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It has previously been shown that amorphous silicon (a-Si) thin films can be produced free of tunneling
two-level systems (TLS) by e-beam evaporation onto substrates held at elevated temperatures, and there
appears to be a strong anticorrelation between the atomic density of these films and the number density
of TLS. We have prepared a-Si films with higher atomic density using magnetron sputtering at substrate
temperatures comparable to those used in the e-beam studies. We compare the atomic densities
measured using Rutherford backscattering and the shear moduli, the speeds of sound, and the densities
of TLS calculated using internal friction measurements at cryogenic temperatures of sputtered a-Si films
to those of the e-beam films. Our results show that despite their higher atomic densities, sputtered a-Si
films prepared at elevated substrate temperatures have lower speeds of sound and higher densities of
TLS, which we attribute to the different film growth mechanism from that of e-beam evaporation. We
conclude that a collaborative improvement of both local structure and network connectivity, determined
by atomic density and speed of sound, respectively, to approach their crystalline values is required to
eliminate atomic tunneling states.

Published by Elsevier B.V.

1. Introduction

Amorphous solids are known for their ubiquitous low-energy
excitations that make them differ from their crystalline counter-
parts in a variety of low temperature properties [1,2]. These low-
energy excitations contribute to an anomalously large and linear
temperature (T) dependent specific heat and their resonant scat-
tering of phonons leads to a T2 dependent thermal conductivity,
both at T< 1 K [3]. These phenomena have been explained by the
model of tunneling two-level systems (TLS), where an atom or a
cluster of atoms tunnel between two adjacent potential minima in
the amorphous structure when the wave function of the states
overlap [4,5].

The two-level nature of such excitations results in resonant
scattering [6—8], saturations [9,10], and echoes [11] of acoustic and
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electromagnetic waves. These effects are typically observed at
T <100 mK. The relaxation scattering of external elastic waves re-
sults in a nearly T independent plateau in internal friction at
0.5-10 K, depending on the external acoustic frequency [12,13]
given by

4w
Q= e (1)
where the tunneling strength C is defined as

Pry2
c:p% 2)

and P is the spectral density of the tunneling states, y their
phonon coupling energy, p the mass density, and v the speed of
sound. With increasing temperature tunneling gives way to ther-
mal activation showing a broad maximum in internal friction after
the plateau. Within the same temperature range, the relative
change of speed of sound decreases first logarithmically, then lin-
early from a few K up to a few tens of K, also depending on the
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external acoustic frequency [14] as:

Av /vy = —B(T —Tp), (3)

where vy is the speed of sound at a reference temperature Ty and
is proportional to C for most amorphous and disordered crystalline
solids studied so far [15]. The loss maximum and the linear
decrease of Av/yy are understood as the thermally activated
relaxation rate dominating the quantum tunneling rate of the TLS
[14,16].

Despite the success of the TLS model, a number of questions
remain unanswered: what are the tunneling entities, and why are
the properties so universal? In particular, 10~4 < C < 103 is found
for most of the amorphous solids, including some disordered
crystalline solids and complex crystals with diverse structures and
compositions, even as the individual parameters, such as pr2, can
vary by as much as five orders of magnitude [17].

The universal nature of TLS confounds the identification of their
origin. That's why exceptions are particularly valuable. An early
internal friction study of hydrogenated amorphous silicon (a-Si)
films deposited at an elevated substrate temperature shows a more
than two orders of magnitude reduction of C [18]. However, the
right amount of hydrogen was thought to be the main reason [19]. A
recent study of e-beam evaporated a-Si utilizing both specific heat
and internal friction measurements showed that elevated substrate
temperatures during deposition are the overriding cause of low TLS
densities in these films, without the need for hydrogen [20,21]. It
has been known that vapor deposition at a substrate temperature
Tsup slightly below its glass transition Tg where freshly landed
atoms have enough mobility to equilibrate in a stable and low
energy state results into a densely packed structure that is close to
an ultrastable state of glasses [22]. A specific heat study shows that
a stable glassy polymer material-indomethacin deposited at Ty, =
0.85T; has a much smaller TLS density than its conventional form
cooled from glass transition [23].

In a quantitative analysis of e-beam a-Si, it is evident that the
TLS density decreases exponentially with increasing atomic density
[24]. In e-beam a-Si, a high atomic density is a result of an elevated
substrate temperature. However, it is known that high atomic
density can also be accomplished by sputtering. In this work, we
study magnetron sputtered a-Si films in order to achieve higher
atomic density in a-Si and to differentiate its relative importance
from high substrate temperatures. There is also a historic incentive
to study TLS in sputtered a-Si that relates to their microscopic
origin. Although the TLS model was proposed purely phenome-
nologically, Phillips suggested in his original theory work that TLS
would occur in an open structure with low atomic bonding, but not
in a closed one with tetrahedral bonding like a-Si and a-Ge [5]. Due
to technical challenges in studying TLS in thin films, no decisive
conclusions have been drawn in early studies [25—27]. Later on, a
double-paddle oscillator (DPO) study confirmed the existence of
TLS in both a-Si and a-Ge, and their tunneling strength C are
smaller than most other amorphous solids [28]. Encouragingly, C in
room temperature (RT) sputtered a-Si is found to be lower than in
e-beam, and decreases by a larger percentage after an anneal at
350°C [28]. A comparison of T, dependence of e-beam and
sputtered a-Si with the known difference in atomic density will
give us more insight into a more effective route to eliminate TLS.
Amorphous thin films devoid of TLS would untangle a plethora of
current challenges in technological areas, such as superconducting
quantum bits [29] and the next generation gravitational-wave de-
tectors [30].

To facilitate the comparison, thin films of a-Si are sputtered at
RT, 303°C, 370°C, and 431°C. The same DPO technique as we used
previously on e-beam a-Si films is used to measure C of TLS. Our
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results do not support the determinative effect of atomic density on
the density of TLS, rather the formation of tunneling states may
depend on the microscopic details of film deposition and growth
processes.

2. Experimental

Four a-Si thin films were prepared in this work with a substrate
temperature during growth between 30°C and 431°C. They were
deposited onto a single crystal DPO with an AJA magnetron sput-
tering system using a 5 N 2” Si target at a target-to-substrate
working distance of 77 cm. For all depositions, two pieces of wit-
ness substrates, one single crystal silicon and one single crystal
sapphire, were co-deposited, which were later used for Raman
spectroscopy and Rutherford backscattering spectrometry (RBS)
measurements, respectively. Prior to deposition, the system was
evacuated to a base pressure below 10~7 Torr except for the RT film
where the base pressure was 4 x 10~7 Torr. Deposition processes
started with a 3—5 min back-sputtering with 10 W DC power to
clean substrates. This was followed by a 5 min pre-sputter to
remove oxide and nitride from the surface of the target and to
further reduce residual oxygen in the deposition chamber before
opening the shutter for deposition. RF power was used for pre-
sputter and sputter with a power of 100 W for the 303°C and
370°C films and 150 W for the RT and 431°C films. All depositions
lasted ~ 3 hours (6 h for the 303°C film). During deposition of the
431°C film, RF power became unstable after about 80 min, restarted
at 200 W for 30 min, and subsequently reduced back to 150 W for
the remaining time. Argon gas flow was maintained at 25 sccm
throughout for all films, except 10 sccm for the 370°C film, and its
partial pressure at 20 mTorr during back-sputter and 3 mTorr
during pre-sputter and sputter.

Raman spectroscopy measurements performed on films
deposited on silicon witness substrates confirm all four films were
amorphous. In addition, we find that a sign of crystallinity starts to
appear when the substrate temperature is raised to 451°C. RBS
measurements were conducted to determine the atomic density
and composition using the films deposited on sapphire witness
substrates. All films show the same 0.5 at.% argon which is homo-
geneously distributed throughout the films, typical for sputtered
films. Only the RT film shows about 2—3 at.% oxygen through the
film with increasing oxygen content toward the substrate. This may
be attributed to the higher base pressure than the others. No signs
of oxygen are found inside the three films grown at elevated sub-
strate temperatures within an error of 0.5% except for some 4—5 nm
thick native oxide at their surfaces. Film thicknesses were
measured with an N&K Spectrophotometer in reflection mode at
Naval Research Laboratory and with a KLA-Tencor Alpha-Step 1Q
Surface Profilometer at UC Berkeley on both types of witness sub-
strates. The results are within 3% for most. Due to the small oxygen
content in the RT film, the optically determined thickness does not
appear reasonable. We choose the profilometry thickness instead.
By considering the possible thickness variations between DPOs and
witness substrates, we find a thickness error bar of 5% is appro-
priate for our analysis of elastic properties. Overall, excluding argon
and oxygen, sputtering results in higher atomic density ng; than by
e-beam evaporation and the ng; increases with Ty, at a much
slower pace [20]. The thicknesses and atomic densities are listed in
Table 1.

The DPOs are fabricated into the shape shown in the inset of
Fig. 1 (a) using an undoped or lightly n-type doped single crystal
silicon wafer, 300 um thick [31]. They consist of a head, a neck, two
wings, a leg and a foot. They are mounted by clamping the bottom
half of their foot to an invar block with a precision torque wrench,
which is then mounted in a He3 cryostat. The activation and
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Table 1
PECVD nc-Si film names, parameters, and thermal conductivity at 300 K.
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Ts (°C) thickness (nm) dep rate (nm/s) ng; x 1022 (1/cm?) G (GPa) v x 103 (m/s) Q' x 1075 Py2 x 10° (J/m?) P x 10% (1/Jm?)
RT 301 0.028 4.93+0.10 38.5 4.09 497 1.27 3.8
303 327 0.015 4.94+0.12 46.4 4.49 2.87 0.84 2.5
370 265 0.025 4.95+0.12 513 4.71 1.69 0.55 19
431 218 0.026 4.98+0.13 52.7 476 141 0.48 14

detection of a resonance mode are achieved capacitively with a
3 nm-Ti/50 nm-Au coating on its wings. We use the so-called
antisymmetric mode at ~ 6000 Hz, in which the head and the
wings vibrate out of phase, and thus twist the neck into a torsional
oscillation. Due to its excellent vibration isolation, the antisym-
metric mode has a narrow resonant width of its frequency and low
background internal friction (~ 2 x 10~8). The addition of a film on
the neck leads to a measurable shift of its resonance frequency
Af = foup — fose, and internal friction AQ = Q) — Qut. The tem-
perature dependence of shear modulus Gg,,, internal friction Qﬁ]rln
and relative change of speed of sound
(Av/v0)fiim = Waim(T) —vaim (To)]/veim Of the films can be calculated
through [31]:

_ 2Gsubtsub Aﬁf

Giijm = —sub-sub 4
film 3tﬁlm fsub ( )

Qi =80 4 g (5)
ilm 2Af ub>

W 1) W 20 () @

where t, G, and of /fo = [f(T) —f(Tp)]/f(Ty) are thicknesses, shear
moduli, and relative changes of resonance frequency, respectively,
of the oscillators, the substrates, and the films. T is a reference
temperature taken as the lowest temperature point of the experi-
ment. For the single crystal Si along (110) we have G, = 62 GPa
and tg,, = 300 um.

3. Results

The internal friction results of the DPOs, Q., carrying the four
sputtered a-Si films with Ty, = 30° (RT), 303°C, 370°C, and 431°C
are shown in Fig. 1(a). The inset shows a photograph of a real DPO
carrying a film on its neck area and a metal coating on its wings that
extends to its leg and the foot. The background internal friction QsTJL
was measured separately for each of the DPOs and a typical one is
shown as the solid line. The value of the background loss,
depending weakly on the actual size of the DPO which is deter-
mined by the details of fabrication, is close to 10~8 below 30 K and
is thought to originate from some surface losses and attachment
loss [32]; the rise above 30 K follows thermoelastic loss of silicon up
to room temperature [33].

The calculated results of the sputtered a-Si films, Qﬁj}n using Eq.
(5) are shown in Fig. 1(b). For a comparison with a prototypical
amorphous solid, Qﬁ]}n of a 107 nm thick dry thermal oxide (a-SiO3)
film grown directly on a DPO at 1100°C is shown as a solid line.
Selected data of e-beam a-Si with Ty, = 45, 200, 350, and 400°C
are also shown for comparison. Two observation can be made. First,
like e-beam a-Si films, the sputtered a-Si films have a temperature-
independent plateau below 10 K that relates to C by Eq. (1) and it
increases to develop a broad maximum at 160—170 K. The height of
the maximum appears to be proportional to the value of its plateau

for both e-beam and sputtered a-Si films for a variation over one
order of magnitude. The maximum becomes invisible within the
experimental resolution as the plateau drops into the range of 10-6
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Fig. 1. (a) Temperature dependence of Q. of four DPOs carrying the sputtered a-Si
deposited at RT, 303°C, 370°C, and 431°C. The solid line is a representative DPO
background without a film. The inset is a photograph of a real DPO carrying a film on
the neck area and a metal coating on its wings, leg and bottom half of the foot. (b)
Temperature dependence of the four sputtered a-Si. Data of selected e-beam a-Si with
T,up labelled, and a 107 nm thick dry thermal oxide of silicon (a-SiO,) as a solid line,
both of which are from Ref. [21], are shown for comparison.
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for e-beam films with T, > 350°C. This result supports the com-
mon structural origin of the TLS and the excitations for thermal
activation [13]. Note that a small peak at 20 K in the RT sputtered
film is seen, but is not reproduced in other RT trials and is likely an
experimental artifact. Second, although the values of the Q(;l at RT
is about a factor of 4 smaller than in e-beam in good agreement
with earlier studies [28], Q5! of sputtered a-Si only decreases by a
factor of 3.5 from RT to Ty, =431°C; the same amount of reduction
has been achieved by an anneal at 350°C of an RT film [28]. In
contrast, a drop of two orders of magnitude in QJ] has been
observed in e-beam a-Si from RT to T, = 400°C. As a result, the
lowest TLS density in sputtered a-Si films is about one order of
magnitude higher than in e-beam films despite the fact that all
sputtered films have higher atomic densities and start with a
significantly lower C for the film grown at RT.

The change of C with T, can also be observed in the change of
speed of sound for temperature below 20 K, where a linear decrease
of Av/v with T following Eq. (3) dominates as shown in Fig. 2. The
results of the same a-SiO film and e-beam a-Si films with Ty, =
45 and 400°C as shown in Fig. 1(b) are provided for comparison.
The narrower range of the slopes, $, nicely mirrors the narrower
range of the plateaus in internal friction for sputtered a-Si than in e-
beam, which is consistent with Eq. (3). Put together, both internal
friction and the change of sound speed consistently show that a
sizable amount of TLS remain in sputtered a-Si despite the elevated
substrate temperatures. We can thus conclude that the elevated
substrate-temperature approach that is extremely successful in e-
beam a-Si films is not as effective at reducing the density of TLS in
magnetron sputtered a-Si films.

We notice a maximum in Av/v at ~ 1 K for the RT and 431°C
films and a corresponding decrease of Q! at the same tempera-
ture. These may look like an end of relaxation process when the TLS
relaxation rate lags the acoustic frequency with decreasing tem-
perature. However, such a transition has been observed at 0.1 Kin a
recent low temperature DPO measurement of an e-beam a-Si film
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Fig. 2. Temperature dependent Av/vq of the four sputtered a-Si films, two e-beam a-Si
with Ty, =45° and 400°, and a 107 nm thick dry thermal oxide of silicon (a-SiO3) as a
solid line, both of which are from Ref. [21]. The horizontal dashed line represents zero
slope of (.
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with a similar frequency [34]. While we are continuing to search for
the source of this anomaly, we would not consider it for our analysis
for the time being as it would not affect the results of this work.
To put the above results in perspective, we show in Fig. 3 the
structure parameters, ng;, G, and v¢ in (a)-(c), and TLS parameters,
Qg ', Py?,and P in (d)-(f) as a function of Ty,. We determine the low
temperature shear modulus G using Eq. (4), and with that, we
calculate the transverse speed of sound of the sputtered a-Si films
v = +/G/p and Py? of TLS (Eq. (2)). In order to compare with spe-

cific heat results of e-beam a-Si, we need to separate P from 7,
which has not been determined for sputtered a-Si films as far as we
know. As we have used v = 0.36 eV before to compare specific heat
and internal friction of e-beam a-Si [24], we continue to use the
same value for sputtered a-Si to estimate P in this work for the ease
of comparison. Note that v of a RT e-beam a-Si has recently been
determined to be y=1 eV [34]. The choice of v shifts the ratio of P
estimated from specific heat and internal friction and has no impact
to our conclusions. The results are also given in Table 1.

Fig. 3(a) shows atomic densities of all sputtered a-Si films are
higher than in e-beam films. The density deficit relative to crys-
talline silicon (c-Si) decreases from 1.3% to 0.3% with increasing
Tsup- These densities are among the highest in a-Si, similar to those
of amorphized c-Si formed by ion implantation [36]. The density
difference from the e-beam films is the largest at RT, where Q4! in
sputtered a-Si is four times smaller. This result underscores the
importance of atomic density on the TLS [24]. However, at the
highest Ty, Q(;l in sputtered a-Si is more than five times larger. In
contrast to ng;, Fig. 3(c) shows that sputtering does not systemati-
cally increase the speeds of sound. At RT, we find the values of v; are
roughly the same for both e-beam and sputtered films, which are
about 78% of polycrystalline silicon [35]. These values are consis-
tent with the reported ones, where e-beam and sputtered films
have speeds of sound 77% [37] and 71% [38] of the poly-Si value,
respectively. The most important observation in Fig. 3(a)—(c) is that
Tqup affects e-beam films more than sputtered films in all structural
properties as ng;, G, and v; all increase faster toward their corre-
sponding crystalline values in e-beam films than in sputtered films.
As a result, although G starts higher in sputtered films at RT, it
becomes lower than that of e-beam at the highest Tg,. This trend
continues in all TLS parameters shown in Fig. 3(d)—(f). It is likely
that sputtering is effective in densely packing silicon atoms much
more than e-beam evaporation. However, such packing pushes
adatoms into undesirable high energy states with broken bonds,
thus increasing atomic density without improving network con-
nectivity in terms of G and v; and that compromises the effect of
elevated substrate temperatures.

In Fig. 3(f), a few data points converted from specific heat
measurements are included for comparison [20]. Specific heat
measures TLS density ng which is obtained from the linear T-term
observed at low temperatures. Following the TLS model, ng =
P/2In(47 /Tmin), Where 7 and 7, are the measurement time and
the minimum relaxation time of TLS, respectively. Like in Ref. 70
where a comparison between internal friction and specific heat
measurements have been made, we assume P = ny/8. The impor-
tant point to make here is that at Ty, = 45 and 200°C values of P
spreading by as much as a factor of eight have been observed. The
variation in these values at a constant Ty, is a result of an unex-
pected dependence upon film thickness. However, such thickness
dependence is absent in v; for the samples studied in that work. In
other words, despite the dominating effect of Tg,,, e-beam a-Si
films with smaller thicknesses would have a local structure that
reduces their atomic densities and increases the density of TLS
without affecting their speeds of sound [39]. In sputtered a-Si films,
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however, although the atomic densities are higher, the lack of
improvement in speeds of sound hinders the reduction of TLS
density. The comparison between e-beam and sputtered a-Si films
demonstrates that both atomic density and speeds of sound are
independently tunable and a collaborative improvement of both to
approach their crystalline values is required to eliminate TLS.

4. Discussions

That Q(;] in the sputtered films is significantly larger than in e-
beam films at elevated T, suggests an incompletely-understood
dependence of either P or y on growth conditions, and is similar
to what was found in hydrogenated a-Si [39,40], where a similar
Q51 was found along with a very high density of TLS from specific
heat. There, the mechanism has been suggested to be related to the
presence of H (in the form of Si—H bonds) in lower density areas
resulting in high ng and low 7.

Having realized that Ty, is not as determinative of TLS as we
previously thought, we show v and P as a function of ng; in Fig. 4.
With increasing ns;, we see v¢ increases and P decreases concomi-
tantly for both e-beam and sputtered films as expected. However,
the lack of correlation in ng; dependence of both vt and P between
these two deposition methods suggests that different film growth
mechanisms may be in play. For e-beam evaporation, deposited
atoms have little extra kinetic energy by themselves to diffuse on
the unheated surface, resulting in nanovoids and low density re-
gions that are typical for e-beam a-Si as revealed by transmission
electron microscopy [24]. A high substrate temperature and a slow
deposition rate would facilitate surface diffusion of freshly depos-
ited adatoms to find low energy positions leading to a denser and
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Fig. 4. Silicon atomic density dependence of transverse speed of sound v; (a) and
spectral density P (b). y = 0.36 eV is used to estimate P. The symbols have the same
meaning as in Fig. 3. Data point of amorphized silicon by ion implantation are from:
(a), 84; and (b), 74. The dotted vertical lines in both (a) and (b) are ng; value of crys-
talline Si. The horizontal line in (a) represents v; of polycrystalline silicon. The dashed
line is a guide to the eye only.
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more ordered network structure, similar to the process that makes
vapor deposited molecules ultrastable [41]. For sputtering, the ions/
atoms are deposited with energies as much as 100 times higher
than those of the evaporated atoms, a process known as atomic
peening. As a result, some deposited ions/atoms can be driven into
spaces that are otherwise too small under normal thermodynamic
equilibrium conditions including interstitial sites [42]. Although
the higher kinetic energy also raises the substrate temperature and
promotes the surface mobility, the disruptions and displacements
by the continued impingement of ions/atoms overwhelm any
diffusion process. Although this leads to higher atomic density than
in e-beam, more atoms are left in higher energy positions with
unconnected bonds. This is evident from the observation that the
data points of an a-Si film amorphized by ion implantation, also
shown in Fig. 4(a) and (b) where its ng;, v, and P are taken from
Refs. 82, 84, and 74, respectively, are in the same vicinity of sput-
tered a-Si. The implanted ions carry even higher energy than in
sputtering. For e-beam evaporation, the effect of elevated Ty, is to
reduce voids and to improve network connectivity through
enhanced surface diffusion; that’s why T, is much more effective
at improving the structural properties and reducing the TLS den-
sity. Contrarily, for sputtering the effect of elevated Ty, may act
more to relax intrinsic strain accumulated during sputtering than to
enhance surface mobility; that's why its effect on the structural
properties is weak, and its effect on the TLS density is similar to a
post-deposition anneal [28].

Our results can be compared with those of ion-beam sputtered
a-Si films [43—45]. These films are a candidate high refractive index
mirror coating material to be used for future generation low tem-
perature gravitational-wave detectors [46]. lon-beam sputtering
yields high density films with excellent optical properties.
Although internal friction measurements have not been extended
to the tunneling region and atomic density is generally not
measured, a combination of efforts that includes elevated substrate
temperatures and post-deposition heat treatment has resulted in
improvements of Q! that has reached below 2x 10~ at temper-
atures around 10—20 K [43,45]. This is about the same as our lowest
value of le deposited at 370°C and 431°C. It is interesting to note
that, on one hand, a reduced deposition rate reduces both me-
chanical loss and optical absorption; and on the other hand, the
lowest loss and absorption have been found in films deposited at a
lower temperature (200°C) but being heat treated at 400—500°C
[44]. This is consistent with our speculation that structural ordering
afforded by surface diffusion is weakened by impingement dis-
ruptions during sputtering which makes post-deposition annealing
most effective.

5. Conclusions

In this work, we systematically studied the substrate tempera-
ture dependence of low temperature internal friction, speed of
sound, and shear modulus. It was hoped that the higher atomic
density afforded by magnetron sputtering would help to further
reduce the density of TLS from what has been achieved by e-beam
evaporation. However, our results show sputtered a-Si has a higher
TLS density at elevated substrate temperatures than those of e-
beam. A detailed comparison with the results of e-beam a-Si shows
that in spite of the high atomic density, the network connectivity in
terms of speeds of sound and shear moduli fails to increase with
Teup @s much as in e-beam a-Si. In fact, the effect of substrate
temperature weakens substantially for sputtering, resulting in a
higher density of TLS in sputtered a-Si than in e-beam at the highest
substrate temperature although the opposite is true at room tem-
perature. By comparing with previous annealing studies of
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sputtered a-Si and ion-implantation amorphized a-Si, we conclude
that the different T, dependence between e-beam and sputtering
originates from different film growth mechanisms. In e-beam
evaporation, surface diffusion helps to coordinate surface adatoms
to find low energy locations to improve structure order, and the
effectiveness of such diffusion is enhanced with increasing Tg,. In
sputtering, the relatively high energy of impinging ions tends to
drive surface atoms into metastable locations resulting in higher
atomic densities, and to dislocate the already coordinated surface
atoms, which weakens the effect of surface diffusion afforded by
high Tg,;,. The mechanical loss results of ion-beam sputtered a-Si
are consistent with our observations. We conclude that a coordi-
nated improvement of both atomic density and network connec-
tivity toward their crystalline values is needed to eliminate TLS in a-
Si. In spite of the disadvantage of sputtering revealed in this work,
we hope that targeted tuning of sputtering parameters to reduce
impinging ion energy, such as negative substrate bias, and to pro-
mote surface diffusion may help to alleviate the problem.
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