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Analytical expressions describing ion-induced sputter or etch processes generally relate the yield to the
surface atomic binding energy (Uy,) for the target material. While easy to measure for the elements, Uy, is
more complicated to establish for amorphous and multi-element materials due to composition-driven
variations and incongruent sublimation. In this regard, we show that for amorphous multi-element
materials, the ion-driven yield can instead be better understood via consideration of mechanical rigidity and
network topology. We first demonstrate a direct relationship between Uy, bulk modulus, and ion sputter
yield for the elements, and then subsequently prove our hypothesis for amorphous multi-element
compounds by demonstrating that the same relationships exist between the reactive ion etch (RIE) rate and
nanoindentation Young’s modulus for a series of a-SiN,:H and a-SiO,C,:H thin films. The impact of
network topology is further revealed via application of the Phillips—Thorpe theory of topological
constraints, which directly relates Young’s modulus to the mean atomic coordination ({r)) for an
amorphous solid. The combined analysis allows the trends and plateaus in the RIE rate to be ultimately
reinterpreted in terms of the atomic structure of the target material through consideration of (r). These
findings establish the important underlying role of mechanical rigidity and network topology in ion—solid
interactions and provide a new consideration for the design and optimization of radiation-hard materials in
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nuclear and outer space environments.
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I. INTRODUCTION

Understanding the physical mechanisms involved in the
interaction between energetic ions and solid materials is
crucial for predicting the behavior of a variety of important
technological processes and applications, ranging from
microelectronic device fabrication and reliability [1], to
nuclear fusion and fission [2,3], to low earth orbit and
interstellar  travel [4]. However, a fundamental
understanding of these processes at a level sufficient to
predict their behavior is still lacking in many cases. As one
example, the ion-induced sputtering and etching of
materials are two techniques widely utilized for precision
deposition and patterning of thin-film materials in
microelectronic device fabrication [5,6]. However, the
influence of target material propertes on ion—solid
interactions is still not well understood: it is accounted for
theoretically only through a macroscopic surface atomic
binding energy (Uy,) term. While Uy, is a well-documented
property for most elemental materials, it is more difficult to
define and experimentally quantify for multi-element and
compound materials due to composition-driven variations
in Uy [7], incongruent sublimation [7], and preferential

sputtering [8,9]. It is particularly challenging to define for
amorphous and/or hydrogenated materials where significant
bond rearrangement and/or hydrogen loss may occur before
other constituents exhibit any volatility [10].

In this regard, we postulate that U can be directly
related to the mechanical rigidity of a material, and
ultimately its atomic structure, through established relations
between cohesive energy (CE), bulk modulus (BM),
Young’s modulus (YM), and mean atomic coordination ({(r))
[11]. The latter are more experimentally quantifiable
properties for multi-component and amorphous materials,
and should allow the extension and application of various
sputter/etch theories to these. To validate our hypotheses,
we first analytically illustrate the direct relationship that
exists between Uy, CE, BM, and YM for materials with
pure ionic bonding. Using published values, we
demonstrate that the derived relationships hold
experimentally for both pure ionic and covalent materials.
We then use standard sputtering theories and established
sputtering yield values for the covalent elements to
demonstrate the expected connection between sputter yield
(Y), BM, and YM.

To further establish the underlying influence of atomic
structure on ion-driven sputter/etch rates, we additionally
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employ the Phillips—Thorpe theory of topological
constraints to illustrate the direct connection that exists
between (r), YM and—by extension—Uy, [12,13]. To
experimentally demonstrate these relationships and support
our hypotheses for multi-element amorphous hydrogenated
systems, we have experimentally examined the relationship
between the reactive ion etch (RIE) rates for a series of a-
SiN:H and a-SiO,C,:H thin films and their YM (as
determined by nanoindentation) and (r) (derived from
elemental composition determined through combined
Rutherford backscattering spectroscopy (RBS) and nuclear
reaction analysis (NRA) measurements). For the specific
SiN,:H and SiO,C,:H thin films investigated, the selected
RIE chemistry exhibits a strong physical (i.e., sputtering)
component [14], thus allowing extension of standard
sputtering theories and the demonstration of a direct
connection between etch rate, YM, and (r). We conclude by
discussing how the observed trends could have an impact
on the design and optimization of new radiation-hard
materials for microelectronic, nuclear detection/fission, and
outer space cladding material applications.

II. SURFACE BINDING ENERGY (Usg)
& BULK MODULUS (BM) THEORY

To establish a direct connection between Uy, and CE, we
first note that Uy, is typically equated to the heat/enthalpy
of sublimation (Hgy) for the target material divided by
Avogadro’s number [15]. We further note that Hy,, and CE
are essentially identical properties where Hy,, is defined as
the energy needed to convert a certain amount of material
from a solid directly into a vapor, and CE is instead defined
as the energy needed to break all bonds and completely
separate the atoms in the material (i.e., vaporize the entire
material) [11]. To establish the connection between CE and
BM, we note that for ionic materials the bonding can be
accurately described by considering only point charge
Coulombic attractive forces and repulsive electron cloud
forces, leading to the following analytical expressions for
CE and BM:

pe? m—1 a
CE=———; = #(1
Xo m A 4me, M
pe*
BM = — (m — 1)#(2)
18x;

where o = the Madelung constant, x, = the equilibrium
separation between the cation and anion, and m = an
exponent describing the electron cloud repulsive forces
(typically ranging between 6 and 12) [11]. As the influence
of m on CE is relatively small, m can be treated as a
constant to allow the combination of (1) and (2) through x,
leading to the following general relation:
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BM o« CE* « HY, #(3)

Using literature values for Hy,, and BM [16,17], we show in
Figure 1 that relationship (3) holds for both classic ionically
bonded alkali halide materials (coefficient of determination,
R? = 0.93, Fig. 1a) as well as for the column IV elements
that exhibit pure covalent bonding (R* = 0.95, Fig. 1b) [18-
20]. For the latter, we note that a simple analytical
expression describing CE and BM for pure covalent
materials does not exist and more complicated methods are
needed to provide estimates for both [21]. However, Fig. 1b
clearly demonstrates the analytical relationship between
Hgyy, and BM derived for ionic materials still empirically
holds for covalent materials.
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FIG. 1. (Color online) Bulk or Young’s modulus (GPa)
vs. enthalpy of sublimation (Hy,) in kJ/mol for (a) alkali
halides and (b) group IV elements. Note: carbon excluded
from Fig. 1b due to the 2D structure exhibited by graphite
and a lack of published Hy, data for carbon in the 3D
diamond structure exhibited by Si, Ge, and Sn.

As Young’s modulus is directly related to BM through
Poisson’s ratio (v), that is YM = 3BM(1-2v) [11], one can
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similarly show that YM should also be proportional to Hal
This is clearly shown in Fig. 1 for both the alkali halides
and the column IV elements. For the a-SiN,:H and a-
SiO0,C,:H materials to be investigated later, the atomic
bonding is of mixed ionic—covalent character [22]. Based
on the relationships observed in Fig. 1, we therefore
conclude that a similar relationship between Uy/Hy,, and
BM/YM should be expected.

ITII. SPUTTER YIELD (Y) THEORY

Most theories describing the relationship between ion
energy, material properties, and sputter yield lead to
analytical expressions of similar form to that originally
derived in Sigmund’s collisional cascade theory [23,24],
which relates sputter yield (Y) to the projectile ion energy
(E) and the surface atomic binding energy (Uy) of the
target material. For ion energies less than 1 keV, Sigmund’s
yield expression specifically takes the form [15]:

Y = 3 E #(4)
B 47'[2 4 Usb

where ¢ is a dimensionless correction factor that depends
on the ratio of the target atom mass (1,) to the mass of the
projectile ion (m;) and 7y is the energy transfer factor
between the projectile ion and target atom, taken as
4m1m2/(m1+m2)2. Other sputtering theories such as the
simplified collisional model of Mahan [25] and the
molecule/cluster models of Urbassek [26] and Belyk [27]
maintain the same general form as the Sigmund yield
expression, but predict slightly different exponents for Uy,
of —0.5 and —1.5, respectively.

To establish a direct connection between bulk modulus
and ion-induced sputter yield, one can combine (1) and (4)
through Uy, where the Uyt dependence leads to:

Y BM_l# 5
— 3
VoE )

However, as mentioned previously, other theories have
predicted sputter yield to exhibit different dependencies on
Uy, Specifically, the simplified collision model of Mahan
predicts a Uy, *° dependence while the molecule/cluster
sputtering models of Urbassek [26] and Belyk [27] predict
a Uyt dependence. These would instead lead to Y o< BM~
Y8 and BM ", respectively.

Empirically, Mahan [15] has shown using the 1 keV Ar"
sputter yield data of Matsunami [28] that Y is o< Uy ',
which is in reasonable agreement with the exponent
predicted by the molecule/cluster sputter models of
Urbassek [11] and Belyk [12]. In this regard, we do note
that atomic clusters are a commonly observed, but minor
component of the yield from sputter processes [29,30]. As
noted by Mahan, the empirically observed higher exponent
may stem from the Matsunami data being collected in the
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nonlinear cascade regime, whereas the simplified
collisional and other models are valid only in the linear
cascade regime where the ejection of just a single atom is
considered [25]. In either case, ¥ o BM"* would be
predicted based on this empirical relationship.

However, Mahan’s empirical Y vs. Uy, analysis was
heavily weighted by metallic materials, which have a
different functional dependence between BM and CE/Uy,
[31,32]. Therefore, we present in Figure 2a a similar plot of
the Matsunami data considering only the column IV
elements sputtered by 1 keV Ar' ions. As can be seen, a
slightly higher exponent of —1.5 with R* = 0.8 was found.
This exponent is again in excellent agreement with that
predicted by Urbassek and Belyk [11,12] and likely a result
of the column IV sputter yield data also being collected
outside of the linear cascade regime (i.e., non-linear
cascade or projectile penetration regimes) [15]. As for the
Urbassek-Belyk theory, one would then empirically predict
the sputter yield to also vary with BM/YM raised to the ~ —
0.375 power based on our model.
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FIG. 2. (Color online) 1 keV Ar" sputter yield values for
column IV elements (excluding carbon) [7] versus (a) heat
of sublimation and (b) Young’s modulus.
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As shown in Fig. 2b, the expected exponential
dependence of Y on YM does exist. Power law fitting of the
same column IV Ar' sputter yield data plotted now versus
Young’s modulus indicates an exponent of —0.4 in strong
agreement with the predicted value of —0.375 but with a
reduced R* of 0.5, indicating that only 50% of the
variability in Fig. 2b was accounted for. The reduced R’
may be due to the low sample size created by considering
only the group IV covalent elements, or could be due to the
above analysis for pure ionic materials not accurately
extending to pure covalent materials. For the latter case, we
do note that we were not able to perform a similar analysis
to Fig. 2 for pure ionic materials due to an inability to
identify a reasonably sufficient sputter yield data set in the
literature. However, we do note that in the field of
sputtering, “good” agreement is typically considered to be
within a factor of 2 [15]. Fig. 2b therefore motivates
extension of the previously developed theory to other
processes and material systems where ion—surface
interactions are involved and stronger correlations may be
observed.

Having supported our initial hypothesis that sputter
yields can be related to the target materials’ mechanical
rigidity using established sputter yield data, we next seek to
further support our hypothesis for multi-element materials
by examining the reactive ion etch (RIE) rates and YM of a-
SiN,:H and a-SiO,C,:H thin film materials. We further seek
to establish and demonstrate a direct connection between
RIE rates and atomic structure via analytically and
experimentally examining the dependence between mean
atomic coordination ({(r)) and YM for these materials.

IV. EXPERIMENTAL

The growth, characterization, and reactive ion etch rate
measurements for the a-SiN,:H and a-SiO,C,:H thin films
investigated in this study have been previously described in
detail [14]. Briefly, all films were deposited on 300 mm
diameter Si (001) substrates via plasma-enhanced chemical
vapor deposition (PECVD) using various combinations of
silanes, organosilanes, ammonia, nitrogen, hydrogen, and
gaseous oxidizers [33]. To remove additional complexities
related to the possible presence of interconnected nano-
porosity, as discussed in a preceeding publication [14] and
other investigations [34,35], the a-SiN,:H and a-SiO,C:H
films selected for this study exhibited zero interconnected
porosity as determined by ellipsometric porosimetry
methods [36].

The mechanical properties (YM and hardness (H)) for the
various thin films in this study were determined by
previously described nanoindentation measurements [37].
The full elemental composition for the films was
determined by combined nuclear reaction analysis (NRA)
and Rutherford backscattering spectroscopy (RBS)
measurements [38]. The mean atomic coordination ({r)) for
each film was calculated directly from the elemental
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compositions determined by NRA-RBS assuming atomic
coordinations of 4, 4, 3, 2, and 1 for Si, C, N, O, and H,
respectively [39].

The RIE rate measurements were performed by exposing
the samples to a plasma-activated CHF; chemistry and
measuring differences in the step heights created between
masked and unmasked portions of the films [14]. The etch
times were targeted such that steady state etching
conditions were achieved. We note that while there is a
chemical component to the CHF; RIE associated with
reactive fluorine and other neutral radicals created in the
RF plasma [14,40], the process is primarily driven by
physical sputtering and surface intermixing resulting from
interactions with the various energetic ion species also
present [41,42]. More specifically, the CHF; plasma leads
to the formation of an adsorbed/co-deposited CF, surface
layer on the target film. Etching (or reactive sputtering) is
believed to occur via ion-assisted surface bombardment
which drives chemical intermixing between the fluorinated
layer and the underlying film and also helps to liberate
surface fluorine species and other etch products [41,42].
More detailed descriptions and simulations of the neutral
and ion-surface mechanisms involved in fluorine based RIE
processes are provided in [43-49].

The presence of a complex fluorinated surface layer
during RIE may cause one to question the validity of
applying the preceding analysis to correlate RIE rates to a
“bulk” material property such as Young’s modulus.
However, a related amorphous surface layer is also well
known to form during sputtering of crystalline materials
[25]. Based on the preceding analysis presented in Fig. 2,
we therefore posit that the mechanical properties of any
surface layers formed during sputtering or plasma etching
are directly proportional to those of the underlying film or
substrate. This is supported by prior correlations relating
the sputter yields of the elements to surface binding
energies (Uy,) computed from “bulk” sublimation energies
[25]. Further, the influence of other bulk properties on dry
etch rates such as interconnected nano-porosity have been
previously discussed [34,35]. Lastly, it is well known in
thin film nano-indentation measurements that the
underlying substrate can heavily influence the measured
indentation response which is a complex function of the
mechanical properties for both the film and substrate [50].
More specifically, the apparent mechanical properties
extracted from an indentation measurement can approach
those of the substrate as the film thickness decreases /
indentation depth increases [50]. By analogy, one can then
anticipate that in ion-surface collisions involving a few
atomic layer thick fluorinated or amorphous surface layer
that the mechanical stiffness an ion experiences on collision
will be largely those of the film/substrate.
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V. RIE RATE AND YOUNG’S
MODULUS (¥YM) CORRELATION

Figure 3 presents the measured CHF; RIE rates for (a) a-
SiN,:H and (b) a-SiO,C,:H as a function of nanoindentation
YM. For both materials, the CHF; RIE rates are observed to
increase with decreasing YM. Previously [14], we have
shown a qualitative correlation between the CHF; RIE rate
and the hydrogen content and mass density for a-SiN,:H
and a-SiO,C,:H (see Supplemental Material [51]). Due to
the well known dependence of YM on hydrogen content and
mass density [52-54], one could qualitatively predict the
trends observed in Fig. 3 based on these prior observations.
However, we demonstrate here a quantitative relationship
between etch rate and YM as predicted by the preceeding
analysis leading to relation (5). Specifically, a power law fit
to the experimental data in Fig. 3 indicates an exponent of —
0.6 and —0.4 for a-SiN.:H and a-SiO,C,:H, respectively,
with persuasive R’ values of 0.7. These exponent values are
in good agreement with those empirically observed
previously for 1 keV Ar' sputtering of the column IV
elements.
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FIG. 3. (Color online) CHF; RIE rate vs. Young’s

Modulus (YM) for (a) a-SiN,:H and (b) a-SiO,C,:H. Note:
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the CHF; etch rate error bars represent a one-sigma
standard deviation for measurements performed on 2-5
identical samples exposed to the same CHF; chemistry. A
lack of error bars indicates either that only a single data
point was used or that the standard deviation was smaller
than the data point marker. The YM error bars represent a
one-sigma standard deviation calculated from 10
indentations performed on one sample.

The fitted exponents in Fig. 3 are also in good agreement
with the exponent of —3/8 theoretically predicted for
sputtering of molecule/cluster species [31,32]. In this
regard, we do acknowledge that while atomic clusters are
typically observed to be a minor component of the yield
from sputtering processes [55], for plasma etching
processes the yield/etch products are primarily molecular
[56]. Thus, the agreement between the Uy, exponents
observed in Fig. 3 and those predicted by the
molecule/cluster sputtering theories corroborates the
plasma etch products being molecular species as opposed to
atomic species. Although not shown, we do note that
virtually identical trends between RIE rates and
nanoindentation hardness were also observed.

V1. YM, RIE RATE AND MEAN
COORDINATION ({r))

Having established in the preceding sections a direct
relation between ion-driven removal rates and mechanical
rigidity, we next seek to establish a direct connection
between etch rate and atomic structure via consideration of
the Phillips—Thorpe topological constraint theory (TCT) for
amorphous materials. TCT views amorphous materials as a
Maxwellian system of trusses where each chemical bond
represents a strut or physical constraint [57,58]. The
resistance to mechanical deformation for an amorphous
material can then be evaluated based on Maxwell’s stability
criterion where the number of constraints per atom (7.) is
weighed against the degrees of freedom per atom (7). TCT
thus predicts that for n. < ng, the system is underconstrained
and mechanically unstable/flexible, while for n. > n; the
system is mechanically stable but overconstrained and
stressed/rigid [58]. At n. = ng amorphous materials are
considered to be isostatic and optimally constrained with
unique “intermediate phase” properties [59].

For a three dimensionally networked system, n; = 3 and
the constraints arise from the two- and three-body
interactions necessary to maintain the bond lengths and
bond angles at their mean values. The number of bond
stretching (8) and bond bending (0) constraints for each
atom can be directly calculated based on its coordination
number, r. For r > 2, it can be specifically shown that & =
r/2 and 6 = 2r — 3 [13]. In turn, it can also be shown that n,
is a direct function of the mean atomic coordination ({r))
for the system and that the isostatic point corresponds to a
critical mean atomic coordination ({r).) [58].



NETWORK RIGIDITY-PLASMA ETCHING/SPUTTERING

For tetrahedrally networked systems, (7). has been shown
to be 2.4 [58,60]. It has been additionally shown that for
underconstrained systems, mechanical rigidity should be
invariant with {r) < (r).. However for overconstrained
systems, rigidity should percolate through the system with
increasing (r) above (r). to the 3/2 power [61,62]. That is,
for mechanical properties such as indentation Young’s
modulus (YM) and hardness (H), one would expect YM or
H to be o< () — (r).)**. In prior publications [39,63], we
have experimentally demonstrated for a-SiC:H materials
the existence of both the predicted critical point at (r). = 2.4
and the 3/2 scaling for () > 2.4. In Figure 4, we
demonstrate the same for both the a-SiN,:H and a-SiO,C,:H
materials investigated in this study. The dash-dot line in
Fig. 4 represents a fit to the experimental YM vs. (r) plot
based on linear regression analysis of YM*” vs. ((r) — ().
The dashed vertical line signifies the isostatic point where
(ry =(r). = 2.4. Also included in Fig. 4 are the literature
reported values for the YM of single crystalline Si;N, and
Si0, (quartz) [64,65].
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Examining Fig. 4a closely, one can see that there is some
scatter in the data that correlates with the N/Si
stoichiometry in the films. Specifically, the experimental
data points for the a-SiN,:H films where the N/Si ratio was
significantly greater than the stoichiometric value of 1.33
lie on the high side of the fit whereas those for films where
N/Si is < 1.2 lie below the fit. This can be understood as
both rigidity percolation due to changes in mean atomic
coordination and percolation of Si—Si vs. Si-N network
bonding through the material. For a-SiN,:H films with N/Si
< 1.2, Si-Si and Si-N network bonding both percolate
through the system and YM falls below the fit in Fig. 4a due
to the reduced stiffness of Si—Si bonds relative to Si—N
bonds [64,66]. For N/Si > 1.33, Si-N network bonding
exclusively percolates throughout the system and hence the
YM values are slightly higher. In either scenario, YM does
decrease with decreasing (r) as predicted by the Phillips—
Thorpe TCT. However, the predicted inflection point in YM
at (ry = (r).. cannot be observed in Fig. 4a due to a lack of
a-SiN,:H films with (r) < 2.4 available for this study.

For a-SiO,C,:H, thin films with {r) <{r). were obtained,
and as can be seen in Fig. 4b, a low variance in YM for (r)
< 2.4 is also observed. Unfortunately, a less satisfying
correlation between YM and (r) for (r) > (r). is observed
compared to that shown in Fig. 4a. However, this can be
similarly attributed to differences in the stoichiometries of
the various a-SiO,C,:H thin films investigated, the
significant differences in stiffness for SiO, vs. SiC, and the
presence of some nitrogen impurities in the PECVD SiO,
films. For the former, we have denoted in Fig. 4b those
films for which Si—O-Si bonding dominates as SiIOCH and
those for which both significant Si—-O-Si and Si—C-Si
bonding exists as SiICOH based on previously described
FTIR measurements [14]. Due to the higher stiffness of SiC
relative to SiO,, the SiCOH films have higher YM relative
to the SiO, and SiOCH films in Fig. 4a [39,65]. Similarly,
the presence of ~4% nitrogen impurities in some of the
PECVD SiO, films (from the N,O oxidizer [67])
contributes to their YM exceeding that of single crystal SiO,
(quartz) due to the higher stiffness of Si—N bonding [64].

Having established theoretically and experimentally the
connection between atomic structure and mechanical
properties, we next examine the influence of atomic
structure (i.e., (r)) on the previously presented CHF; RIE
rates. Based on the molecule/cluster sputter model where a
yMm R dependence was predicted [26,27] and the YM o< ({r)
— (r).)? prediction from Phillips—Thorpe TCT [12,13], one
would in turn expect the sputter/etch rate to exhibit a ({(r) —
(r.)’'® dependence. To illustrate such a dependence, we
have replotted in Figure 5 the measured CHF; RIE rates as
a function of (#) for both the a-SiN,:H and a-SiO,C,:H thin
films. For a-SiN,:H, we observe a clear increase in RIE rate
as (r) decreases as anticipated, and power law fitting of the
data plotted versus () — (r). yields an exponent of —0.5 with
a convincing R* of 0.8. The former is in excellent
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agreement with the —9/16 value predicted by the combined
molecule/cluster sputter and Phillips—Thorpe TCT theories.
The latter represents an improvement over the R* of 0.7
observed for the a-SiN,:H RIE rate vs. Young’s modulus
correlation in Fig. 3a.

For the a-SiO,C,:H CHF; RIE data, power law fitting
yielded a much lower R? value of 0.4, indicating that only
40% of the variability was captured by the model. This is
likely due to the () > (r). data being effectively clustered
into two separate distributions with significant scatter.
Additional RIE rate data in the range of () = 2.4 — 2.6
would be needed to convincingly assess the strength of
correlation. Nevertheless, the fitted exponent of —0.4 is still
in reasonable agreement with the predicted value of —9/16
and does not contradict the developed theory.

Perhaps more noteworthy though is the apparent leveling
off in CHF; RIE rates for a-SiO,C:H at (r) < 2.4 which is
the (r). predicted by Phillips—Thorpe TCT for a tetrahedral
coordinated system [12]. The observed possible plateau in
CHF; RIE rate is consistent with the predictions of the
Phillips—Thorpe TCT that mechanical properties should be
invariant with () for (r) <{r).. This supports the connection
between plasma etching and atomic structure, and further
underscores both the underlying role of mechanical rigidity
and atomic structure in ion-driven sputtering and etch
processes.
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FIG. 5. (Color online) CHF; RIE rates versus mean

network coordination ({(r)) for (a) a-SiN,:H, and (b) a-
SiO,C,:H.

VII. DISCUSSION

We acknowledge that experimental verification of the
presented scaling theory in some cases is limited by a
narrow data set and correlation coefficients that capture
only 50% of the observed variability. However, the various
analytically derived relationships between ion-driven
sputter/etch yield, Uy, YM, and (r) carry some validity
based on simple physical intuition. Specifically, a direct
relation between sputter yield and the mechanical rigidity
of the target material makes intuitive sense as YM
represents the resistance to deformation by an applied
force. The relation between sputter yield and hardness is
perhaps even more intuitive given that hardness is defined
as the resistance to plastic deformation when exposed to a
compressive load (such as from a high-energy projectile).
Similarly, the ultimate connection between Uy and (r)
makes intuitive sense since Uy, is a direct function of the
number of bonds that must be broken in order for an atom
to be removed from the surface. Therefore, as (+) decreases,
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Uy, should decrease and sputter yield/etch rate should
increase, as experimentally observed in this study.

Beyond reactive ion etching and sputtering, these results
have additional important implications for the design and
development of plasma-facing materials in nuclear fusion
and fission reactors [68], as well as radiation hardened
materials for microelectronic devices operating in defense,
nuclear, and outer space applications [69-72]. For such
materials, a resistance to ion-induced atomic displacements
or a high tolerance for radiation-induced defects is
desirable. The former is related to ion-induced etching or
sputtering except that instead of all connecting bonds being
broken at the surface, only a few bonds within the bulk of
the material are disrupted [73,74]. This again implies a
correlation between radiation hardness, bond energy,
mechanical rigidity, and mean network coordination as
observed here for ion sputtering and reactive ion etching. In
fact, recent molecular dynamic simulations by Wang have
shown that ion irradiation of SiO, can directly induce a
topological transition from an over-constrained/stressed-
rigid state to an under-constrained/flexible state [75].

Based on our observations, one would expect (in the
absence of chemical reactivity) radiation hardness to
increase with increasing degrees of over-constraint. In this
regard, we note that recent investigations by Su et al have
shown that the addition of carbon to SiO, glasses
substantially improves the radiation hardness of this
material [76,77]. Due to the higher coordination of carbon
relative to oxygen, the addition of carbon to these glasses
significantly increases the mean network coordination (r)
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