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A B S T R A C T   

Molecular dynamics (MD) simulations have established the sputtering yields of carbon under the low-energy 
bombardment of noble gas ions. Here, we upscale these MD results to account for the evolving surface 
morphology and sputtering yield with ion fluence using a Monte Carlo model, which considers the shadowing of 
the incident ion flux, redeposition of sputtered carbon material, and secondary sputtering induced by the surface 
impact of carbon sputterants. Results show that initially rough surface morphologies are consistently smoothened 
and flattened by a normal ion flux, resulting in sputtering yields that approach MD predictions. Under a highly 
oblique ion flux, however, the activation of multiple cooperative roughening and smoothening mechanisms at 
different scales lead to the formation of characteristic surface steps at the microscale, with steady-state sputtering 
yields that are up to an order-of-magnitude lower than MD predictions. While the observed surface features and 
the ensuing sputtering yield at steady-state are generally not sensitive to the initial surface morphology, the 
initial morphology controls the ion fluence to attain steady-state. We discuss surface design strategies to delay 
and abate sputtering.   

1. Introduction 

Sputtering is the physical process of removing atoms from a material 
surface by bombardment with energetic ions, and is widely adopted for 
surface patterning [1], etching of holes [2–6], as well as material 
removal for subsequent thin film deposition on substrates [7,8]. How-
ever, sputtering is generally undesirable for plasma-facing materials, 
since it erodes the surfaces of critical material components and alters the 
plasma operational conditions [9–11]. Because of its remarkable 
sputter-resistant properties, carbon is often the material of choice to coat 
the critical surfaces of plasma devices, including the pole covers of 
Hall-effect thrusters, accelerator grids in ion thrusters, and the divertor 
within magnetic fusion devices [12–16]. Sputtering-induced erosion of 
the carbon coatings under a high ion fluence eventually leads to failure 
of these devices, but is challenging to quantify both experimentally and 
computationally in view of the very low sputter yield of carbon. 

In spacecraft electric propulsion devices, for example, the carbon 
coatings are subjected to xenon ion bombardment with low ion energies 
of 100 to 1000 eV and at high ion fluence of 1020 to 1030 ions/cm2 [13, 
14], which necessitates significant ground-based experimental runtimes 
of at least 4 to 12 h to achieve quantifiable sputter yield for a 

conventional ion source [16–18]. This contributes to the large un-
certainties in the sputtering yield measurements of carbon reported 
across different laboratories in the past couple of decades, particularly 
under low ion energies where the reported values could differ by an 
order of magnitude [17–24]. While these sputtering studies were per-
formed on different allotropes of carbon, including diamond, amor-
phous carbon, pyrolytic and isotropic graphite, as well as carbon-carbon 
composites, recent molecular dynamics (MD) simulations show that the 
steady-state sputtering yield is independent of both the initial carbon 
structure and prior sputtering history, in agreement with sputtering 
experiments [25]. This is attributed to the rapid amorphization of the 
carbon subsurface with ion bombardment, which resulted in virtually 
indistinguishable amorphous structures across a wide range of ion en-
ergies, ion incidence angles, and initial carbon structures. Instead, the 
measured sputtering yield may be sensitive to surface roughness, as 
evidenced by surface texturing on carbon films with height variations 
(amplitudes) of ~0.2 µm [22,26] (Fig. 1a), as well as changes in the 
measured sputtering yield with evolving surface morphology of exposed 
carbon fibers [17]. 

Early theoretical studies of surface erosion by ion bombardment 
generally assume that the sputtering yield is independent of surface 
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curvature effects [27]. Later analytical developments by Bradley and 
Harper consider the effects of surface instability caused by curvature 
dependence, where the sputter yield is greater in a trough than at a crest 
[28,29]; these models have successfully predicted a wide range of 
nanoscale surface structures induced by ion bombardment – from 
nanoripples to quantum dots [30,31]. However, curvature effects are 
only apparent at high ion energies (>∼ 5 keV) and at very small 
wavelength (<∼ 100 nm) where the impact-induced damage can span 
across multiple nanoripples [31–33]. At lower ion energies of 100 to 
1000 eV relevant to spacecraft electric propulsion, the variations of the 
sputtering yield and differential yield profile with microscale surface 
roughness wavelength of ∼ 2 μm (Fig. 1a) [22] can be primarily 
attributed to: (a) changes in the local incidence angle at the impact site, 
which also alters the trajectory of the sputterants, (b) impact of sput-
terants with surface features to cause deposition or the emission of 
secondary sputterants, and (c) partial shielding of the surface from 
incoming ions by surface features leading to a shadowing or masking 
effect. Accounting for these contributions and allowing the surface 
morphology to evolve with sputtering are beyond the length- and 
time-scales of MD simulations. To this end, Monte Carlo methods based 
on binary collision approximation are widely used to model surface 
evolution [30,34–39], while maintaining the ability to account for 
sputtering mechanisms typically neglected in analytical and 
continuum-based view factor sputtering models [40–43], such as sec-
ondary sputtering caused by surface impact of the sputterants [29,44]. 
However, the binary collision approximation in these Monte Carlo 

methods are well-known to break down at low ion energies of <∼ 1 keV 
[45–49]. 

Previously, we performed large-scale, massively-parallel MD simu-
lations to quantify the sputtering yield and differential yield profile for 
the bombardment of xenon ions on carbon substrates across a wide 
range of ion energies (75 eV to 2 keV) and incidence angles (0∘ to 75∘) 
[25]. In this work, we extend the length- and time-scales of these MD 
simulations through a Monte Carlo model to elucidate the ion-surface 
sputtering mechanisms, evolving surface morphology, and resulting 
sputtering yield associated with microscale surface roughness (Fig. 1a) 
under sputtering conditions relevant to spacecraft electric propulsion. 
Section 2 describes the Monte Carlo modeling approach and the un-
derlying MD-derived sputtering characteristics. We detail in Section 3 
the fundamental ion-surface erosion and deposition mechanisms leading 
to surface texturing under normal and oblique ion incidence angles and 
present the transient and steady-state sputtering yields associated with 
the evolving surface morphologies in Section 4. We expand our Monte 
Carlo simulations to include a wide range of initial surface morphologies 
in Section 5, and explore design strategies to control and abate sput-
tering by surface texturing. Finally, we discuss the implications of our 
Monte Carlo simulations in the context of prior experiments and 
conclude with a summary in Section 6. 

2. Simulation methodology 

Studies focusing on nanoscale texturing have uncovered several 

Fig. 1. (a) Surface morphology of amorphous carbon characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM) imaging [22]. (b) 
Monte Carlo modeling of sputtering erosion caused by the impingement of xenon ions (red) on an undulating carbon surface, knocking-off primary (blue) and 
secondary (purple) carbon sputterants. (c) Elemental sputtering yield (Yi) as a function of local ion incidence angle, θXe, for three ion incidence energies, EXe = 200,
500, 1000 eV; symbols denote the steady-state sputtering yield from molecular dynamics (MD) simulations connected with a spline fitting, with exception for θXe 

= 90∘ where Yi = 0 is assumed. (d,e) MD simulations of the energetic bombardment of amorphous carbon substrates with xenon ions (d) and carbon atoms (e), to 
quantify the sputtering characteristics of primary (d) and secondary carbon sputterants (e), which govern the underlying elemental properties of the Monte 
Carlo model. 
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physical phenomena that can significantly influence surface 
morphology evolution and surface patterning at the nanoscale (rough-
ness wavelength of <100 nm), including ion-induced mass redistribu-
tion, curvature-dependent sputtering, and ion-induced viscous flow [30, 
50,51]. In particular, mass redistribution is an important destabilizing 
effect that contributes to the formation of nanoscale surface ripples for 
sufficiently high angles of ion incidence [50,52]. Our previous MD 
simulations on the sputtering of carbon surfaces also reveal that both 
ion-induced mass redistribution and ion-induced viscous flow contribute 
to rapid amorphization of the carbon subsurface, but the structural 
characteristics (sp/sp2/sp3 bond proportions, atomic density) eventually 
plateau once “steady-state” bombardment of the MD simulation box 
(with 5 × 5 nm2 exposed surface to the incident ions) is attained at the 
time-scale of ~1015 ions/cm2 [25]. This time-scale is several orders of 
magnitude smaller than the time-scale required to evolve the carbon 
surfaces with micron-scale undulations (Fig. 1a) to reach steady-state in 
experiments (~1019 to 1020 ions/cm2) [17,18], which is the focus of our 
studies. This time-scale separation allows us to delineate the local 
nanoscale effects of ion-induced mass redistribution and viscous flow 
from microscale surface morphology evolution. 

Here, we homogenize the nanoscale sputtering response from MD 
[25], and consequently, the physical effects of ion-induced mass redis-
tribution and viscous flow, into a single representative element in our 
kinetic Monte Carlo approach, where the sputtering yield of each 
element is based on the steady-state sputtering response from MD. In this 
homogenized framework outlined in Fig. 1b, the impingement of an 
incoming xenon ion on a carbon surface will cause the emission of 
(primary) carbon sputterants (blue arrows), which can escape from the 
surface, or impact with other surface features and potentially trigger the 
emission of secondary carbon sputterants (purple arrows). In turn, this 
process can trigger the emission of tertiary carbon sputterants. However, 
the secondary carbon sputterants tend to get absorbed upon impact with 
surface features due to their low energies (~1 eV). Our kinetic Monte 
Carlo approach simulates the evolving surface morphology from two 
competing mechanisms: (i) surface recession due to sputtering induced 
by surface impact of xenon ions and primary carbon sputterants, and (ii) 
surface growth due to deposition of primary and secondary carbon 
sputterants. 

Scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) measurements of amorphous carbon structures (Fig. 1a) show the 
surfaces to have height variations (amplitudes), H

2, of ~200 nm, with 
microscale roughness wavelength, λ, of ~1.6 to 2 µm, which infers a 
surface roughness of Hλ ≃ 0.2 to 0.25. We approximate these microscale 
morphologies as one-dimensional surfaces that are periodic along the 
x-direction. We represent each surface within its period length λ with n 
two-noded elements, each element of uniform dimension, dx = λ

n along 
the x-direction (Fig. 1b); the first (i = 1) and last nodes (i = n + 1) are 
tied together to enforce surface continuity across the periodic domain. 
(a) Incident xenon atoms (red arrows in Fig. 1) are introduced into the 
system at random positions above the carbon surface with assigned ki-
netic energy EXe, and are propagated along the assigned global ion 
incidence angle θXe until the ion path intersects with a surface element, 
indicating a point of impact. (b) Since each element represents the ho-
mogenized response from MD [25], we compute the number of sputtered 
primary carbon atoms based on the steady-state sputtering yield data, Yi, 
from MD (Fig. 1c), which is a function of both EXe and the local ion 
incidence angle θXe at the impact site [25]. For example, a sputter yield 
of 1.2 atoms/ion implies a 100 % probability of sputtering a first pri-
mary carbon atom and a 20 % probability of sputtering a second primary 
carbon atom from the impact site. (c) For each sputtered primary carbon 
atom (blue arrows, Fig. 1d), we also compute the corresponding energy 
EC and trajectory, which are statistically selected based on the cumu-
lative distribution functions of the sputtered carbon angles [25] and 
energies (see Table S1 and Fig. S1 of the Supplementary Materials) from 
prior MD simulations. (d) Tracing the trajectory of each of these primary 

carbon sputterants (blue arrows, Fig. 1b), we determine if they intersect 
another surface element or if they escape from the simulation box. (e) In 
the case of the former, we compute the probability of emission of sec-
ondary carbon sputterants from the impact site and sample the trajec-
tories of these secondary sputterants (purple arrows, Fig. 1b) from a 
cosine distribution [27]. (f) Should these secondary carbon sputterants 
impact another surface element, we assume the sputterants to be 
absorbed at the impact site. 

We remark that process (e) above necessitates new MD simulations 
to elucidate the sputtering yield of secondary carbon sputterants caused 
by the bombardment of primary carbon sputterants on amorphous car-
bon substrates. Following the same MD modeling approach as before 
[25], we subject an amorphous carbon substrate, created by the 
bombardment of xenon ions under steady-state sputtering conditions, to 
the bombardment of carbon atoms with incidence energies EC of 1 to 
150 eV and across local incidence angles αC of 0∘,30∘,60∘,75∘. Note that 
this EC range corresponds to the energy range reported for primary 
carbon sputterants (Fig. S1 of the Supplementary Materials). As shown 
in Fig. 1e, the primary carbon atoms (blue spheres along the blue tra-
jectories) can recoil upon impact or can be deposited onto the surface; 
these processes can potentially trigger the release of secondary carbon 
sputterants (purple trajectories). For simplicity, we do not distinguish 
between these processes, and compute the probability of secondary 
sputterant emission as the ratio of carbon atoms exiting the MD simu-
lation box (regardless of the carbon atom source) to the bombarded 
primary carbon sputterants. For each combination of EC and αC, we 
perform 30 individual bombardments and summarize our results in 
Table S2 of the Supplementary Materials. As expected, increasing EC and 
αC tends to increase the probability of secondary carbon sputterant 
emission. 

To reduce computational effort and to allow for parallelization in our 
kinetic Monte Carlo simulations, we simultaneously deposit multiple 
xenon ions over the periodic surface length, λ , at each time instant with 
a fixed incremental fluence of dξ = 1014 ( ions

cm2

)
. We do not distinguish 

between the primary and secondary sputterants and compute the total 
number and trajectory of carbon atoms escaping from the simulation 
domain to obtain the average sputtering yield Ŷ (atoms/ion) and dif-
ferential yield profile f(θC) at this fluence ξ. During each sputter or 
deposition event at the impact site of each element, we linearly inter-
polate the decrease or increase in the number of carbon atoms from the 
impact site to the corresponding nodes using linear finite element shape 
functions. The global sputtering yield Ŷ can also be obtained at the 
elemental level by summing the sputtering yield Yi at each node 

Ŷ =
∑n

i=1
Yi =

∑n

i=1
(Si − Di) (1)  

where Si and Di are the number of sputtered and deposited carbon atoms 
for node i, respectively, per incremental fluence dξ and λ. The deposi-
tion (sputtering) of a single carbon atom at the node increases (de-
creases) its height hi by (ρ dx)− 1 where ρ is the atomic number density of 
the carbon surface material. After the dynamic stochastic processes have 
been resolved at each dξ, we update the vertical height, hi, of each node 
by 

dhi =
(Di − Si)λdξ

ρdx
(2)  

to “evolve” the surface. The repeated ion bombardment creates a dual 
layer carbon structure, comprising of an amorphous subsurface layer 
(shaded gray in Fig. 1b) of atomic number density, ρ = 0.8 × 1023 

atoms/cm3, with thickness spanning the penetration depth (~3 nm) of 
the xenon ion, followed by the undamaged carbon substrate beneath 
[25]. We attain the same amorphous carbon structure regardless of the 
ion incidence energies and angles. The continued removal of carbon 
atoms from the amorphous layer by sputtering will allow xenon ions to 
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penetrate deeper into the substrate, effectively shifting this amorphous 
subsurface layer of constant thickness downwards. As such, ρ in (2) is 
effectively a constant. 

In theory, we are free to select any element size dx in our Monte Carlo 
simulations. However, a large dx

λ typically results in significant numer-
ical errors because it cannot adequately represent an undulating surface 
geometry, while a small dx

λ leads to physical traits that are more subtle. 
The underlying bases of our Monte Carlo simulations are the sputtering 
predictions (sputtering yield, differential yield profile, sputterant en-
ergy, etc.) where the sputtering characteristics of each element are ho-
mogenized from MD simulations, i.e., all the nanoscale sputtering 
mechanisms (ion-induced mass redistribution and viscous flow [30,50, 
52]) are averaged over a 5 × 5 nm2 exposed surface area in MD [25]. 
As such, dx represents the characteristic length-scale of local surface 
features and it has to be several-folds larger than the size of the MD 
simulation box (∼ 5 nm) used to obtain the steady-state sputtering yield 
response. AFM measurements of the surface height map of amorphous 
carbon films in Fig. 1a show the surfaces to have height variations 
(amplitude) of ~200 nm, with peak-to-peak wavelength of λ ≃

1.6 to 2 μm [22], which suggests dx
λ ≫0.0025. Here, we adopt a fixed 

element size of dx
λ = 0.01 (i.e., dx = 20 nm for λ = 2 μm) in our Monte 

Carlo simulations. Regardless, our numerical studies further show that 
the choice of dx

λ , at least within the bounds of 0.0025 and 0.025, does not 
significantly change the overall surface topology evolution (see Fig. S2 
of the Supplementary Materials). 

In our Monte Carlo simulations, we do not consider the impact of 
recoiling xenon ions with surface features. Our prior MD simulations 

show that majority of the incident xenon ions are embedded within the 
carbon substrate at depths of 1 to 3 nm [25]. While some of these 
entrapped xenon ions may diffuse out of the substrate, they do so at 
relatively low energies and cannot induce any further breaking of 
carbon-carbon bonds. We also do not consider the effects of surface 
reconstruction or carbon atom diffusion in our Monte Carlo simulations. 
We have performed MD simulations where we subject the amorphous 
carbon structure from xenon ion bombardment to elevated temperatures 
of ~2000 K, maintained by a Berendsen thermostat for 10 ns. We 
observe negligible movement or reconfiguration of carbon atoms, which 
confirms the slow thermal-induced diffusion characteristics expected of 
a covalently-bonded system. 

3. Surface evolution mechanism 

We elucidate the general mechanisms of sputtering for a periodic 
undulating surface idealized by an initial sinusoidal topology along the 
x-direction 

h(x) =
H
2

[

1 − cos
(

2πx
λ

)]

(3)  

where H
2 denotes the amplitude, and the surface roughness can be 

quantified by the normalized parameter H
λ . Motivated by AFM surface 

roughness measurements of amorphous carbon films [22], we adopt Hλ =

0.25 as our initial configuration, and quantify the morphology evolution 
as a function of xenon ion fluence ξ for a fixed ion energy of EXe =

500 eV under normal and oblique ion incidence angles (θXe = 0∘,60∘). 

Fig. 2. (a) Sputtering of an initial sinusoidal surface with Hλ = 0.25 under an ion fluence with EXe = 500 eV, θXe = 0∘. Top: morphology evolution with ion fluence ξ; 
surface contours delineate elements with high yields of deposited atoms (Ymin) and sputterants (Ymax), respectively. Bottom: spatial distributions of the elemental 
yields of sputterants S and deposited atoms D, and elemental sputtering yields Y = S − D. (b) SEM imaging of pyrolytic graphite before and after three hours of 
sputtering with EXe = 1 keV, θXe = 0∘, depicting distinct surface smoothening [18]. 
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We have also repeated our simulations under different ion energies (EXe 
= 200, 1000 eV) and incidence angles (θXe = 0∘, 30∘, 60∘) and have 
observed similar morphological transitions (Figs. S3 and S4 of the 
Supplementary Materials). 

3.1. Normal ion incidence 

Fig. 2a-top shows the evolving surface configurations 1 to 5 under a 
normal ion incidence. We color the surface to denote the expected 
elemental sputter yield Y(x) = S(x) − D(x) obtained by freezing the 
current surface to compute with Monte Carlo the average yield of 
sputterants S and deposited atoms D for each element over a large ion 
fluence to ensure statistical independence; we depict the spatial distri-
bution of these quantities in Fig. 2a-bottom. For the initial geometry 
(Fig. 2a-1), the locations with the highest erosion (Ymax) coincide with xλ 

= 0.25, 0.75 where the local ion incidence θXe is the highest (∼ 75∘). 
Comparatively, the crest and trough (θXe ≃ 0∘) have much lower Y, 
particularly at the trough where Ymin is observed because of the confined 
geometry which promotes sputterant redeposition (higher D), versus the 
unobstructed geometry of the crest where D ≃ 0. 

The accelerated erosion at local regimes with high θXe results in 
tapering and sharpening of the crest along with flattening of the trough 
(Fig. 2a-2). A symmetrical bilinear surface structure with bilinear dis-
tributions of S,D, and Y, now develops: a perfectly flat, low erosion, 
regime centered at the former trough, transitioning to an inclined, 
higher erosion, regime with a constant slope, which peaks at the former 
crest (Fig. 2a-3). In the absence of substantial variations in D, a flat 
regime will always remain flat under a normal ion incidence. Continued 
sputtering therefore causes the self-similar size reduction of this trian-
gular protrusion (Fig. 2a-4), and a microscopically flat surface is even-
tually obtained (Fig. 2a-5). This flattening of surface features after long 
time exposure to xenon ions has been reported experimentally, as shown 
by SEM images in Fig. 2b for the sputtering of pyrolytic graphite under a 

normal xenon incidence ion with energy of 1 keV [18]. 

3.2. Oblique ion incidence 

The sputtering process becomes more complicated under a highly 
oblique ion incidence, triggering multiple erosion and deposition 
mechanisms at three distinct length-scales depicted in Fig. 3. This is in 
part because of the activation of surface shielding effects which are 
absent under a normal ion incidence. At the length-scale spanning 
several elements, the competing sputtering (red arrows) and sputter 
deposition process (blue arrows) can introduce small variations in the 
local yield, which increases the local surface (elemental) undulations 
(Fig. 3a). Relative to the back-faces of these elemental undulations that 
are (partially) shielded from the incoming ions, the ion-facing sides are 
subjected to high ion fluxes but can also trap a considerable amount of 
sputtered carbon species. The elemental undulations are smoothened to 
recover a flattened surface when sputtering effects are dominant but 
grow into a more distinctive microscale surface feature spanning mul-
tiple (10 or more) elements when deposition effects are dominant 
(Fig. 3a). The latter results in roughening of the overall surface topog-
raphy at the microscale. 

The competing sputtering and sputter-deposition mechanisms, 
resulting in roughening and smoothening and the eventual development 
of distinctive morphology changes at the microscale, are observed in our 
Monte Carlo simulations for θXe = 60∘ in Fig. 4a (see also Movie S1 of the 
Supplementary Materials). Because the maximum sputtering yield is 
attained at θXe ≃ 75∘, sputter erosion is concentrated at the crest of the 
sinusoidal morphology (Fig. 4a-1), leading to flattening of the peak 
(Fig. 4a-2). In the process, a small undulation now develops at ‘A’ in 
Fig. 4a-2, with high and low sputtering rates on the ion- and back-facing 
sides of this undulation, but this peak is eventually flattened with 
continued bombardment (Fig. 4a-3). However, three other new un-
dulations develop at ‘B’, ‘C’, and ‘D’ in Fig. 4a-3, and eventually grow 

Fig. 3. Overview of the multiscale sputter-erosion mechanisms of an undulating surface under an oblique ion fluence, caused by competing sputter erosion (red) and 
sputter deposition (blue) processes. (a) Nucleation of elemental undulations to form microscale undulations spanning multiple surface elements. (b) Erosion of 
microscale undulations to form surface steps, with the ion- and back-facing surfaces oriented perpendicular and parallel to the beam direction; concentration of 
sputtering at the notch-tips results in simultaneous layer-by-layer erosion on the back-faces. (c) Concomitant decay of neighboring surface steps, resulting from the 
alternating and fluctuating deposition versus sputtering rates among these surface steps. 
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Fig. 4. (a) Sputtering of an initial sinusoidal surface with Hλ = 0.25 under an ion fluence with EXe = 500 eV, θXe = 60∘ Top: morphology evolution with ion fluence ξ; 
surface contours delineate elements with high yields of deposited atoms (Ymin) and sputterants (Ymax), respectively. Bottom: spatial distributions of the elemental 
yields of sputterants S and deposited atoms D, and elemental sputtering yields Y = S − D. (b) SEM imaging of an exposed carbon fiber before and after four hours of 
sputtering with EXe = 500 eV, θXe = 60∘, depicting the formation of surface steps [17]. 
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into distinctive microscale undulations (Fig. 4a-4), which span over half 
of the simulation domain. 

All these microscale undulations have a common characteristic: the 
ion- and back-facing sides are roughly normal and parallel to the inci-
dence ion flux, respectively, to resemble surface steps (see Fig. 4a-5). 
The flattening of the ion-facing surface to attain θXe ≃ 0∘ is akin to the 
morphology transitions from a rough to uniformly flat surface under a 
normal ion incidence (Section 3.1), and the ion-facing surface remains 
flat barring significant sputterant deposition. On the back-faces, any 
elemental undulations are rapidly eroded by the ion flux to create a flat, 
parallel surface that is shielded from the incidence ions by the tip of the 
surface steps, as illustrated in Fig. 3b. However, the high curvature at the 
tip facilitates rapid erosion to form a notch in the back-face, which 
propagates downhill with subsequent ion erosion. In turn, the nucle-
ation and propagation of new notches lead to simultaneous removal of 
multiple layers of material on the back-face of each surface step. The 
erosion fronts (notches) of these material layers are characterized by 
intense but localized sputtering, as shown by the multiple dark red spots 
in the surface morphology contours (top), accompanied by rapid fluc-
tuations in the sputtering signatures (bottom) on the back-faces of sur-
face steps ‘B’, ‘C’, ‘D’, and ‘E’ in Fig. 4a-4 to 4a-10. Similar microscale 
surface step features have been observed in the sputtering of exposed 
carbon fiber in carbon-carbon composites under the same xenon ion 
bombardment conditions of EXe = 500 eV, θXe = 60∘, as shown by SEM 
images in Fig. 4b [17]. 

We remark that sputter erosion of these microscale surface steps does 
not occur in isolation. As illustrated in Fig. 3c, when a surface step is 
neighboring to, or sandwiched between, higher surface step(s), the 
deposition of sputterants from the neighboring surface step(s) could 
offset its own sputter erosion and forestall its decay. Once the neigh-
boring surface step(s) is now eroded to below a critical height, the 
reverse occurs where the decay of the neighboring surface step(s) is now 
forestalled at the expense of the now-taller surface step. This process 
allows for the concomitant decay of two or more surface steps and is the 
mechanism underpinning the alternate and fluctuating decay rates 
among the surface steps ‘B’, ‘D’, and ‘E’ in Fig. 4a-7 to 4a-10. 

4. Transient to steady-state sputtering yield 

The morphology evolution under xenon ion fluence (ξ) is accompa-
nied by changes to the global sputtering yield (Ŷ), as shown in Fig. 5 for 
EXe = 500 eV with θXe = 0∘,30∘,60∘. Under a normal ion fluence (θXe =

0∘), the sputter yield monotonically decreases with ξ following the 
transition from a sinusoidal morphology to a sharp triangular 
morphology, and the subsequent self-similar erosion of this triangular 
protrusion. Beyond a fluence of ξss, steady-state sputtering yield is 
reached as a microscopically flat surface morphology is maintained. 
Under oblique incidence angles, highly oscillating sputtering yields, 
particularly for θXe = 60∘, are observed during the transient phase due to 
competing and evolving smoothening and roughening mechanisms at 
both the elemental- and micro-scales, resulting in the formation of sur-
face steps (Section 3.2). Even beyond the steady-state fluence ξss 
(operationally defined as a regime where the local variation in the 
sputtering yield ΔŶ ≤ 10 %), the concomitant interaction, resulting in 
the alternating decay of neighboring surface steps at the mesoscale, 
leads to a fluctuating steady-state sputtering yield. 

We summarize the above transitions and fluctuations in the sput-
tering yield with a box and whisker plot (inset in Fig. 5). Here, we use 
the whisker limits (a,e) to represent the maximum and minimum Ŷ 
across the entire range of ξ, while the three box markers (b,c,d) are taken 
to represent the maximum, mean, and minimum values of Ŷ beyond ξss. 
Fig. 6 compares our Monte Carlo sputtering yield predictions (blue box 
and whisker plots) across EXe of 200 to 1500 eV with θXe = 0∘,30∘,60∘, 
against prior MD simulations [25] (red symbols) and existing sputtering 
yield measurements for various allotropes of carbon (black symbols) 

[17–24]. Under a normal ion incidence, the consistently smooth tran-
sition of Ŷ to its steady-state value infers that (b,c,d,e) in each box and 
whisker plot collapses to a single point representing the lower limit of Ŷ . 
Across all ion energies, this lower limit coincides with the sputtering 
yield predictions from MD since we ultimately attain a uniformly flat 
surface at steady-state, while the upper whisker limits represent the 

Fig. 5. Evolution of the sputtering yield (Ŷ) with ion fluence (ξ) under EXe =

500 eV, θXe = 0∘,30∘,60∘. Inset: box and whisker plot summarizing fluctuations 
in Ŷ within the transient (ξ < ξss) and steady-state (ξ > ξss) regimes; whisker 
limits (a,e): maximum and minimum Ŷ across the entire ξ; box markers (b,c,d): 
maximum, mean, and minimum Ŷ within ξ > ξss. 
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initial sputtering yields of the assumed sinusoidal morphologies with Hλ =

0.25. The box and whisker representations become more distinctive 
under an oblique ion fluence because of the increased scatter in Ŷ . The 
steady-state sputtering yield predictions now differ significantly from 
MD predictions because of the formation of characteristic surface steps. 
In particular, MD predictions are now outside the whisker limits of the 
Monte Carlo simulations for θXe = 60∘ because of this increased surface 
roughness. 

The sputtering yield is highly dependent on the evolving surface 
morphology within the transient regime, and an accurate and consistent 
measurement of the sputtering yield can only be established within the 
steady-state regime. This presents a challenge to experimental mea-
surements of the sputtering yield, since one cannot ascertain the value of 
ξss a-priori. The upper and lower whisker limits from our Monte Carlo 
simulations in Fig. 6 define the bounds of the expected sputtering yield 

(albeit within the assumption of an initial sinusoidal morphology), with 
the steady-state values (box markers) constituting the lower end of the 
experimental measurements. Our computations show that ξss is at least 
several-folds higher for θXe = 0∘ than for θXe = 30∘,60∘ (Fig. S5 of the 
Supplementary Materials), which could explain the closer proximity of 
the experimental measurements to the upper whisker limits for the 
former. Nevertheless, most of the experimental scatter across the range 
of EXe and θXe are well-contained within the whisker limits. Notably, the 
box plots depicting sputter yield variations at steady-state encompass 
nearly all of the experimental data by Williams et al. [24], which utilizes 
a more accurate method of quartz crystal microbalance (QCM) [26,53, 
54] to measure the steady-state sputtering yield versus conventional 
mass loss measurements. 

To elucidate the sensitivity of the differential sputter yield profile to 
the evolving surface morphology with ion fluence, we show in Fig. 7 the 
probability density function (PDF) of the angular distributions of carbon 

Fig. 6. Comparison of sputtering yield (Ŷ) predictions from Monte Carlo simulations (blue box and whisker plots) versus MD simulations (red squares) and sput-
tering experiments (black symbols), across various EXe and θXe. 
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sputterants, f(θC), for EXe = 500 eV and θXe = 0∘,60∘, at various ξ with 
‘(x)’ corresponding to the respective topographies in Figs. 2a- and 4a-x. 
No significant change to the differential profile is observed under a 
normal ion incidence angle. Under an oblique ion incidence of θXe = 60∘, 
however, the differential yield distinctly favors the front-scatter direc-
tion (50∘ to 60∘) for the initial sinusoidal morphology, but increasing 
amount of backward scatter is observed with the development of surface 

steps, and f(θC) transitions closer to a cosine angle distribution (dashed 
curve) [27] at steady-state. In fact, the differential yield alternates be-
tween the blue and purple profiles corresponding to Fig. 4a-9 and 4a-10 
at steady-state due to the alternating decay of neighboring surface steps. 
Similar relationships between the evolving surface morphology and 
differential yields are observed at EXe = 200 eV and 1 keV (Figs. S6 and 
S7 of the Supplementary Materials). 

5. Sputtering-by-design 

We expand our studies to include the effects of varying initial surface 
morphologies to gain insights into design strategies for controlling the 
sputtering yield. Our earlier analyses are based on an initial sinusoidal 
morphology with H

λ = 0.25. Fig. 8 examines the effects of H
λ on the 

morphology evolution and the sputtering yield for EXe = 500 eV with 
θXe = 0∘,30∘,60∘ When the surface is sufficiently rough 

( H
λ ≥ 0.2

)
, the 

surface morphologies at steady-state (colored curves in Fig. 8a) are 
virtually independent of the initial topology (black curves in Fig. 8a): we 
obtain a uniformly flat surface at θXe = 0∘, and characteristic surface 
steps at θXe = 30∘ and 60∘. For a sufficiently smooth initial surface (H

λ =

0.1), elemental undulations cannot develop if the sputtering yield is 
nearly spatially homogeneous under θXe = 30∘. Meanwhile, multiple 
elemental undulations can still develop under a high ion incidence angle 
of θXe = 60∘, giving rise to the formation of multiple, albeit smaller- 
dimension, surface steps at steady-state. The transition from a nearly- 
flat, smooth morphology to the development of these multiple surface 
steps is responsible for the significant reduction in the sputtering yield 
during the transition to reach steady-state (whisker height). As shown in 
Fig. 8b, increasing Hλ dramatically reduces the initial sputter yield since 
the increasingly rough initial surface allows the ions to impact the sur-
face at low local incidence angles. The opposite trend is observed for 
θXe = 0∘, where the lowest sputtering yield is attained for a flat 
morphology; increasing H

λ increases the initial sputtering yield, and 
consequently, the whisker height. Nevertheless, with the exception for 
H
λ = 0.1, θXe = 30∘, the steady-state sputtering yield (box plots) is 
virtually independent of H

λ since morphologically similar structures are 
eventually obtained. 

We next examine the surface morphology and sputtering yield evo-
lutions for a large variety of initial surface structures, beyond the 

Fig. 7. Probability density function (PDF) of the differential yield profiles of 
carbon sputterants for EXe = 500 eV, θXe = 0∘, 60∘ Each (x) in (a) and (b) cor-
responds to the respective surface morphologies at various ξ in Figs. 2a-x and 
4a-x, respectively. Dashed curves denote the PDF of the cosine angle distribu-
tion [27]. 

Fig. 8. Effects of initial surface roughness Hλ under EXe = 500 eV, θXe = 0∘,30∘,60∘ (a) Surface morphology evolutions at steady-state sputtering (colored curves), ξ =

ξss, from the initial sinusoidal morphologies at ξ = 0 (black curves). (b) Box and whisker summary of the sputtering yields (Ŷ). 
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idealized sinusoidal morphologies above. Under a normal ion incidence 
in Fig. 9 (also see Movie S2 of the Supplementary Materials), all but two 
of these structures evolve towards a morphologically flat surface and 
attain the same steady-state sputtering yield (Fig. 9a-f and Fig. 9h). The 
transient response of these structures, however, are sensitive to the 
initial morphology and can have transient sputtering yields that are 
higher or lower than the steady-state values. The sputtering yield of a 
surface represented by a periodic step function (Fig. 9g) is one inter-
esting exception: both the morphology and the sputtering yield are 
almost unchanged across the range of ion fluence because the majority 
of the ions are already impacting the surface in the normal direction 
(θXe ≈ θXe ≈ 0∘) from the start. Another exception is the semi-circular 
morphology (Fig. 9i), where the close periodicity leads to significant 
redeposition of the sputterants and drives the growth of thin vertical 
walls. These walls in turn are able to trap even more sputterants, 
significantly reducing the sputtering yield. Such vertical thin wall 
morphologies have been observed in the post-sputtered scanning mi-
croscopy images of exposed semi-circular carbon fibers subjected to 
similar ion conditions of EXe = 500 eV and θXe = 0∘ [17], as well as EXe 
= 1 keV and θXe = 0∘ [18]. Our simulations show that such wall 
structures cannot form when the periodic semi-circular morphologies 
are sufficiently far apart to reduce the contributions of sputter 

deposition (Fig. 9h). 
Under an oblique ion incidence angle (θXe = 60∘), all of the surfaces 

evolve to form surface steps at steady-state, with similar steady-state 
sputtering yields of ~0.2 atoms/ion (Fig. 10; Movie S3 of the Supple-
mentary Materials). The details of the initial morphology, however, are 
observed to control the eventual size-scales of these surface steps at 
steady-state. Interestingly, steep wall initial configurations in Fig. 10d,e, 
g result in the development of unique tapering thin wall structures 
(configuration 2) which momentarily reduces the sputtering yield to 
~0.15 atoms/ion because of increased redeposition of the sputterants; 
the eventual erosion of these wall structures increases the sputtering 
yield back to its steady-state value. 

Motivated by the above observations, we test the efficacy of two 
possible thin wall configurations, comprising of periodic near-vertical 
walls with a thickness to height aspect ratio of 1:5, in mitigating sput-
tering under EXe = 500 eV and θXe = 0∘,60∘ (Fig. 11). Under θXe = 0∘, 
the steady-state sputtering yield of this wall configuration (solid line in 
Fig. 11a) is remarkably reduced by nearly 40 % compared to an initial 
sinusoidal morphology (black dash line) and is consistently lower than 
all of the prior experimental sputtering yield measurements (Ŷ values 
denoted by arrows). More importantly, the wall morphology is not 
significantly degraded by the sputtering process (Fig. 11a-1 to 11a-3) 

Fig. 9. Transient to steady-state evolution of the sputtering yield (Ŷ) under EXe = 500 eV,θXe = 0∘ for different initial surface morphologies, with snapshots of the 
evolving morphologies. 
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even at a very high fluence. Under θXe = 60∘, we have reduced the in-
terval between each vertical wall to allow the ions to only impact the 
sacrificial wall structures, while allowing for significant re-deposition of 
the sputtered species (Fig. 11b). The bombardment process morphs the 
top-exposed surface of the vertical walls into sharp vertical peaks (akin 
to Fig. 10d,e,g) and dramatically reduces the sputtering yield to 0.1 
atoms/ion. Surprisingly, this low sputtering yield can be sustained for a 
considerable amount of fluence, until the wall is completely degraded, 
giving way to formation of the usual characteristic surface steps at 
steady-state. We remark that this transient period of low sputtering yield 
can be extended with taller wall structures, since they act as sacrificial 
elements to delay the formation of surface steps. 

6. Discussions and conclusion 

Experiments have reported a large spread in the sputtering yield 
measurements of carbon under the bombardment of heavy ions, but 
could not establish a correlation between the sputtering yield and the 
various polymorphs and allotropes of carbon (e.g. graphite, diamond, 
carbon-carbon composites) [18,24]. Recent MD simulations [25] show 
that repeated bombardment of ions creates an amorphous carbon sub-
surface structure, that is largely independent of the ion energy and 
incidence angle, as well as the initial carbon structure. Thus, the 

sputtering yield at “steady-state” is expected to be independent of both 
the initial carbon structure as well as the prior sputtering history. From 
the standpoint of MD simulations, “steady-state” sputtering yield is 
attained once the initial carbon structure (graphite, diamond) has been 
transformed to this unique amorphous carbon subsurface structure. 
However, this microstructural transformation requires an ion fluence 
that is several-orders-of-magnitude smaller compared to that required to 
evolve a surface to attain its steady-state morphology in our Monte Carlo 
simulations. Starting from a multilayer graphitic structure, for example, 
MD simulations require an ion fluence of ∼ 1015 ions/cm2 to attain its 
amorphous subsurface structure [25], versus 1019 to 1020 ions/cm2 for 
the range of initial morphologies considered here to transition to the 
steady-state characteristic structures. Thus, this surface morphological 
transition is the limiting time-scale to achieve true steady-state sput-
tering yield. 

Regardless of the initial surface morphology (with exception of 
specifically designed stepped structures), we show that a normal ion flux 
always erodes a morphologically rough surface to become uniformly flat 
to achieve steady-state sputtering yield. Similarly, a high oblique ion 
flux always creates characteristic surface steps at steady-state through a 
multiscale process involving: (a) the nucleation of local surface 
(elemental) undulations, which grow to form microscale surface steps, 
(b) layer-by-layer slicing of these surface steps, and (c) concomitant 

Fig. 10. Transient to steady-state evolution of the sputtering yield (Ŷ) under EXe = 500 eV,θXe = 60∘ for different initial surface morphologies, with snapshots of the 
evolving morphologies. 
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alternating decay of neighboring steps. At moderate ion incidence an-
gles, the steady-state sputtering configurations can transition to either of 
these two surface structures (flat versus surface steps), depending on the 
roughness of the starting morphologies and the incidence xenon energy. 
Consequently, while one cannot expect the initial surface morphologies 
of different carbon structures used in various sputtering experiments to 
be even remotely similar, our studies here suggest that the steady-state 
sputtering yield is not very sensitive to the initial surface morphology. 

Our Monte Carlo simulation results are in good agreement with prior 
sputtering experiments. Under a normal xenon ion flux with energy of 1 
keV, SEM images show distinct smoothening of the morphologies across 
all carbon surfaces (including polished and unpolished pyrolytic 
graphite, graphite with different grain sizes, and carbon-carbon com-
posites) after 3 h of sputtering, regardless of the initial surface roughness 
(Fig. 2b) [18]. Under an oblique ion flux (θXe = 60∘), SEM imaging 
shows the initial cylindrical morphologies of exposed carbon fibers 
(resembling the initial morphologies in Fig. 10h,i) erode to form 
microscale surface steps, with characteristic features which are virtually 

identical to those observed in our simulations [17], i.e. ion- and 
back-facing sides of each step are approximately perpendicular and 
parallel to the beam direction (Fig. 4b). Similar behaviors have been 
reported in the noble gas bombardment of other covalently-bond 
structures [34,38,40]. Our kinetic Monte Carlo model is only able to 
capture the evolution of microscale surface features since any nanoscale 
mechanisms/features (from MD) are homogenized at the elemental 
level. Nevertheless, the microscale characteristic surface steps under an 
oblique ion incidence at steady state closely resemble the nanoscale 
terraced surfaces (each step spanning 10 to 100 nm) observed experi-
mentally under relatively high angles of ion incidence and at high ion 
fluences [55,56]. This self-similarity suggests that similar mechanistic 
processes could govern the formation and evolution of these nanoscale 
features. 

While the initial surface morphology does not control the steady- 
state sputtering yield, the transition time (fluence) to attain these 
steady-state structures is highly dependent on the initial surface 
roughness, as well as the ion incidence energy and angle. We show that 

Fig. 11. Periodic, near-vertical, wall structures to forestall sputtering under EXe = 500 eV with θXe = 0∘ (a) and θXe = 60∘ (b). Left: snapshots of the evolving surface 
morphologies. Right: evolution of the sputtering yield (Ŷ) for the proposed wall structures (solid curves) versus an initial sinusoidal morphology with H

λ = 0.25 
(dashed curves); black arrows: experimental sputtering yield measurements from literature. 
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the fluence to attain steady-state sputtering yield under a normal ion 
incidence can be several-folds higher than under an oblique ion inci-
dence, since any undulations have to be flattened completely under the 
former. Attaining steady-state sputtering yield under a normal ion flu-
ence is therefore challenging, especially when the ion energies are low. 
While the exact xenon ion fluence used in obtaining the sputtering yield 
measurements in experiments is not widely reported, typical sputtering 
experiments are conducted over a period of 1 to 4 h, and in certain cases, 
over a maximum of 8 h [17]. This corresponds to an estimated fluence of 
∼ 1018 to 1019 ions/cm2 for a typical ion source, which is far short of the 
estimated ∼ 1019 to 1020 ions/cm2 required to attain the characteristic 
steady-state structures in our simulations. Another source of uncertainty 
is the fluctuations in the steady-state sputtering yield under an oblique 
ion incidence, arising from the alternating decay of neighboring surface 
steps. The extent of such fluctuations depends on the density of these 
surface steps. Thus, the reported sputtering yield, even at steady-state, 
should be bounded by an uncertainty. The error bars in our Monte 
Carlo predictions, which account for the transient to steady-state vari-
ations in surface morphologies, are found to encompass a large portion 
of the experimental scatter across the range of ion energies and inci-
dence angles. 

Our simulations also show that the sputtering yield can be controlled 
to a certain extent by surface patterning. For example, periodic wall 
structures are found to reduce the sputtering yield under a normal ion 
flux by nearly two-fold, and the general morphology is maintained even 
under extended ion fluences. Under an oblique ion fluence, similar wall 
structures are found to lower the sputtering yield in the transient regime 
by several-folds. However, by acting as sacrificial elements, these wall 
structures eventually degrade to form surface steps, recovering back the 
steady-state sputtering yield. Such structural designs can enhance the 
sputter resistance capabilities of plasma facing materials, including the 
optics in ion thrusters, cathode and pole covers of Hall effect thrusters, 
as well as carbon wall panels of ground-based testing facilities for 
electric space propulsion [10,14–16]. Nevertheless, the nodes in our 
current one-dimensional Monte Carlo simulations only account for 
vertical changes in height and cannot model possible horizontal (side-
way or out-of-plane) growth, which potentially could be important for 
accurately simulating the deposition of sputterants on tall vertical wall 
structures. Such two- or even three-dimensional (out-of-plane) Monte 
Carlo modeling is a subject of future work. 

In summary, we have extended the length- and time-scales of MD 
simulations through a Monte Carlo model to elucidate the effects of the 
evolving surface morphology on the ion-surface sputtering mechanisms 
and resulting sputtering yield of carbon substrates. Regardless of the 
initial surface morphologies, our results show that the sputtered surfaces 
generally transition to a flat morphology under normal ion flux or form 
multiple surface steps under an oblique ion flux; the ensuing steady-state 
sputtering yield is insensitive to the initial surface morphology. How-
ever, initial surface structures can be engineered to reduce the sputter-
ing yield under extended ion fluences in the transient regime, which 
have potential implications for lifetime extension of plasma facing 
components. 
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