamPlus solver was used, which was implemented in
OpenFoam 2.4 and extensively verified by White et al.50

III. RESULTS

Three main criteria regarding mass flow are desirable in
coating technology: (i) a high total deposition rate, (ii) a uniform
deposition, and (iii) an avoidance of stray deposition. We use the
deposition profiles of silver, i.e., _nAg, to comprehensively quantify
these criteria depending on the mixture composition. First, we eval-
uate (i) the total deposition rate by plotting the inlet number
density fluxes over the carrier-gas fraction yHe for Knin ¼ Kn0 and
Knin ¼ 2Kn0 as shown in Fig. 2. With increasing carrier-gas
fraction, the silver mass flux—which we are eventually interested
in—rises up to its maximum at yHe ¼ 0:755. This increase may
seem counterintuitive, since the silver fraction decreases with a
higher helium fraction. Nevertheless, the silver inlet velocity
increases, since the speed of sound is inversely proportional to
the square root of molecular mass, i.e., a/ 1=

ffiffiffiffi
m

p
. It should be

noted that the addition of a lighter carrier gas increases viscosity
with 1=

ffiffiffiffi
m

p
, which may increase the boundary layer in the slot or

nozzle and, thus, reduce the outflow. The present study does not
consider this effect. Comprehensive studies on the conductance
and species separation from orifices and through pipes of finite
lengths were published in recent years.13,14,51 However, as the
higher viscosity affects only the boundary and not the bulk flow,
the effect is assumed to be small.

To quantify (ii) the uniformity of the deposition, the
minimum squared deviation of silver deposition (i.e., minimized
with respect to c, a number from the set of real numbers) is calcu-
lated, which reads

Adev ¼ min
c[Rþ

ðz¼12mm

z¼0

_nAg � c

c

� �2

dz: (5)

Adev ¼ 0 corresponds to perfect uniformity, whereas higher Adev

indicates nonuniformity. Figures 3(a) (for Kn ¼ Kn0) and 3(b)
(for Kn ¼ 2Kn0) show the nonuniformity measure Adev over the
nozzle-to-plate distance and molar fraction of helium yHe.
The nonuniformity is highest directly after the inlet, where the
spreading of species starts, and decreases rapidly with increasing
distance. The nonuniformity starts to differ for different molar

FIG. 2. Inlet number density fluxes depending on carrier-gas fraction.

TABLE I. Modeling parameters for variable soft sphere (Ref. 46), a model for
helium (Ref. 45), and silver [approximated by inverse-power law (Ref. 47)].

m (10−27 kg) dref (10
−10 m) ω α Tref (K)

He 6.65 2.3 0.66 1.26 273
Ag 179.12 8.31 0.853 1.92 273
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fractions of helium at a nozzle-to-plate distance of x � 5mm.
For Kn ¼ Kn0, adding more carrier gas monotonically enhances
uniformity, whereas for Kn ¼ 2Kn0, the nonuniformity decreases
up to a minimum approximately at yHe ¼ 0:7 before increasing
again. While the exact minimum value can be expected to depend
on the geometry and process conditions, it indicates that high
fractions of carrier gas may mitigate shock-induced nonuniformi-
ties. Figures 4(a) and 4(b) show (iii) the stray deposition, which is
the coating material fraction ploss that does not reach the substrate
(assumed to stretch over the range z ¼ +12mm) but leaves the
computational domain (i.e., coats the vacuum chamber). With a
higher nozzle-to-plate distance, the loss deposition increases. The

stray deposition loss is slightly higher for Kn ¼ Kn0 [Fig. 4(a)]
than for Kn ¼ 2Kn0 [Fig. 4(b)]. The higher the carrier-gas frac-
tion, the smaller the deposition loss, e.g., at x ¼ 10mm only 10%
are lost for yHe ¼ 0:9 compared to 15% for no carrier gas for the
case of Kn ¼ 2Kn0 [Fig. 4(b)]. Thus, adding a light carrier gas
improves the coating deposition regarding all three evaluated
criteria.

To explain these results, Fig. 5 shows the line profiles of the
normalized silver number density, silver velocity, and normalized
silver deposition along z-direction for different mole fractions of

FIG. 3. Nonuniformity Adev depending on carrier-gas fraction and
nozzle-to-plate distances for two plumes at a nozzle separation distance L ¼ D
for (a) Kn ¼ Kn0 and (b) Kn ¼ 2Kn0.

FIG. 4. Stray deposition loss ploss depending on carrier-gas fraction and
nozzle-to-plate distances for two plumes at a nozzle separation distance L ¼ D
for (a) Kn ¼ Kn0 and (b) Kn ¼ 2Kn0.
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carrier gas yHe for Kn ¼ 2Kn0. At x ¼ 8mm, the normalized
number density profile for the pure silver mixture, i.e., yHe ¼ 0
[Fig. 5(a)], linearly increases toward the symmetry and shows two
elevated peaks on each side of the symmetry plane. With increasing
carrier-gas fraction, the two distinct peaks merge into one and
the rest of the profile is more curved. All velocity profiles depict
two broad peaks and a trough at the symmetry, but with higher
carrier-gas fraction yHe, the velocity magnitude significantly
increases [Fig. 5(c)]. The normalized silver number deposition
profile, which is the product of the normalized number density
and the velocity (divided by the silver inlet velocity), i.e.,
_nAg= _nAg,in ¼ (nAguAg)=(nAg,inuAg,in), is shown in Fig. 5(e).
It increases nearly linearly from the outer side toward its peaks

and shows a considerable trough in between for the pure silver
mixture. With increasing helium mole fraction, the profile
becomes curved and broad peaks are visible around the inlet posi-
tions and one or two peaks occur at or next to the symmetry
plane. The velocity trough at the symmetry trenches a deposition
trough for the low carrier-gas fractions and compensates for
the number density peak for high carrier-gas fractions, thus
smoothing the deposition profile. This explains the smaller non-
uniformity when adding high carrier-gas fractions. At higher
nozzle-to-plate distance of x ¼ 15mm, the number density is
pluglike for small carrier-gas fractions yHe and forms a triangle
profile with a high peak for high yHe [Fig. 5(b)]. The velocity pro-
files [Fig. 5(d)] flatten out producing a deposition profile, which

FIG. 5. Line profiles of the flow of two interacting plumes for Kn ¼ 2Kn0 and for several carrier-gas fractions along z-direction. (a) and (b) show the silver number density
normalized by the silver inlet number density, (c) and (d) the silver velocity in x-direction, and (e) and (f ) the silver number density flux normalized by the silver inlet
number density flux. (a), (c), and (e) are at a nozzle-to-plate distance of x ¼ 8 mm and (b), (d), and (f ) at a nozzle-to-plate distance of x ¼ 15 mm.
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strongly resembles the number density profile. With higher
helium fraction, the peaks merge into one narrow high peak,
which explains the increase of nonuniformity with carrier-gas
fraction above yHe ¼ 0:7 previously observed in Fig. 3(b).

The underlying flow behavior can be split into two phenom-
ena to understand the effect of the carrier gas, namely,

1. species separation due to rarefaction, and subsequent change of
the speed of sound with molecular weight,

2. subsequent change of Γþ- and Γ�-characteristics.

While the species separation requires rarefied flow conditions, since
it is proportional to the mean free path, the definition of speed of
sound and the characteristics make sense only in (near) continuum
flows—as observed in the shock and at the beginning of the
expansions.

A. Free molecular flow

To visualize phenomenon 1, we consider the extreme case of
free molecular flow (Kn ! 1) where species separation is purely
based on the difference of the velocity standard deviations.
Figure 6 plots free molecular flow of two parallel plumes, each of
them has a carrier-gas fraction of yHe ¼ 0:5. At the inlet, silver
and helium are in equilibrium, i.e., TAg ¼ THe. The variance of
the velocity distributions is kBT=m, so that silver has a narrower
velocity distribution than helium, which affects the spreading of
the species. Figure 6(a) shows the emerging number density field
for silver in the upper and helium in the lower half, respectively.
The silver number density decreases with distance from the inlet,
mildly along the jet axis and more rapidly in the offside, produc-
ing isocontours in the form of ellipses. In contrast, for the lighter
helium, the number density decreases rapidly in all directions
causing nearly circular isocontours. The mean velocity of the
mixture in x-direction [in the upper half of Fig. 6(b)] increases
with distance to the inlet and takes values around 900m s�1,
whereas the one in z-direction is highest in the peripheral regions
[shown in the lower half of Fig. 6(b)]. Figure 6(c) shows the slip
velocity of helium Δu ¼ uHe � u, which qualitatively resembles
the mean velocity field, but helium exceeds the mean velocities of
the mixture by two to three times in both x- and z-direction.
Figure 6(d) plots the resulting species separation ratio, i.e., the
species ratio compared to the species ratio at the inlet,

χ ¼ nAg=nHe

nAg,in=nHe,in
:

The upper half shows the DSMC solution for the mixture; the
lower half shows the analytical solution given by Cai et al.,52,53

which describes the entire flow field for a planar plume as a func-
tion of the speed ratio at the inlet Sin ¼ Uin=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT=m

p
. It can be

seen that the DSMC results are in good agreement with the ana-
lytical solution. The species separation ratio is above unity in
most regions indicating the predominance of silver especially
around the jet axes, whereas helium prevails only in the periph-
eral region. Silver, the heavy species, which exhibits moderate
speeds, has a higher number density fraction along the jet axis,
whereas the light helium swiftly leaves the computational domain.

Farther downstream, the superposition of the two plumes pro-
duces an even higher fraction of silver around the symmetry
plane. On the one hand, this behavior explains the small stray
deposition of silver in Figs. 4(a) and 4(b). On the other hand,
the prevalence of silver and its high molecular weight lets it domi-
nate other flow fields, such as the temperature (and consequently
the local speed of sound).

B. Rarefied flow field

When considering collisions, the high slip velocities between
silver and helium diminish. The contours in Fig. 7 compare the
flow fields for the case for yHe ¼ 0:1 in the upper half with the case
for yHe ¼ 0:9 in the lower half, both for Kn ¼ 2Kn0. The normal-
ized number density [Fig. 7(a)] decreases in the primary expansion
but increases around the symmetry plane further downstream
before expanding again. The interaction shock is expected to lie
between the primary and secondary expansion. For the higher
carrier-gas fraction, the entire structure is elongated, which
indicates that the helium focuses the heavy silver first around the
primary jet axis—producing a shock further downstream—and
then around the secondary jet axis, i.e., symmetry plane. Figure 7(b)
shows the slip velocity of helium in x-direction. Please note that high
gradients at some edges of the computational domain can be
accounted to the vacuum boundary condition and the higher scatter-
ing for yHe ¼ 0:1 comes from the lower number of helium particles.
The slip velocity is an order of magnitude smaller than in the case of
free flow [upper half of Fig. 6(c)] but still positive in the majority of
the flow field. In the shock region, the slip velocity is smaller and for
yHe ¼ 0:9 even partially negative, which indicates an earlier shock of
the lighter species. Figure 7(c) plots the slip velocity of helium in
z-direction. The helium escapes in both directions away from the jet
axis downstream of the inlet as for the free molecular flow. The
z-velocity slip increases in the shock region and is everywhere
directed away from the symmetry plane in the secondary expansion.
An especially high local slip ΔwHe can be found in the shock region
for yHe ¼ 0:9, which coincidences with the negative streamwise slip
velocity ΔuHe. Both indicate that the light helium is ejected out of
the shock region by the collisions with the heavy silver.

The resulting species separation ratio [Fig. 7(d)] is in most
regions above unity as was already the case for free molecular flow.
However, in the shock region, the smaller or even reversed helium
slip velocities compared to the free molecular case cause a dip in
species separation. For higher carrier-gas fraction, the species sepa-
ration is stronger in the expansions but also the zone of less species
separation around the shock is larger, which is in agreement with
the higher impact of the shock region on the slip velocities. The
prevalence of silver comes along with a higher local mass, thus
(given a certain temperature) a smaller standard deviation of fluc-
tuational velocities and, hence, a lower speed of sound, which
varies with a/ ffiffiffiffiffiffiffiffiffiffi

T=m
p

. The factors with which local weight and
temperature alter the speed of sound can be separated. Figure 7(e)
plots the factor due to the change of local weight, which is the
square root of the inverse of the molecular mass normalized by the
inlet molecular mass, i.e.,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
min=m

p
. This factor is close to unity for

the majority of the flow field for yHe ¼ 0:1 implying negligible
impact of species separation on the speed of sound, except for the
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FIG. 6. Contours of free molecular flow of two interacting plumes of a homogeneous binary gas mixture with a carrier-gas fraction of y ¼ 0:5. (a) shows the number
density of silver in the upper and the one of helium in the lower half; (b) depicts the mean velocity of the mixture and (c) the slip velocity of helium, in the upper half is the
x-component, in the lower half the z-component; (d) presents the species separation ratio χ calculated by DSMC in the upper half and calculated from an analytical solu-
tion in the lower half.
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peripheral highly rarefied regions where the factor reaches high
values. For yHe ¼ 0:9, the molecular mass factor is up to 14% lower
in the primary expansion than at the inlet, and up to 18% lower in
the secondary expansion. In the shock region, the molecular mass
factor ratio rises to values close to unity. The corresponding tem-
perature factor

ffiffiffiffiffiffiffiffiffiffiffiffi
T=Tin

p
is shown in Fig. 7(f ). While species

separation is directly reflected in a molecular mass factor that devi-
ates from unity, the temperature factor mainly drops due to the
expansion and rises due to the interaction at the symmetry plane
(which also occurs in a pure mixture case). Differences due to
species separation are noticeable when comparing the cases of differ-
ent carrier-gas fractions. However, these mainly occur in the highly

FIG. 7. Contour plots of two interacting jets of a binary gas mixture for Kn ¼ 2Kn0, in the upper half for a carrier-gas fraction of yHe ¼ 0:1, in the lower half for a carrier-
gas fraction of yHe ¼ 0:9. (a) shows the silver number density normalized by the inlet silver number density, (b) the helium slip velocity in x-direction, (c) the helium slip
velocity in z-direction, (d) the species separation ratio χ where the gray line marks χ ¼ 1, (e) the contribution factor of molecular weight to the change of speed of sound,
and (f ) the contribution factor of temperature to the change of speed of sound. The contour plots are clipped to the range of the corresponding color bar.
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rarefied regions, e.g., the peripheral region above the inlet and the
early interaction region with high temperatures. In these almost free
molecular flow regions, the definition of the speed of sound is point-
less. In the core of the expansions and in the shock region, the tem-
perature factor exhibits symmetrical behavior for yHe ¼ 0:1 and
yHe ¼ 0:9. Hence, it can be concluded that the speed of sound
changes because of the change in local molecular mass due to
species separation (and changes in temperature are not relevant).

An explanatory remark regarding the change of the speed of
sound and the species separation ratio: We chose the species sepa-
ration ratio χ as a measure commonly used in literature.45 One
should keep in mind that for the same species separation ratio the
change in local mean molecular mass depends on the initial
carrier-gas fractions, e.g., for χ ¼ 2 the molecular mass changes
more for yHe,in ¼ 0:9 than yHe,in ¼ 0:1. The expression reads

m
min

¼ 1þ rin
1þ χrin

mHe þ χrinmAg

mHe þ rinmAg
,

where rin ¼ nAg,in=nHe,in ¼ (1� yHe,in)=yHe,in is the species ratio
at the inlet, which is rin ¼ 9 for yHe,in ¼ 0:1 and rin ¼ 1=9 for
yHe,in ¼ 0:9.

C. Change of Γ+ and Γ− characteristics

Due to the previously described reduction of the speed of
sound by the species separation, a fluid element has a narrower
domain of influence, which is the Mach cone whose half-cone
aperture is the Mach angle μ ¼ arcsin 1

M

� �
that decreases for lower

speeds of sound. The corresponding envelopes are the Γþ- and
Γ�-characteristics so that the impact of local species separation on
the flow field can be visualized by these characteristics. The course
of the characteristics Γþ and Γ� can be expressed by the local flow
angle w and the Mach angle μ and reads

Γþ :
dz
dx

¼ tan wþ μð Þ, (6)

Γ� :
dz
dx

¼ tan w� μð Þ: (7)

Please note that the description by characteristics is only strictly
applicable for inviscid continuum flow and in the here considered
rarefied flow, it aids the understanding since the deviation from
equilibrium is small. For more details on the characteristics of
supersonic, inviscid continuum flows refer to the literature.54

Figure 8 plots the Mach number field as banded contours,
streamlines in blue, and characteristic curves in brown and beige.
The case for a carrier-gas fraction of yHe ¼ 0:1 is shown in the
upper half and the one for yHe ¼ 0:9 in the lower half. In both cases,
the Mach number increases in the primary expansion, decreases
when crossing the shock, and again increases in the secondary
expansion. For the high carrier-gas fraction, the Mach number
increases faster—since the stronger species separation cumulates the
heavy silver as was shown in Fig. 7—and, therefore, the characteris-
tics form a more acute angle with the streamline. This narrower
expansion affects the shock location. The shock region is detected

based on the divergence field of the Γþ-characteristics and marked
by the blue continuous contours. While the shock region traverses
nearly the entire computational domain for yHe ¼ 0:1, it fades early
for yHe ¼ 0:9 and bends away less from the symmetry plane.
(Details of the shock detection method were described in a previ-
ous publication.20 Its benefit over the commonly used isobars55 or
pseudo-Schlieren56 is that it does not lose its validity when the
preshock condition is highly inhomogeneous in pressure and
density along the shock, which is the case in the present study
due to the expansion flow.)

Figure 9 plots the shock location and sonic line for different
carrier-gas fractions for Kn ¼ Kn0 and Kn ¼ 2Kn0. The subsonic
region (marked by solid lines) changes only insignificantly with

FIG. 8. Characteristics and shock detection for yHe ¼ 0:1 in the upper half and
yHe ¼ 0:9 in the lower half at inlet Knudsen number Kn ¼ 2Kn0. The gray,
banded contours in the background show the Mach number and the blue, con-
tinuous contours represent the region detected as the shock region and are
colored by jr � Γþj, clipped at 1000 m�1. The blue lines are streamlines, the
brown lines Γ� characteristics, and the beige lines Γþ characteristics (in the
lower part the characteristics are mirrored). The white dotted line is the shock
line detected from the regression of the shock region; the white solid line is the
sonic line, i.e., M ¼ 1.
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carrier-gas fraction. For pure helium and pure silver the shock loca-
tion matches—which is expected due to similarity that depends
only on the Mach number and marginally on the Knudsen
number,20 which were kept the same for all cases. A small carrier-
gas fraction of yHe ¼ 0:1 has only a negligible impact on the shock
location. However, the shock location shifts downstream for higher
carrier-gas fractions and the divergence region becomes shorter so
that the shock does not traverse through the entire domain but dif-
fuses before. This greater deviation corresponds to the higher
change of local mean molecular mass due to species separation.
Hence, the information that an interaction takes place cannot travel
as far upstream, producing a later shock. In addition, the shock
region is broader and weaker for the higher carrier-gas fraction,
which can be accounted to a more oblique shock due to the shift.
The shift of the shock and its weakening is more prominent for a
higher degree of rarefaction, i.e., Kn ¼ 2Kn0 in Fig. 9(a), since for
longer mean free paths atoms can move a longer distance without
collisions thus enhancing species separation.57 The narrower shock

region and weaker shock explain the smaller distance between
peaks and smaller peak height observed in the deposition profiles
for high carrier-gas fractions. The fading of the shocks reveals why
at high carrier-gas fractions and rarefaction, the deposition profile
seems to resemble the merging of the two plumes [Fig. 5(f )] and
consequently produces a higher nonuniformity than at lower
carrier-gas fractions [Fig. 3(b)].

IV. CONCLUSIONS

We investigated the use of a light carrier gas to support con-
tinuous physical vapor deposition (PVD) processes of a heavier
species, in which plume interactions (otherwise) would cause
shocks. To evaluate the effect of species separation, we kept the
Mach number and the Knudsen number constant while varying the
carrier-gas fraction.

At the inlet, the addition of a carrier gas increases the speed of
sound and consequently the mass flow of the coating material from
a sonic inlet. In the expansion flow, a higher carrier-gas fraction
produces a stronger separation of species that pushes the light
species to the offside and focuses the heavy species along the axis.
Consequently, stray deposition reduces monotonically with carrier-
gas fraction. In the region with a high fraction of heavy species, the
Mach number increases more compared to cases with lower
carrier-gas fractions. This shifts the transfer of information into a
smaller Mach cone, which in turn produces a less bent and more
oblique, weaker shock. Therefore, the impact of the shock on the
deposition profile is reduced. This improves deposition uniformity
up to the point at which adding more carrier gas causes a merging
of the two plumes into one and uniformity decreases. A higher rar-
efaction enhances the merging of the plumes.

Thus, the three main requirements concerning the mass
flow—high mass flow rates, low stray deposition, and high unifor-
mity—are all facilitated by adding a lighter carrier gas (up to a
certain carrier-gas fraction). While we showed these beneficial out-
comes only for planar plume interaction with a very specific geom-
etry, the same effects can be expected for other nozzle geometries
and three-dimensional interacting plumes. A simplification made
in the current study is that the influence of the actual substrate is
not considered. The applied vacuum condition removes the gases
and does not allow backflow. For the applied metal, i.e., silver, this
is may be an appropriate assumption since the majority of it is
expected to stick on the substrate surface. The carrier gas, i.e.,
helium, rebounds from the substrate and may affect the upstream
flow. Further studies (with the precise geometry) would be neces-
sary to evaluate this effect. The carrier gases will not only impact
the transport to the substrate but also the growth of the film. The
exact effect depends on the deposited material, process conditions,
and desired film morphology. Experiments would be required for a
comprehensive evaluation of carrier gas use in continuous PVD.

Nomenclature

Roman symbols
a ¼ ffiffiffiffiffiffiffiffiffi

γRT
p

speed of sound (m s�1)
D = length of inlet (m)
d = collisional diameter (m)
kB = Boltzmann constant (1:380 649� 10�23 J K�1)

FIG. 9. Shock location (dashed or dotted) and sonic line (solid) depending on
the carrier-gas fraction for (a) Kn ¼ Kn0 and (b) Kn ¼ 2Kn0.
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Kn = Knudsen number (–)
L = nozzle separation distance (m)
M = Mach number (–)
m = particle mass (kg)
n = number density (m�3)
ploss = fraction of loss deposition (–)
R = specific gas constant (J kg�1 K�1)
r ¼ (x, z) point vector (m)
S = speed ratio (–)
T = temperature (K)
u ¼ (u, w) macroscopic velocity (m s�1)
y = mole fraction (–)

Greek
α = deflection angle exponent (–)
χ = species separation ratio (–)
γ = specific heat ratio
Γþ, Γ� = characteristics
λ = mean free path (m)
μ = Mach angle (�)
ω = energy exponent (–)
ρ = density (kgm�3)
w = flow angle (�)

Subscripts
Ag = silver
He = helium
in = quantity at the inlet
ref = reference value
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APPENDIX: TIME STEP, MESH, AND PARTICLE
NUMBER INDEPENDENCE STUDY

The independence of the solution was tested exemplary for
the case Kn ¼ 2Kn0 ¼ 0:025 and yHe ¼ 0:5. The results in the
manuscript were drawn from a simulation containing a number of
particles of Np ¼ 3:27M, a time step of dt0 ¼ 2:5� 10�9 s and a
number of cells of Noc ¼ 56 784. This corresponds to fulfilling the
resolution criteria for time step dt , τ=10, grid size dx , 2λ=3
everywhere and particle number per cell being at least 20 as

described in Sec. II. The resolution was varied to study the inde-
pendence of the solution on the discretization. The silver number
density flux normalized by the silver inlet number density flux at a
nozzle-to-plate distance of x ¼ 8mm is plotted for the different
resolutions in Fig. 10. The time step was varied with
dt [ [0:5dt0, dt0, 2dt0, 10dt0, 40dt0, 100dt0]. For a time step size of
dt ¼ 40dt0 and dt ¼ 100dt0, the predicted normalized number
density flux varies from the one at smaller time step sizes, whereas
the deviations for dt [ [0:5dt0, dt0, 2dt0, 10dt0 are small to negligi-
ble [Fig. 10(a)]. The grid cell size was refined by a factor of 2,

FIG. 10. Independence study for interacting plumes at Kn ¼ 2Kn0 ¼ 0:025
and yHe ¼ 0:5. Line plot of the silver number density flux normalized by the
silver inlet number density flux at a nozzle-to-plate distance of x ¼ 8 mm for (a)
varying time step sizes, (b) varying mesh size, and (c) varying particle number.
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increasing the number of cells by a factor 4 so that the mesh glob-
ally fulfilled dx , 1λ=3. The particle number was adapted to keep
the number of particles per cell constant. The resulting number
density fluxes match for the different grid refinements [Fig. 10(b)].
The particle number was varied to be 0:25 and 0:5 of the standard
particle number. The results for the different particle numbers
match each other [Fig. 10(c)]. Based on these good results for the
chosen resolution, we expect the fulfillment of the previously dis-
cussed and widely referenced resolution criteria to be sufficient for
a discretization refinement independent solution. The actual time
step size, grid, and number of particles were adapted for each case
individually to ensure the fulfillment of the criteria.
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