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The effects of sputtering gas on particle transport_in DC magnetron sputtering have been
studied. Using argon or krypton as sputtering gas, Al, Ti;Cu, or Mo targets were sputtered
at gas pressures ranging from 0.5 to 20 Pa. The deposition rates at the front face were almost
constant at low gas pressures, then decreased above a certain pressure. The thickness
uniformity deteriorated with increasing gas pressure, and the backside deposition reached its
maximum at the boundary pressure. The dependence of these behaviors on the gas and target

materials was examined using thermalization.behavior evaluated by Monte Carlo simulation.
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The gas pressure during magnetron sputter deposition is known to affect the properties of
the deposited film significantly.!?). It is due to the behavior of sputtered particles:sthey
initially have high kinetic energy of several eV, but are decelerated by collisions and
scattering with the sputtering gas, reaching a low energy corresponding to thengas
temperature ("thermalization"). The particle energy induces various phenomena during the
deposition,® such as enhancement of adatom migration and dislocation formation through
recoil implantation. The film structure® and properties® are modified by these effeets.

Thermalization also affects the deposition rate and the thickmess wuniformity on the
substrate because the transport behavior of sputtered atoms exhibits twchlistinct modes.®
Before thermalization, the transport mode is called "ballistic"; in, which/the gas motion is
negligible because the sputtered particles are much faster. On'the other hand, after
thermalization, the mode is called "diffusive", where the sputteredparticles are driven by the
density gradient. In this case, a perfectly absorbing:chamber wall imposes a zero density
boundary condition,” strongly affecting the particle transpm;t and delivery.

Because of the importance of the thermalization of sputtered particles, it has attracted the
interest of many researchers since the late’1970's® and has been studied mainly through
computer simulations by many researchers’ '>."We have also developed a method that
rigorously treats the thermal motion of ¢olliding gases under the Maxwell distribution.'® It
enabled tracking the deceleration processiof sputtered particles until thermalization.

The distance from the target at which the majority of sputtered particles are thermalized
is called the "thermalization distance.",Since the thermalization is governed by the number
of collisions with gas particles, the thermalization distance d 1is considered proportional to
the mean free path and inversely proportional to the gas pressure p. Therefore, the pd
product value is a'specificivalue for the element of sputtered atoms, their initial energy
distribution, the-gas.elementyand gas temperature. We have proposed a method'” to evaluate
the pd value using our Monte Carlo simulation framework. The pd values for several
metals with different-atomic masses (Al, Cu, Mo) in Ar are calculated to be 7~15 Pa cm, and
the lighter the target atom is, the shorter the pd value is. These findings were consistent
with our experimental studies, in which we evaluated the dependencies of the deposition rate
and thickness uniformity on gas pressure and the target-to-substrate (T-S) distance.!®!”) The
experiment was conducted using argon as a sputtering gas. It was demonstrated that, for
lighter-atom-mass targets, a decrease in deposition rate, a change in their T-S distance
dependence, and deterioration in thickness uniformity occurred at lower gas pressures.

It is also expected that the transport process can be altered by changing the sputtering gas.
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It is because the mass ratio of the sputtered particle to the gas atom governs the scattering
and deceleration processes in collisions. Actually, Rossnagel also demonstrated the effeet of
sputtering gas species on the transport process in his 1990 paper.®

Among inert gases, krypton is the most widely used alternative to argon for sputter
deposition. In the sputter-deposition of a silver film, it was shown that Kr use helped lower
the resistivity.2*?! It was ascribed to the suppression of reflecting high-energy neutrals.??
That is, the heavier the mass of the incident gas ion is, the lower its energy becomes when it
is neutralized and reflected at the target. Krypton is also preferred for sputter deposition of
non-evaporable getter coatings for UHV applications.?>% It is because, ir;trgon sputtering,
a non-negligible amount of Ar atoms are incorporated into the deposited layers, probably
originating from the high-energy Ar neutrals. This kindhof improvement has also been
reported for high-power impulse magnetron sputtering of. tungstén.’® In any case, how
sputtered particles are transported in different kinds of gases'and how they affect the
deposition rate distribution is a crucial issue. While these 2dvantages are often discussed
from the viewpoint of energetic neutrals, the gas species also changes the thermalization and
transport of sputtered atoms, which directly. influence the deposition rate and thickness
uniformity.

In this study, we have experimentally,elucidated the transport process of sputtered
particles in Ar or Kr by measuring the pressure dependence of deposition rate, thickness
uniformity, and backside deposition in cases of sputter deposition of Al, Ti, Cu, or Mo. They
were chosen to cover a wide range of atomic masses, including elements lighter than Ar and
heavier than Kr (their atomie masses are summarized in Table S2 of the supplementary data).
Furthermore, sputter deposition ©f these metals is widely used across various applications.
The thermalization pd values for combinations of sputtering gas and sputtered material
were estimated using the:Monte Carlo method and used to interpret the experimental results.

The sputtering experiment was conducted with the same apparatus previously reported.'®
The sputter chamber.is a cylinder with a 210 mm diameter and 250 mm in height. A two-
inch sputtergun is located along its axis of symmetry. The chamber was routinely evacuated
to 2'X 1072 Paafter bakeout using a turbomolecular pump prior to each experiment. Argon
or keypton gas was fed into the chamber at 10 sccm via a mass-flow controller, and the
evacuation valve was throttled to achieve a gas pressure of 0.5-20 Pa. The pressure was
measured by a capacitance manometer (MKS Baratron 626A).

The deposition rate was measured using quartz crystal microbalances (QCMs) at three

positions: two at the front face of the holder, corresponding to the center and edge of the
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substrate, and one at the back face. The schematic of the target and the QCM holder is
illustrated in Fig. 1. The "center" QCM (C) and the "edge" QCM (E) are separated.by.28
mm. In this study, the "thickness uniformity" was evaluated using the ratio E/C of the
deposition rates of two front-face QCMs. A ratio close to unity indicates good thickness
uniformity, whereas a deviation reflects non-uniform deposition. The "back" QCM. (B) is
also located 28 mm away from the symmetric axis. The distance between the target and the
QCM holder, which corresponds to the target to substrate (T-S) distance, is variablerand was
set to 40 or 60 mm in this study. The QCMs were monitored using.amulti-channel monitor
(Inficon, SQM-160). It records thickness at 0.1 nm resolution. The depo\sition rate in this
experiment was obtained from the slope of the thickness vs time data.

The Al, Ti, Cu, or Mo target with a purity of 3N (Ti) or 4N (other) with a 50 mm diameter
and a 3 mm thickness (supplied by Furuuchi Kagaku) swasplacedson the sputter gun, and a
discharge power of 50 W was applied by a DC power source (Heiwa denki, DCS700-0.8).
The fresh target was sputtered for more than 30 min, and aftir confirming discharge-voltage
stabilization, the deposition measurement was conducted. DC voltages of each condition
(target metal, sputtering gas, and its pressure) are given in Table S1 in the supplementary
data.

Figure 2 shows the deposition‘rates ofeight pairs of the target (Al, Ti, Cu, and Mo) and
the gas (Ar or Kr) at different gas pressures at the T-S distance of 40 mm. The complete data
set, including the T-S distance. for 60 mm cases, is available in the Figs. S1-S8 in
supplementary data.

The pressure dependenceofithe deposition rate can be separated into two regions. At lower
pressures, the deposition rate at the front-face QCMs (C and E) is almost constant, whereas
the rate at B increases withipressure. On the other hand, at higher gas pressures, the rates at
C and E decreasewith aniinerease in pressure. In this region, the decrease at E becomes more
abrupt, suggesting a degradation in the uniformity of the substrate thickness. At B, the
deposition'rate also.decreases, resulting in a maximum at the boundary of these two regions.

%) which used

The origin of these behaviours has been discussed in our previous paper,
only argon asithe sputtering gas. The description of the maximum at B was as follows: at
low pressures, sputtered particles in ballistic transport change direction through collisions
with gas; thus, increased pressure leads to a greater deposition rate on the hidden back
surface. However, as pressure increases further, thermalization begins, and the region shrinks
toward the target. In this case, the boundary effects in diffusion transport make it difficult

for particles to reach the back surface. Namely, the zero-density boundary condition

Page 4 of 11



Page 5 of 11

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JJAP-107218.R1
Takeo Nakano: sputtered particle transport in Kr. (January 2026)

effectively confines the diffusing flux near the target-facing region, reducing the probability
of reaching shadowed locations such as the backside. The deterioration in depositionsrate
and its uniformity at the front face can also be understood in this context. The return of the
sputtered particles toward the sputter gun should also contribute to the decrease in deposition
rate at higher pressures.

The boundary pressure of the two regions at which the rate of B is maximum was found
to be affected by the target element. The lower the atomic mass of the target element was,

the lower the boundary pressure became. It was in agreement with the'order of the pd value

~
estimated by the Monte Carlo simulation method.!”

In this study, in addition to the target element, the sputtering gas was.alternated between
Ar and Kr, and the effect of these combinations on the pressure dependence of the deposition
rate was investigated. As shown in Fig. 2, when Kr was used as the sputtering gas, the
boundary pressure decreased for all metal targetsiyThe larger, heavier krypton atom is
expected to have greater "stopping power" than A, and»it wa.s observed that the reduction in
deposition rate began at a lower gas pressure in Kr than in Ar.?”

To discuss the dependence of target and gas elements on the boundary pressure more
quantitatively, the pd values for thermalization were calculated for the combinations used
in the experiment and shown in Fig. 3. They were obtained using the Monte Carlo method
we proposed earlier. '” A summary of the method, along with the parameters used in the
calculation (Table S2) and obtained pd values (Table S3), is provided in the supplementary
data. To visualize the effect/of the ratio.between the atomic mass of the target M, and that
of the sputtering gas ion (projectile) M,,, the pd value was plotted as a function of M./M,,.
Such mass ratios were considered to significantly influence the scattering angle and the
energy decay of sputtered particles in binary collisions with the gas, particularly during
ballistic transport. Namely, the lighter atom can be backscattered by the gas, while the
heavier atomyis not. When the M,/M,, is close to unity, the kinetic energy transfer occurs
efficiently, making the energy decay of sputtered particles after collision more pronounced.

It is clear'from Fig. 3'that the pd does not depend solely on the mass ratio. The collision
cross section for sputtered particles is expected to be larger for Kr than for Ar. Therefore,
momentum-transfer collisions occur more frequently in Kr, thereby reducing the pd value.
Accordingly, the ratio of pd values pdy ar/pPdwm kr for the same target and different gases
did. not show the same value, and became smaller for lighter elements. We do not have a
clear explanation for this, but the atomic size of the sputtered particle may contribute to this

difference.
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It should also be noted that Ti exhibited a larger pd value than the trend line. It may be
attributed to the larger binding energy of Ti metal (4.85 eV) compared to Al (3.39 eV)rand
Cu (3.49 eV). It results in higher initial energy for sputtered particles, as determined by

28 used in the simulation.

Thompson's formula

The boundary pressure, which corresponds to the pressure causing the deérease in C and
E, or the maximum in B, in Fig. 2, shows good agreement with the pd values shown in Fig.
3, considering a T-S distance of 40 mm. For Al, the shift in boundary pressure due to the
difference in sputtering gas was more subtle than that for Cu orMo. Anyway, in sputter
deposition using Kr with a typical apparatus with a T-S distance(of 5.t0 1Ecm, it should be
recognized that thermalization may be dominant at pressures of 1 or 2 Pa,€ven with a heavy-
atomic-mass target such as Mo. At this pressure thresholdjithe incident energy of sputtered
particles onto the substrate also changes significantly, and eonsequently, the microstructure
of the resulting film should be strongly affected.

The deposition rate difference at each target‘with diffegent gases can be attributed to
differences in sputtering yield among those ‘combinations. By comparing the energy
dependence of the sputtering yield given in'the book,??) argon produces a higher sputtering
yield than Kr at energies corresponding to the discharge voltage observed in this study. The
only exception is Al, where Ar and Kr show-nearly the same sputtering yields in this energy
range. The experimentally observed fasterdeposition rate of Ar than Kr at low pressures may
be due to Kr's greater scatteringstrength for sputtered particles.

In summary, we investigated the pressure dependence of the deposition rate, thickness
uniformity, and backsideddepesitionin DC magnetron sputtering using Ar or Kr for Al, Ti,
Cu, and Mo targets. A clear transition in the pressure dependence of the deposition rate,
reflecting the tramSport ofysputtered particles, was observed in all combinations. The
boundary pressurerdepended on both the target and the gas species and decreased when Kr
was used. The tendency was consistent with the thermalization pd values estimated by
Monte Carlo simulations. These results indicate that the thermalization criterion provides a
practical framework for interpreting gas-dependent transport and a simple guideline: the
transition pressure is roughly estimated by p = (pd)/L, where L is the target-to-substrate
distance. For typical L of several centimeters, thermalization can become significant even

at 1-2 Pawith Kr.
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2% Fig. 1. Schematics of the deposition rate. measurement setup. Two QCMs were located on
27 the target-facing side of the holder, and another QCM was on the back side. The aperture of
29 the QCMs was 8 mm. The center of the Edge or Back QCM was 28 mm away from the
31 symmetric axis. The distance between,the target and the holder was set to 40 or 60 mm in

32 this study.
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