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Conventional magnetron sputter deposition of B4C uses Ar as the working gas. Here, we

explore the magnetron sputter deposition of B4C with a Ne plasma, which is expected to

exhibit larger sputtering yields than Ar. We study properties of films deposited with differ-

ent substrate tilt angles with the magnetron source operated in either direct-current (DC) or

radio-frequency (RF) mode in an Ar or Ne plasma. Results show that B4C film properties

are determined by a combination of sputtering ballistics and effects of the working gas

on the plasma discharge and gas phase scattering of depositing species flux. At constant

discharge power, deposition rates for Ar and Ne plasmas are similar, which is attributed

to balancing effects of a higher ballistic sputtering yield of Ne and lower ion flux to the

target. Both depositing B and C neutral species and bombarding ions have higher energies

for the case of Ne plasmas. Films deposited with the RF-driven Ne plasma exhibit a uni-

form non-columnar structure, lowest oxygen impurity content, and highest mass density

and mechanical properties at a cost of Ne incorporation and larger compressive residual

stress.
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I. INTRODUCTION9

Boron carbide, with typical stoichiometry of B4C, possesses a unique combination of properties1
10

of interest to several applications. These include light-weight armor,2 nuclear reactor components,3,4
11

and a diverse range of coatings for x-ray optics,5–7 neutron detectors,8,9 cutting and abrasive12

tools,10,11 bearings,12 shaving razor blades,13 chemically-resistant components in semiconductor13

processing tools,14 the first wall of tokamaks,15 and hydrogen fuel ablator capsules for inertial14

confinement fusion (ICF).16–25 This latter ICF-related application calls for ultrathick (∼ 20−20015

µm) coatings with sub-micron-scale density uniformity. The deposition of such thick films is16

often limited by residual stress and process stability.17
17

Our recent systematic studies have identified deposition regimes for high-purity, low residual18

stress (. 300 MPa), amorphous B4C films deposited by either direct-current or radio-frequency19

magnetron sputtering (DCMS or RFMS).16,17,22–25 One of the remaining challenges is a relatively20

low deposition rate, which is related to a low sputtering yield of B4C bombarded with Ar ions.21

Our recent experiments16,17,22–25 and all the previous DCMS and RFMS studies of B4C that we are22

aware of have been done with Ar as the working sputter gas. For relatively low ion energies typical23

for magnetron sources (∼ 100− 1000 eV), the sputtering yield of B4C bombarded with 40Ar24

ions is expected to be low.26–28 The sputtering yield may be increased by using lighter working25

gas ions such as 20Ne that are better ballistically matched to light B and C atoms of the sputter26

target. In addition, a Ne plasma is expected to exhibit different energetics of landing ions and27

atoms during film growth, which could be used to control film properties. Here, we explore this28

by systematically studying properties of B4C films deposited in the Ne plasma in either DCMS29

or RFMS mode and compare results with the case of films deposited with the conventional Ar30

plasma.31

II. METHODS32

A. Sputter deposition33

Films were deposited by either DCMS or RFMS in a cylindrical high-vacuum chamber, 44 cm34

in diameter and 36 cm in height. The chamber walls and the substrate holder were maintained at35

∼ 30 ◦C with a base pressure of ∼ 5×10−7 Torr prior to turning on the substrate heater. The base36

pressure increased to ∼ 1× 10−6 Torr when the substrate holder was heated to 450 ◦C prior to37
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deposition. A substrate holder temperature of 450 ◦C was measured with an affixed thermocouple,38

and the corresponding substrate temperature, measured by imaging pyrometry (Optris GmbH,39

model PI 640),24 was 330 ◦C.40

The chamber was equipped with a 76.2-mm-diameter planar magnetron gun (the 3-inch MAK41

model from MeiVac Inc.) with a geometrical unbalance coefficient ∼ 1.2 as used in our previous42

B4C deposition studies.16,17,22–25 Disk-shaped B4C targets, supplied by Feldco International, had43

a diameter of 76.2 mm, an initial thickness of 6.4 mm, a density of 2.4 g cm−3, and an electrical44

resistivity of 2×104 Ω cm. Targets were bonded with In to 76.2-mm-diameter, 3.2-mm-thick Cu45

backing plates. For the deposition runs described here, the total thickness of the target assembly46

(that includes an In metal bonding layer between the target and backing plate disks) at the racetrack47

center was in a narrow range of ∼ 7.9−8.6 mm.48

We used a custom-designed faceted substrate holder with substrate tilt angles of α = 0, 20, 40,49

60, and 80 ◦, with α = 0◦ corresponding to the case when substrate and target surfaces are parallel.50

The holder was machined from a solid Mo block and was described in more detail previously.23
51

Two types of substrates were mechanically clamped to each facet: (i) 10× 10 mm2 Si (100)52

chips with an ∼ 200-nm-thick Ta metal layer sputter deposited on top in a separate DCMS run53

and (ii) 3× 12 mm2, 262-µm-thick Si (100) cantilevers. The Ta layer on Si chips was used as a54

marker in areal density measurements by Rutherford backscattering spectrometry (RBS), while the55

cantilevers were used for residual stress measurements. All substrates were cleaned with ethanol56

and an air plasma exposure prior to deposition.57

Sputter deposition conditions are summarized in Table I. The deposition was performed in the58

so-called sputter-down configuration with the electrically grounded substrate holder placed under59

the center of the B4C target. Substrate temperature, the target-to-substrate distance, working gas60

pressure, and target power were selected based on results of our previous studies with Ar as the61

working gas.22–25 The gas (99.998% purity for both Ar and Ne) flow rate was 25 standard cubic62

centimeters per minute, and RF power (300 W) was maintained with zero reflected power.63

B. Film characterization64

The B/C stoichiometric ratio and O, Ar, and Ne content in all films were measured by RBS65

with 2 MeV 4He+ ions incident normal to the sample surface and backscattered into a detector66

located at 165◦ from the incident beam direction. The areal density was measured with either 267
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MeV 4He+ or 1H+ ions in the same scattering geometry. The energy shift of the signal from the68

Ta marker layer was used to measure the areal density. The analysis of all RBS spectra was done69

with the RUMP code.29
70

Physical thickness of films was first measured by conventional stylus profilometry (KLA-71

Tencor, model D-100) and, to achieve higher accuracy, by cross-sectional scanning electron mi-72

croscopy (SEM) in a Thermofisher Apreo instrument operated at 2 kV. Cross-sections for SEM73

measurements were prepared by mechanical fracture at room temperature propagating from the Si74

substrate side. Mass density was calculated by dividing the areal density measured with RBS by75

the physical thickness measured by SEM.76

Residual stress was calculated with the Stoney equation based on the change in cantilever cur-77

vature measured by profilometry before and after deposition. The thermal stress component (σT E)78

originating from the difference in coefficients of thermal expansion between the film and the (Si)79

substrate was calculated with the following equation:80

σT E =
EY

(1−ν f )
(α f −αs)∆T, (1)

where ∆T is the difference between film growth and stress measurement temperatures, EY is the81

Young’s modulus of the film (measured by nanoindentation as described below), ν f is the Poisson’s82

ratio of the film, and α f and αs are linear thermal expansion coefficients of the film and substrate,83

respectively. For the present study, ∆T = 310 K, ν f = 0.17,1, αs = 3.6× 10−6 K−1,30 and α f =84

4.6×10−6 K−1,24 respectively. Since σT E is tensile and relatively small (in the range of ∼ 50−85

150 MPa, decreasing with increasing α due to the α dependence of EY ), an average value of σT E86

of 100 MPa was used for plotting the data.87

Mechanical properties were evaluated by nanoindentation in the load-controlled mode with an88

MTS XP nanoindenter with a Berkovich diamond tip. Meyer’s hardness (HM) was defined as89

average contact pressure, and EY was calculated based on the Oliver-Pharr method.31 In Oliver-90

Pharr calculations, we assumed Poisson’s ratios of diamond and B4C films of 0.07 and 0.17,91

respectively, and a Young’s modulus of diamond of 1141 GPa.1,32 Measurements were performed92

over the indenter penetration depth range of ∼ 10−20% of film thickness.93

To resolve the in-plane nanoscale inhomogeneities in films, grazing incidence small-angle x-94

ray scattering (GISAXS) was employed. Films were studied with Cu-Kα x-rays in a Xeuss 3.095

instrument (Xenocs Inc.) under vacuum. Samples were secured to a holder such that the film96
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surface plane was close to parallel to the x-ray beam propagation direction. The x-ray beam spot97

size was 0.7× 0.2 mm2 at tilt angles of 0.0− 0.2◦. Data was collected with a Pilatus3 300k98

detector in the “line-erasure” mode whereby two 2D patterns were obtained to remove the dead99

zones on the detector. In each case, a background scattering pattern was measured and found to be100

significantly below the scattering from the films. In order to compare the relative intensity scale,101

the intensity was normalized by taking into account slight differences in the x-ray beam path length102

for these samples. The reciprocal space unit vectors qx, qy, and qz were chosen in such a way that103

the qx – qy plane was parallel to the substrate, qz was perpendicular to it, and qx was perpendicular104

to the propagating x-ray beam. To a first approximation, the magnitude of the scattering vector,105

|q|, is inversely proportional to the physical dimensions of scattering centers (d) by the following106

relationship: |q| ≈ 2π

d . These GISAXS measurements were performed twice for each sample with107

sample-to-detector distances of 0.35 and 1.74 m to resolve small (d . 5 nm) and large (d ∼ 50108

nm) scattering features within the films, respectively.109

C. Plasma diagnostics110

Mass-resolved time-integrated energy distributions of B+, C+, Ar+, and Ne+ ions were mea-111

sured for four representative conditions of this study (Table I) for a B4C target (with a total thick-112

ness of ∼ 9 mm) with the electrically grounded probe aperture located at a TSD of 100 mm on the113

axis of the magnetron source. The measurements were performed with an electrostatic quadrupole114

probe (Hiden Analytical, model EQP-6) with the front end magnetically shielded to 500 G.115

D. Sputter yield measurements116

Ballistic sputtering yield was evaluated based on measurements of the areal density of a sputter117

deposited amorphous B4C film by RBS before and after irradiation with Ar ions generated by a118

broad beam ion source (KRI, model KDC 40).119

E. Modeling120

Monte Carlo modeling of gas phase transport of sputtered B and C atoms was performed with121

the SiMTra code33 for our specific sputtering chamber and faceted substrate holder geometry de-122

scribed above. Trajectories of 108 atoms were tracked at room temperature separately for B and C,123
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and values of landing energy (E) and the incident angle (θ ) were recorded for each atom. Results124

for B and C atoms were stoichiometrically combined for each facet for an area of 2×2 cm2. Sput-125

tering yields as well as the initial energy and angular distributions of sputtered atoms, required for126

SiMTra, were calculated with the TRIM code34 (version SRIM-2013.00) in the monolayer colli-127

sion step mode. Ion energy was assumed to be equal to the target bias for each deposition run128

(Table I). The surface binding energy, lattice binding energy, and bulk displacement energy, for129

both B and C, were assumed to be 5.8, 3.0, and 20.0 eV, respectively, based on our sputter yield130

measurements described below.131

III. RESULTS AND DISCUSSION132

A. Plasma discharge characteristics133

Figure 1(a) shows current–voltage (I−V ) characteristics of the DCMS discharge (Ar and Ne),134

while Fig. 1(b) shows the taget self-bias voltage as a function of RF power for the RFMS discharge.135

It is seen from Fig. 1(b) that, for the RFMS discharge, the Ne plasma strikes at larger RF power136

and has larger self-bias voltage than for the Ar plasma. This is expected given a significantly larger137

(first) ionization potential of Ne than Ar (22 vs 16 eV).35
138

The difference between Ar and Ne discharge characteristics is much more striking for the139

DCMS case shown in Fig. 1(a). For Ar, the I−V curve is a textbook example36 of a superlin-140

ear magnetron discharge curve (It ∝ V n
t ) with an exponent of n ≈ 6. However, the I−V curve141

for the Ne discharge is qualitatively different from that for Ar and from results in a report by142

Petrov et al.37 The I−V curve for Ne cannot be described by well-known empirical Thornton38
143

and Westwood39 equations. The Ne plasma strikes at a target voltage (Vt) of ∼ 345 V at a dis-144

charge power of ∼ 10 W, and Vt is actually slightly decreasing to 340 V with increasing discharge145

power to 300 W. More work is needed to understand the physics of Ne magnetron discharges146

and to establish how discharge characteristics depend on the magnetic field configuration and Ne147

pressure.148

Such an essentially constant Vt at different discharge power levels for the Ne discharge149

[Fig. 1(a)] has a straightforward practical implication for future deposition rate studies which150

can be done via simply controlling the discharge power. This is in contrast to the conventional151

Ar discharge, for which deposition rate studies are complicated since changes to discharge power,152
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working pressure, or the TSD (i.e., the experimental parameters that can be used to vary the153

deposition rate) influence discharge characteristics and, hence, landing atom and ion energetics.154

B. Sputtering ballistics and gas phase transport155

The choice of the working gas influences the plasma discharge characteristics, the sputter yield156

of the target, distributions of energies and angles of sputtered particles (neutrals), and gas phase157

scattering of sputtered atoms on their journey from the target to the substrate. Simulations provide158

valuable information about ballistic sputtering and gas phase scattering of neutrals.159

We first discuss the sputter yield. Figure 2 summarizes TRIM code predictions of the depen-160

dence of the sputter yield of B4C on ion energy for H and the noble gas species. Also shown in161

the plot by open star symbols are experimental data points for Ar ion bombardment. We used162

experimental Ar ion sputter yield data to benchmark predictions of TRIM code simulations as fol-163

lows. In the input of TRIM code simulations, for both B and C atoms, lattice binding and bulk164

displacement energies were fixed to 3 and 20 eV, respectively, and the surface binding energy was165

adjusted to 5.8 eV until the experimental and predicted values of the sputter yield for 500 eV Ar166

ions matched. Figure 2 shows that, with these input parameters, TRIM predictions for the other167

three Ar energies of 600, 700, and 800 eV are in excellent agreement with experimental data.168

Figure 2 further shows that the sputter yield monotonically increases with increasing ion energy169

for Ne and heavier ions, while the yield for H and He ions is essentially energy independent in the170

200− 800 eV range studied here. Importantly, these TRIM simulations predict larger sputtering171

yields for lighter Ne ions than for heavier Ar ions in the entire ion energy range studied. Interest-172

ingly, for low energies of . 400 eV, He ions are predicted to have even larger sputter yields than173

Ne, and this prediction deserves future experimental verification.174

Figure 3 shows key statistics of depositing species ballistics predicted by TRIM/SiMTra code175

simulations performed for the specific deposition chamber geometry and conditions for substrates176

mounted on the holder facets with different tilt angles α (which is the angle between the substrate177

normal and the magnetron sputter source axis). It is seen from Fig. 3 that α dependencies of178

the average landing energy E [Fig. 3(a)], average impact angle θ [Fig. 3(c)], and their standard179

deviations ∆E and ∆θ [Figs. 3(b) and 3(d)] for depositing B and C species have similar shapes for180

cases of Ar and Ne working gases for both RFMS and DCMS.181

As we discussed in our previous study,23 the weak E(α) dependence for α . 60◦ can be at-182
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tributed to the fact that energy loss of light B or C atoms by collision with working gas atoms183

during their transport from the target to the substrate is small for these TSD and chamber pressure184

conditions. In this case, the initial energy distribution of B and C atoms sputtered from the target185

determines their landing energy distribution. While θ(α) and ∆θ(α) dependencies are essentially186

overlapping for all four cases, landing energy distributions are quantitatively different, with larger187

Vt corresponding to larger E. The most energetic neutral flux is for the Ne-DC run, while Ar-188

RF run is characterized by the lowest landing atom energies. Hence, a Ne plasma offers more189

energetic deposition of atoms compared to the conventional Ar plasma.190

C. Ion energy distributions191

The Ne plasma also offers more energetic ion bombardment through the plasma sheath at the192

substrate. This is revealed by the mass-resolved ion energy distributions (IEDs) shown in Fig. 4 for193

the four representative conditions of this study. The three panels of Fig. 4 show distributions of B+,194

C+, and gas (Ar+ or Ne+) ions for the four deposition conditions of this study. Figure 4 reveals195

that IEDs depend strongly on the discharge mode (DCMS vs RFMS) and to a lesser extent on the196

working gas. For DCMS, Figs. 4(a) and 4(b) reveal expected unimodal IEDs for both Ar and Ne197

plasmas, with peaks centered on several electronvolts, corresponding to the plasma potential. In198

contrast, Figs. 4(c) and 4(d) show that the RFMS plasma is characterized by a significantly larger199

plasma potential compared to the case of DCMS. The IEDs for Ar-RF and Ne-RF cases exhibit200

the expected40 saddle shape, with smaller saddle widths for heavier ions. The IEDs for Ar-RF and201

Ne-RF extend to ∼ 50 and ∼ 60 eV, respectively.202

These findings of Monte Carlo simulations and plasma discharge diagnostics will be used to203

interpret experimental data below.204

D. Deposition rate205

Figures 5(a) and 5(b) show substrate tilt dependencies of the deposition rate based on mea-206

surements of the physical thickness and areal density of films, respectively. The deposition rate207

based on the physical thickness of the film [Fig. 5(a)] reflects the efficiency of target sputtering and208

atomic transport of sputtered atoms from the target to the substrate as well as the film microstruc-209

ture and porosity. In contrast, the deposition rate based on the areal density [Fig. 5(b)], measured210
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directly by RBS, is independent of the film microstructure and porosity. It is seen from Figs. 5(a)211

and 5(b) that, for all four runs, the deposition rate monotonically decreases with α . This is an212

expected trend since, with increasing substrate tilt and negligible gas phase scattering, the same213

atomic flux is being deposited onto a larger substrate area. Shown by open symbols in Fig. 5(b)214

are predictions of SiMTra/TRIM simulations that take into account gas phase scattering. These215

predictions describe well the experimental substrate tilt dependencies of the deposition rate.216

Figures 5(a) and 5(b) further show that, for both Ar and Ne cases, the RFMS deposition rate217

is a factor of two lower than for DCMS. A lower deposition rate for RFMS than DCMS, with a218

constant discharge power, is in agreement with a number of previous observations, as we described219

in detail in our recent report.25 Figure 5(b) further shows that, for RFMS, deposition rates for Ar220

and Ne plasmas are similar. For DCMS, the Ar plasma results in comparable or slightly higher221

deposition rates than Ne at different substrate tilt angles. This observation is somewhat unexpected222

and deserves a discussion, given a lower sputter yield for Ar than for Ne (Fig. 2) and a higher223

discharge voltage for Ar (Table I).224

Comparable deposition rates in Ar-DC and Ne-DC runs could be attributed to the effect of a225

larger secondary electron emission coefficient of Ne than Ar. Indeed, for DCMS, the deposition226

rate (R) can be estimated as R = AtranYspIion, where Ysp is the sputter yield, Iion is ion current to227

the target, and Atran is a parameter describing the angular dependence of sputtered particle flux228

and the efficiency of its transport from the target to the substrate. For DCMS, Iion = It/(1+ γSE),229

where It is the total target current and γSE is the average number of secondary electrons generated230

by each impinging ion. Hence, for deposition with discharge power W and target voltage Vt , the231

deposition rate is expected to scale as R =
AtranYspW
Vt(1+γSE)

. With Vt from Table I, Ysp from Fig. 2, γSE232

from Refs. 35 and 41, and Atran from our SiMTra/TRIM simulations, the deposition rate for Ar233

and Ne plasma discharges is expected to be similar (with the Ar rate∼ 14% lower than Ne), which234

is in general agreement with experimental results of Fig. 5(b). In other words, the effect of a larger235

Ysp for Ne ions is negated by their larger γSE .236

E. Film density and its homogeneity237

A further comparison of Figs. 5(a) and 5(b) reveals a significant difference between α depen-238

dencies of the deposition rates based on physical thickness [Fig. 5(a)] and areal density [Fig. 5(b)]239

measurements. This difference reflects changes in mass density, which is plotted in Fig. 5(c). Film240
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density decreases with increasing α for all deposition conditions. This can be attributed to an in-241

crease in θ [Fig. 3(a)] and the corresponding evolution of the columnar structure described below242

in Sec. III H. Films deposited with Ar as the working gas, in either DCMS or RFMS modes, have243

similar densities within measurement errors. In contrast, films deposited in Ne-DC and Ne-RF244

runs have measurably lower and higher densities, respectively, compared to the Ar-DC and Ar-RF245

runs.246

Higher densities of films from the Ne-RF run can be attributed to a combination of the incor-247

poration of Ne atoms into the film [Fig. 5(d), discussed below, and open symbols in Fig. 5(c)]248

and high ion energies of 35−60 eV [Fig. 4(d)]. However, lower film densities for films from the249

Ne-DC run deposited at oblique angles of α ≥ 40◦ are puzzling since both E of depositing B and250

C atoms [Fig. 3(a)] and energies of ions [Figs. 4(a) and 4(b)] are slightly larger for the case for the251

Ne-DC than Ar-DC run. More energetic atoms are expected to increase adatom mobility, resulting252

in the growth of denser films. Lower density of Ne-DC films could be related to differences in253

energy transfer from Ar and Ne atoms and ions to the surface B and C atoms of the growing film254

in the regime when particle energies are lower than the threshold energies of atomic displacements255

in the bulk or surface sputtering. More work is needed to better understand the growth of B4C256

films in such a subthreshold regime.257

Information about density homogeneity is provided by GISAXS data in Fig. 6, showing a258

comparison of 2D scattering patterns for α = 0◦ films deposited in Ne-DC [Fig. 6(a)] and Ne-259

RF [Fig. 6(b)] runs. Corresponding 1D in-plane scattering profiles for these films and α = 0◦260

films from Ar-DC and Ar-RF runs are given in Fig. 6(c), along with fitting the Yoneda region261

(i.e., the region of low qx and qz)42 with a heuristic two-level unified equation, described in detail262

in our previous report.25 A clear decrease in scattered intensity is observed for the Ne-RF film.263

Figure 6(d) shows the scaling parameter, φ1, obtained from the invariant of the first level of the264

fitting equation.25 This parameter φ1 describes density heterogeneity. It is proportional to the265

concentration (volume fraction) of the scattering centers and the square of the difference in the266

electron density in the scattering sites and the matrix. Figure 6(d) reveals that the film from the267

Ne-RF run has the smallest density heterogeneity, while the film from the DC-Ne run exhibits the268

largest heterogeneity. A comparison of Figs. 5(c) and 6(d) shows that denser films have also better269

density homogeneity, which suggests that nanoscale film porosity is responsible for the density270

reduction in these films.271
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F. Impurity content272

Working noble gas and oxygen atoms are the two most common unintentional impurities in273

sputter deposited films. Noble gas impurities originates from implanted working gas atoms (Ar274

and Ne in the present study), while O comes from water molecules, which are the most abundant275

residual gas molecules present in high-vacuum stainless steel chambers like the one used in the276

present study. For both DCMS and RFMS films deposited with the Ar plasma, Ar content is below277

the detection limit of our RBS measurements (. 0.2 at.%) and, hence, not plotted in Fig. 5(d).278

Low Ar content is consistent with results of our previous DCMS study of B4C.23
279

On the other hand, Ne impurities are detected in films from both Ne-DC and Ne-RF runs, with280

Ne-RF films exhibiting a particularly high Ne concentration of ∼ 7 at.% for α = 0◦ and 20◦ films281

for the Ne-RF run [Fig. 5(d)]. The incorporation of Ne can be attributed to implantation of Ne ions282

accelerated in the plasma sheath at the substrate. Indeed, Fig. 4(d) reveals that, for the Ne-RF run,283

Ne ions have energies in the range of ∼ 35− 55 eV. A further comparison of IEDs (Fig. 4) and284

working gas impurity content [Fig. 5(d)] suggests that, for similar ion energies, Ne incorporates285

into B4C during growth much more efficiently compared to Ar.286

Enhanced Ne retention cannot be explained by differences in the implantation depth of 40Ar287

and 20Ne ions. For example, TRIM code simulations show that, at 40 eV, the projected range of288

Ar and Ne ions in B4C is essentially the same (∼ 1 nm). Larger retention of Ne than Ar suggests289

higher effective diffusivity of Ar. It could be related to effects of ballistic atomic displacements,290

creating short-range order (bonding) defects, on noble gas atom diffusivity. Based on TRIM code291

simulations, at 40 eV, Ne ions are better ballistically matched than Ar to B and C atoms of the film292

and create twice as many atomic displacements per ion (2.95 vs 1.51 vacancies per ion). More-293

over, with constant energy, compared to Ar ions, Ne ions are capable of transferring ∼ 1.4 times294

larger maximum energy in collisions with B or C atoms since the maximum energy transferred295

in an elastic collision is 4m1m2E
(m1+m2)2 , where E is the ion energy and m1 and m2 are particle masses.296

The difference in the maximum transferred energy will play a major role if diffusion involves pro-297

cesses with threshold energies related to various surface and bulk atomic bonding configurations.298

More work is clearly needed to better understand defect formation during B4C film growth and its299

influence on impurity diffusivity and retention.300

Figure 5(e) shows that O was detected in all the films. Oxygen content is relatively low in all the301

cases (. 5 at.%). It monotonically increases with α for all deposition conditions. The difference in302
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O content between the four runs is within experimental errors of these RBS measurements. The α303

dependence of O content suggests that columnar boundaries harbor O impurities. We will discuss304

this in Sec. III H below.305

G. Residual stress306

Figure 7(a) shows the α dependence of residual stress (σ ) in films, revealing close-to-zero307

intrinsic stress for all films except for those deposited in Ne-RF run. The magnitude of compressive308

σ of ∼ 5 GPa for the α = 0◦ film from the Ne-RF run is much larger than in any of our previous309

studies of B4C.16,17,22–25 These Ne-RF films have not delaminated since they were of sub-micron310

thickness (Table I).311

The shape of the σ(α) dependence for the Ne-RF run is similar to that revealed in our recent312

studies16,25 for B4C films deposited with the Ar plasma at a lower pressure of 6 mTorr. Com-313

pressive σ is maximum for films deposited on untilted substrates (α = 0◦), and it decreases with314

increasing α . The σ(α) dependence can be attributed to a combination of ion energetics effects315

described above (larger Ne energies and a larger number of atomic displacements generated by Ne316

ions than by Ar ions with the same energy) and the lack of the columnar microstructure in Ne-RF317

films, as we describe below.318

H. Microstructure319

The microstructure of films from each of the four runs for α = 0 and 60◦ is illustrated in320

representative SEM micrographs in Figs. 8 and 9, respectively. In these figures, left columns are321

plan-view and right columns are corresponding fracture-cross-sectional micrographs. Both plan-322

view and cross-sectional SEM micrographs in Figs. 8 and 9 reveal a columnar structure for most323

of the films. The average column width is∼ 100 nm, independent of α . A notable exception is the324

α = 0◦ film from the Ne-RF run, whose SEM cross-section is shown in Fig. 8(d). The cross-section325

is featureless, revealing lack of the columnar structure. Cross-sectional SEM characterization326

of the α = 20◦ film from the Ne-RF run [SEM micrographs not shown but similar to those in327

Fig. 8(d)] also showed no columnar structure.328

Cross-sectional SEM micrographs from right columns of Fig. 9 shows that films deposited on329

substrates tilted to 60◦ have a columnar structure with tilted columns. We have analyzed such330
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cross-sectional SEM micrographs for all the films, and the dependence of the column tilt angle331

(β ) on α is plotted in Fig. 7(b). An angle β of 0◦ corresponds to columns aligned with the film332

growth direction. Such a β (α) dependence has been studied extensively for other materials over333

many decades.43–45 The two most frequently used correlations are the empirical cosine46 and the334

tangent rules.47 These are also plotted in Fig. 7(b) by solid and dashed lines, respectively. It is335

clear that these empirical rules cannot describe our experimental β (α) curves which are sublinear336

and much weaker than these empirical predictions.337

Figure 7(b) further shows that films from the Ne-RF run exhibit much larger β values for α of338

40, 60, and 80◦; i.e., for cases with a columnar structure (as opposed to films deposited at α = 0339

and 20◦ with no columnar structure). This result is intriguing. It can be compared with results of340

our recent study25 of the effect of Ar working gas pressure on properties of B4C films deposited341

by RFMS, where we have found that films deposited at low pressures, characterized by depositing342

atoms with higher energies and lower average impact angles, do not exhibit a columnar structure.343

This suggests that the formation of a columnar structure is related to a reduced mobility of adatoms344

and larger atom impact angles. More work is currently needed to better understand the nucleation345

and growth of columnar B4C films and roles of residual stress, impurities, ballistic displacements,346

and adatom diffusivity.347

I. Mechanical properties348

Mechanical properties (EY and HM) measured by nanoindentation are presented in Figs. 7(c)349

and 7(d). Both EY and HM monotonically decrease with increasing α . For α ≥ 40◦, the Ne-RF350

films have largest EY and HM, while Ne-DC films have the smallest. This behavior of EY and HM351

can be correlated with changes in film density [Fig. 5(c)] and the columnar microstructure, with352

B-rich columns and O-rich inter-columnar regions.23. Interestingly, mechanical properties of the353

films from Ne-RF run show a very weak dependence on α .354

IV. SUMMARY355

In summary, we have reported a comparative study of properties of B4C films deposited at356

different substrate tilt angles by either DCMS or RFMS with either Ar or Ne working gas under357

otherwise identical conditions (of Table I). Our main results can be summarized as follows.358
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• The energy dependence of the ballistic sputter yield of amorphous B4C films under Ar ion359

irradiation has been measured (Fig. 2). Despite the known limitations48 of the TRIM code34
360

to predict sputtering with low-energy ions, the experimental sputter yield can be described361

by TRIM code simulations with the following input parameters: surface binding energy,362

lattice binding energy, and bulk displacement energy, for both B and C, of 5.8, 3, and 20 eV,363

respectively.364

• For constant discharge power and the conditions of this study (Table I), deposition rates for365

Ar and Ne are comparable in either the DCMS or RFMS mode. This observation has been366

attributed to opposing effects of a larger sputter yield of Ne ions and their larger secondary367

electron coefficient compared to the case of the Ar discharge at constant discharge power.368

The deposition rate is ∼ 2 times lower for RF than for DC, which can be attributed to369

corresponding differences in the partitioning of the discharge energy between processes of370

ion acceleration across the sheath (resulting in sputtering) and various ionization, heating,371

and radiation processes not contributing to sputtering.372

• Films deposited with the Ne plasma in the RFMS mode exhibit the absence of the columnar373

structure, lower O impurity content, higher densities, and improved mechanical properties.374

Such improvements are accompanied by increased Ne atom incorporation and compressive375

residual stress.376

• Without further studies, increased residual stress and Ne impurity content preclude the use377

of Ne plasmas for the fabrication of B4C-based ICF ablators, which have strict limits on378

impurity concentrations. However, the favorable morphological, structural, and mechanical379

properties of B4C films deposited by RFMS in Ne plasmas could be useful for other ap-380

plications seeking to achieve the best mechanical properties, isotropic properties without a381

columnar structure, and/or highest film density.382
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TABLE I. Conditions of the four magnetron sputter deposition runs of the present study and film thicknesses

for a substrate tilt angle (α) of 0◦. Substrate temperature, a target-to-substrate distance (TSD), working gas

(Ar or Ne) pressure, and the average discharge power for all four runs were fixed at 330 ◦C, 100 mm, 9

mTorr, and 300 W, respectively.

Deposition Working Power Deposition Target Film thickness

run gas mode time bias at α = 0◦

label (h) (V) (µm)

Ar-DC Ar DCMS 5 469 1.6

Ar-RF Ar RFMS 14 155 2.5

Ne-DC Ne DCMS 5 340 1.4

Ne-RF Ne RFMS 5 184 0.9
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FIG. 1. (a) Current–voltage characteristics of the DCMS discharge and (b) target self-bias vs RF power

dependencies for the RFMS discharge of B4C at 9 mTorr of Ar or Ne, as indicated in the legends.
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FIG. 2. Sputter yield of amorphous B4C as a function of ion energy for different inert gases calculated with

the TRIM code with input parameters adjusted so that the yield predicted for 500 eV Ar ions matched the

experimental data point. Experimental data for sputtering with Ar ions is shown as open star symbols.
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(b) the landing energy (∆E) and (d) incident angle (∆θ ) for depositing species (i.e., B and C atoms) during

sputter deposition of B4C under the conditions of the present study.

22



0 10 20 30 40 50 60 70

(a)Ar-DC  B
 C
 Ar

(b)Ne-DC  B
 C
 Ne

(c)Ar-RF
N

or
m

al
iz

ed
 in

te
ns

ity
 B
 C
 Ar

(d)
Ne-RF

Ion energy (eV)

 B
 C
 Ne

FIG. 4. Mass-resolved, time-integrated ion energy distributions measured with an electrostatic quadrupole

probe for (a) Ar-DC, (b) Ne-DC, (c) Ar-RF, and (d) Ne-RF plasmas at the source axis, 100 mm away from

the target surface at 9 mTorr of either Ar or Ne, as indicated in the legends. In each panel, the distributions
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normalized to the intensity of its strongest peak.
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FIG. 5. Substrate tilt dependencies of the following film properties measured with the methods described

in Sec. II B: (a) the physical thickness deposition rate (in µm/h), (b) the areal density deposition rate (in

atoms/cm2/h), (c) mass density, (d) working gas impurity content (Ar or Ne), and (e) oxygen impurity

content in the four sets of B4C films studied here. Missing data points in (d) indicate that the impurity

concentration was below the detection limit of our RBS measurements. The legend in (a) relating the symbol

type to the run label applies to all the panels. Open symbols in (b) show predictions of SiMTra/TRIM

simulations scaled to experimental data at α = 40◦, and open down-triangles in (c) show mass density for

Ne-RF films calculated after excluding Ne impurity atoms.
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FIG. 6. Experimental GISAXS data obtained from (α = 0◦) B4C films for (a) Ne-DC and (b) Ne-RF runs.

It shows a clear decrease in scattered intensity for the Ne-RF film. The 1D in-plane scattering profiles are

shown in (c), along with the model fits. The trend in the scaling parameter, φ1, obtained from model fitting,

with sputtering conditions is shown in (d).
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FIG. 7. Substrate tilt dependencies of the following film properties measured with the methods described in

Sec. II B: (a) residual stress (σ , where σT E is the stress contribution due to the thermal expansion mismatch

between the substrate and the film); (b) column tilt angle (β ), with predictions of empirical cosine and

tangent rules shown by solid and dashed lines, respectively; (c) Young’s modulus (EY ); and (d) Meyer’s

hardness (HM) of B4C films. The legend in (a) relating the symbol type to the run label applies to all the

panels.
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FIG. 8. Representative (left column) plan-view and (right column) fracture-cross-sectional SEM micro-

graphs of films from deposition runs (a) Ar-DC, (b) Ar-RF, (c) Ne-DC, and (d) Ne-RF, as described in Table

I for a substrate tilt angle of 0◦. The scale bars in (a) is 1 µm, and it applies to all the panels.
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FIG. 9. Representative (left column) plan-view and (right column) fracture-cross-sectional SEM micro-

graphs of films from deposition runs (a) Ar-DC, (b) Ar-RF, (c) Ne-DC, and (d) Ne-RF, as described in Table

I for a substrate tilt angle of 60◦. The scale bars in (a) is 1 µm, and it applies to all the panels.
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