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ABSTRACT

Outgassing remains a pertinent issue for high power applications and is exacerbated by the high field driven, localized heating environments
commonly encountered. Here, molecular dynamics simulations are performed for a simple model-based assessment of outgassing from elec-
trodes. Our results of temperature dependent diffusion coefficients for hydrogen in copper agree well with experimental reports over a wide
range spanning 300K to 1330K. Separate results are also obtained for transport of hydrogen to ascertain whether a grain-boundary would
facilitate channeled transport or work to impede flow by clustering the gas atoms. Finally, the use of a tungsten overlayer on copper is evalu-
ated as a material-based strategy for mitigating outgassing. It is demonstrated that a few monolayers of tungsten coating on the outer surface
can be effective in significantly reducing outdiffusion at 700K.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109682

I. INTRODUCTION

High power devices operating under high voltage conditions
are used in numerous applications including vacuum electronics,1–3

particle acceleration,4,5 inertial confinement fusion,6 and microwave
generation.2 The high electric fields (typically exceeding 100 kV/cm)
are strong drivers for electron emission and also cause localized heat-
ing at electrodes, explosive material vaporization, and/or desorption of
gases.7,8 Gas desorption from materials can be an important factor in
plasma formation in such systems, which can then lead to breakdown
or surface flashover. Apart from plasma formation, outgassing has also
been known to lead to anode-cathode gap closure9 and pulse shorten-
ing.10 The interactions of emitted electrons and gas molecules, both of
which are released by the impact of high energy electrons on the elec-
trode surface,11,12 support local heating of the electrodes,8 thus work-
ing to facilitate and strengthen outgassing.13

In this high-power context, Neuber et al.12 had established the
role of outgassing through time-resolved spectroscopy which revealed
the existence of excited atomic hydrogen, a species with the highest
mobility due to its small mass. Hydrogen outgassing has also been
reported from several metals.14 In the context of pulsed power devices,
the monolayers of gas atoms that are usually adsorbed on the surface
are likely to be liberated by direct electron impact. This can have
downstream consequences such as the providing an additional source

of neutrals for ionization and space-charge development. From an
electrical standpoint, the operating conditions can then become
dynamic and affect the efficiencies of the operating devices, as pointed
out by Haworth et al.15 Information of such outgassing could, for
example, be fed into particle-in-cell calculations for a more compre-
hensive analysis of High Power Microwave devices. This phenomenon
of gas desorption is typically observed through an increase in residual
gas pressure.16,17 Besides influencing breakdown physics and high
voltage device operation, trapped gases in metal electrodes can also
adversely affect the material properties, degrade mechanical strength,
and contribute to embrittlement.18–22 In any event, while the role of
outgassing and gas emission from surfaces subject to high electric
fields is well established, there have not been many studies on the gas
release dynamics or assessments of potential mitigation techniques,
especially taking account of the inherent microscopic details. For
example, it is not clear whether the use of suitable cap-layers might
help reduce outgassing, and if so, to what degree, nor have there been
model-based assessments on particular materials that might be most
suited for such reductions in outgassing.

In this contribution, we present the results of hydrogen diffusion
in copper based on molecular dynamics (MD) simulations. The tech-
nique is general, and copper has been chosen as a representative metal
that is commonly used in high voltage applications. This study is
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driven by a need to quantify and assess potential mitigation of outgas-
sing for pulsed-power applications. The microscopic MD technique
includes many-body effects, enables complex atomic-scale structures
(such as grain boundaries and defects) to be accurately replicated in
the computational scheme, natural factors in internal energy barriers,
and allows for the inclusion of thermal and/or density gradients as
drivers for internal transport. Here, hydrogen diffusion in a perfect
face-centered-cubic (fcc) copper lattice is first simulated at different
temperatures and compared with numerous data reported in the liter-
ature to test model validity. Separate results are then obtained for
transport of atomic hydrogen in the presence of grain boundaries to
probe whether a grain-boundary would facilitate channeled transport
or work toward the clustering of gas atoms. Finally, the use of a body-
centered cubic (bcc) tungsten overlayer on copper is evaluated as a
material-based strategy for reducing hydrogen outgassing. It is demon-
strated that a few monolayers of tungsten coating on the outer surface
can be effective in significantly reducing outdiffusion.

The overall scope of such studies is vast, can potentially include a
variety of defects (such as defects, twin boundaries, dislocations, and
network of grain boundaries), and could even include dynamic
changes in the material structure such as gas accumulation and bubble
formation23 or the dynamic temperature increase arising from the
energy expended by incoming charged entities striking the electrodes.
However, the present scope is really a more modest attempt and a sim-
ple step in applying the Molecular Dynamics (MD) technique to probe
a simple situation of outgassing from copper at different temperatures,
along with the inclusion of a grain boundary and assessments of out-
gassing mitigation through the use of a tungsten cap-layer.

II. MODEL DETAILS

Hydrogen diffusion in a copper lattice was simulated using the
classical molecular dynamics (MD) scheme. In this technique, forces
on any atom at a lattice site due to its many neighbors are evaluated
based on semiempirical interatomic potentials. In a sense, this
approach allows one to pursue computational experiments by probing
a variety of different configurations and to include several species with
their unique interactions at the molecular level. Its strength includes
the ability to study fast nonequilibrium processes with an atomic-level
resolution. The limitations of the technique are well known. These
include the inability to explicitly include electrons, the introduction of
potential energy surfaces that are a function of atomic positions only
(i.e., the Born-Oppenheimer approximation), and the treatment of
potential energy surfaces through analytical functions that provide
information as a function of atomic coordinates. Also, most
approaches are based on classical Newtonian mechanics and ignore
quantum effects and corrections. Furthermore, the computational
complexity usually restricts the simulation length scales to tens or hun-
dreds of nanometers and time durations to the nanosecond regime. As
a result of the finite size restrictions, deviations from the actual bound-
ary conditions could also result.

Nonetheless, such simulations are a useful tool for analyzing and
predicting defect properties, phase transformation mechanisms, kinet-
ics and resultant structural evolutions, and dynamic behaviors of
materials.24,25 Since the results can depend on the interatomic poten-
tials chosen, a brief review is perhaps in order. Several empirical poten-
tials have been proposed such as the Embedded Atom Method
(EAM)26 and Finnis–Singlair,27 Glue,28 Tersoff,29 and the RGL30

models for metallic or covalent hard-material systems. Bond order
potentials (BOPs), which include the Finnis–Singlair and Tersoff for-
mulations, are a class of empirical, analytical interatomic potentials
that are often used and have the advantage of describing several differ-
ent bonding states of an atom with the same parameters. The early
version of the BOP potential31 was improved to include distinct bond
orders for sigma and pi-bonds.32 Other developments include the
adaptive intermolecular reactive empirical bond-order (AIREBO)
potential33 obtained from modifications to the Tersoff potential for
covalent bonding. Finally, the modified embedded-atom method
(MEAM) was created by modifying the EAM to consider the direc-
tionality of bonding. The MEAM represents the first interatomic treat-
ment34 capable of describing a wide range of elements (e.g., the fcc,
bcc, hcp, diamond-structured, and even gaseous elements) using a
common formalism.

Here, in the present MD calculations, the interactions between
Cu-Cu, H-H, and Cu-H atoms were treated on the basis of the Bond-
Order Potential. As well known, there are four terms associated with
BOP. The first term represents the short-range two-body function pre-
senting repulsion between the pairs of the ion cores. The second and
third terms account for the r- and p-bond integrals, while the last
term is for the promotion energy of sp-valent systems. The interactions
between W-W atoms were modeled here based on the MEAM.
Molecular interactions between Cu-W and H-W are calculated by the
truncated Lennard-Jones (6-12) potential ULJ(rij), in conjunction with
the Lorentz-Berthelot mixing rule. The Lennard-Jones (L-J) potential
has the following form:

ULJ rijð Þ ¼ 4e r=rij
� �12 � r=rij

� �6n o
� f r=rcð Þ12 � r=rcð Þ6g

h i
:

(1)

In the above expression, the parameter rc denotes a cut-off radius,35

while e is the binding energy (depth of the potential) and r is the
molecular diameter. The values of r for the Cu-Cu, H-H, and W-W
interactions were taken to be 2.338 Å,36 2.87 Å,37 and 3.2 Å,38 respec-
tively; while the values of e were found to be 9.43 kcal/mol,36

0.0230 kcal/mol,37 and 0.05 kcal/mol,38 respectively. Using these
parameters, the Lorentz-Berthelot mixing rule39 was employed to cal-
culate the Lennard-Jones parameters for the copper-tungsten and
hydrogen-tungsten interactions.

A quick comment regarding the potentials is perhaps in order.
Here, we have used a simple approach by invoking the LJ potential in
conjunction with the Lorentz-Berthelot mixing rule. Though not the
best choice, Lennard-Jones potentials have been used in the past.40–42

In addition, various Cu–H potentials have been developed based on
the embedded-atommethod (EAM) formulation43 and even the newer
bond-order potentials.44 However, since the focus of the present simu-
lations is not on the H2 gas phase, nor on clusters, nor on effects on
bond strengths due to deformation and fracture, the relatively simple
approach can be expected to yield acceptable qualitative trends.
Furthermore, the scope here is not to develop accurate interaction
potentials.

The MD technique involves solving the equations of motion for
interacting particles numerically, subject to appropriate initial and
boundary conditions.45 The open source LAMMPS code46 with its
library of potentials was used in the present calculations. Four struc-
tures were simulated: (i) a perfect copper lattice with no defects or
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inclusions was used. A face-centered cubic (fcc) structure was used for
the copper with a lattice constant of 3.61 Å. This was thus effectively a
rectangular box representing a slab of copper with atoms lying within
it at the lattice points. The top surface above the box was taken to be
vacuum. Atoms could escape the top surface, while periodic boundary
conditions were applied at the four lateral faces. Specular reflection
was applied at the bottom surface. (ii) A uniform copper slab having a
small number of hydrogen atoms at interstitial sites is used. This was
thus similar to the above geometry but with some hydrogen atoms
added to the copper mix. (iii) A copper slab containing a low-angle
symmetric tilt grain boundary with hydrogen atoms is included within
the volume. The tilt grain boundary was created by defining two crys-
tals having different orientations and deleting the overlapping atoms
at the common boundary. Specifically, the [0 0 1] crystallographic
direction was taken to be parallel to the Z-axis, defined as the tilt axis.
With the [1 0 0] crystallographic direction aligned with the X-axis, a
grain boundary was formed around the middle plane by rotating latti-
ces in the upper half part of the model around the tilt axis by a coun-
terclockwise angle, while those in the lower half part of the model had
a clockwise shift. (iv) Finally, to probe possible reductions in outgas-
sing, a composite structure consisting of a 3 nm tungsten layer was
placed on top of the copper surface. A body-centered cubic (bcc)
structure was used for the tungsten with a lattice constant of 3.16 Å.
Hydrogen atoms were initially placed at the copper interstitial sites for
this configuration, with escape possible only across the top tungsten
surface.

The simulation box with a rectangular cross section for the cop-
per atoms was found to have dimensions of 50� 68.5� 100 Å3 with
vacuum above the copper material. Hydrogen atoms were allowed to
escape the top surface, while periodic boundary conditions were
applied to the other surfaces to simulate infinite extensions. The target
temperatures were created by assigning atomic speeds based on a
Maxwellian distribution. In all simulations, the starting system config-
uration was initially relaxed by running the LAMMPS simulations up
to 10ns to achieve thermodynamic equilibrium and effectively mini-
mize the overall energy. During the thermalization, the NPT (isobaric-
isothermal) ensemble conditions were used with 29,568 copper atoms.
Following relaxation, the operating temperature was maintained at a
constant value for each of the simulations, and the NVT (canonical)
ensemble conditions were used for the MD simulations. There was no
scalar externally applied pressure in these simulations. The Langevin
algorithm47 was used to control pressure, with a damping parameter
(Pdamp) taken to be 0.5 ps. There are several accepted methods for
maintaining the system at constant temperature.48,49 Here, a
Nose–Hoover thermostat50,51 was applied, and a time step of 1 fs was
used.52 Periodic boundary conditions were imposed except at the outer
surface for the outgassing evaluations. Here, we do not track the inter-
nal stress tensor of a collection of atoms interacting under periodic
boundary conditions. Such calculations of internal pressure have been
carried out based on Molecular Dynamics simulations for a few deca-
des.53,54 However, it was pointed out a decade ago55 that the formula-
tions could apply either to nonperiodic cells or to specific pair
potentials. A more recent development was a generalization of instan-
taneous force virial contributions to stress by Thompson et al.56 for
arbitrary interatomic potentials under periodic conditions.

The diffusion coefficient (D) of hydrogen gas trapped in the cop-
per lattice was obtained by tracking the mean square displacement

hjr(t)j2i of all the diffusing hydrogen atoms over a given period of time
at each temperature. The mean square displacement (MSD) is related
to time-dependent variations in the position for an N-atom system as

hjr tð Þj2i ¼ NRi¼1 ri tð Þ � ri 0ð Þ
� �2n o.

N; (2a)

where ri(t) is the position vector of the ith atom at time t. The MSD
connects the diffusion coefficient through the relationship57

D ¼ d hjr tð Þj2i
� �

=dt
� �

=6: (2b)

Over longer times, the diffusion coefficient saturates to a constant
value at the operating temperature. Here, we did not choose to calcu-
late the van Hove distribution function G(r,t) from which the diffusion
coefficient could also have been obtained.58,59 This is because at
shorter times, the self-part of the van Hove correlation function is
Gaussian but becomes exponential at longer times.60,61 Hence, for sim-
plicity and to avoid dealing with such transitions, the MSD, which
scales linearly with time, was chosen instead for evaluating the diffu-
sion coefficient.

III. RESULTS AND DISCUSSION

As a validity check of our MD implementation and as a pre-
liminary assessment of our results of hydrogen diffusion in pure
copper, MD simulations were first carried out to obtain the
temperature-dependent diffusion coefficients. These initial calcula-
tions were aimed at facilitating simple comparisons with the pub-
lished experimental data. To ensure accuracy of results, three sets
of simulations were performed for each case. The results were very
similar, and the average is reported here. The results of the hydro-
gen diffusion coefficient obtained from the simulations, along with
various temperature-dependent data points reported in the litera-
ture, are shown in Fig. 1(a). A fairly good agreement between data
and the calculations is evident. The experimental data points
include reports by Perkins and Begeal,62 Eichenauer and Pebler,63

Sakamoto and Takao,64 Eichenauer et al.,65 Ishikawa and
McLellan,66 and Katz et al.67 The diffusion coefficient was obtained
from the slope of the mean square displacement vs time, with a
representative MD simulation plot at 1000 K as shown in Fig. 1(b).
An Arrhenius type behavior naturally emerged from the calcula-
tions, with an activation energy of 0.41 eV and a pre-exponential
factor of 6.108� 10�7 m2/s, which are comparable to other reports
and other materials.21

Next, the role of a low-angle grain boundary in the out-diffusion
of hydrogen atoms in copper was probed through MD simulations. A
copper slab containing a grain boundary with hydrogen atoms initially
included as random impurities at interstitial sites uniformly distrib-
uted throughout the volume was considered. Initial thermalization
and lattice relaxation were carried out for 10 ns. The NPT conditions
with periodic boundaries were used to ensure that the hydrogen atoms
spread out and were effectively reshuffled within the simulation space.
Following this initial phase, an NVT ensemble was used and any
hydrogen atom crossing out from a surface was eliminated from the
simulation. This provided a count of the outgassing of hydrogen atoms
from copper as a function of time. The outflow of hydrogen atoms
parallel and perpendicular to the GB plane was tracked.

The results obtained at a temperature of 700K are shown in Fig.
2. One hundred fifty hydrogen atoms were inserted into the copper
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lattice to start with. A copper sample without any grain boundary
(GB) was included to provide a baseline comparison. The results of
Fig. 2 show the structure of losing atoms at the fastest rate for flow
parallel to the grain boundary. The number of hydrogen atoms in the
copper sample is predicted to reduce from 150 to about 112 in about
10 ns. By comparison, the flow perpendicular to the GB is very slowest,
with about 141 of the starting 150 hydrogen atoms remaining in the
copper sample. The transport without any grain boundary is seen to
lie between these two limits. Roughly, 130 atoms are predicted to
remain in copper for the case without a grain boundary after 10 ns.
This clearly shows the role played by grain boundaries with regard to
transport and outgassing. A grain boundary can effectively provide a
pathway to the surface and facilitate outgassing. In the orthogonal
direction, the same GB structure acts as a trap and could effectively
suppress hydrogen flow. The qualitative trend obtained here in Fig. 2

is similar to reports that grain boundaries in nuclear fuel materials
provide fast transport paths in the absence of any porosity.68,69 In the
context of nuclear materials, the role of grain boundary diffusion in fis-
sion gas release is well known and has been appropriately studied in
the past. The atomistic results are in qualitative agreement with the
trends from the analytical model first developed by Fisher70 who
showed diffusion to occur along grain boundaries more rapidly than
through the interior of crystals. This model has subsequently been
embellished over the years.71

Physically, the distortion of atoms in the GB region influences
the diffusion of hydrogen atoms. Local deformations and variations
within the GB core provide discrete paths for atomic hops. Spatial var-
iability in the local energy near a grain boundary is well known,72 and
one can expect deviations in the diffusive properties to be strongest at
the GB core though the core size variations were not examined here.
In the perpendicular direction, the GB acts as a barrier (similar to a
mountain range blocking normal flows), leading to very anisotropic
transport. However, in an actual sample, diffusion via an intercon-
nected network of grain boundaries can be expected to occur. Since
neither the presence of various grain boundaries nor their orientations
can be controlled, it becomes impractical to only rely on GB-
dependent transport to influence outgassing. Instead, a different robust
technique for impeding gas outflow becomes necessary.

For completeness, it may be pointed out that two issues that
could be important were not probed here. (i) The first involves the
role of stress in the sample. For example, the chemical potential can be
directly influenced by induced stresses73,74 associated with incorpora-
tion of solutes such as hydrogen. It was demonstrated that hydrogen
diffusivity would increase with the hydrogen content.75,76 The origin
of this behavior lies in the elastic interactions of the solute with the
crystallographic structure. Hydrogen incorporation causes an elastic
expansion that changes the chemical potential, thereby aiding diffu-
sion. Though interesting and valid, such aspects will cause only minor
changes, and the overall trends obtained would remain. Furthermore,
some degree of preheating that is usually carried out before high power
operation of such systems will practically guarantee that the hydrogen
content and the stress remaining in the electrodes will be quite modest.
However, it must be mentioned for completeness and accuracy that
though the preheating removes much of the reservoir of gas from the

FIG. 1. (a) Comparison between the diffusion coefficient obtained from the simula-
tions and various data points reported in the literature. Good agreement between
data and the calculations can be seen. (b) Representative result of the mean
square displacement vs time obtained from the MD simulations at 1000 K for calcu-
lating the diffusion coefficient.

FIG. 2. Simulation results showing the number of hydrogen atoms remaining in a
copper slab as a function of time. Cases with and without a grain boundary (GB)
were simulated with the out-diffusion in directions both parallel and perpendicular to
the GB plane.
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bulk material, it does not necessarily solve the issue for stimulated gas
desorption. In fact, the preheating process can actually lead to deposi-
tion of a few monolayers of gas on the surface, which then becomes
available for potential release into the system upon the operation
of pulsed power devices. Consequently, many of the high-power, but
relatively low energy systems (such as single shot High Power
Microwave devices) benefit more from plasma cleaning to remove
these adsorbed layers. (ii) The second is the possibility of creating
hydrogen bubbles. For example, recent studies77–79 suggest that GB
can play an important role in the formation of hydrogen bubbles by
acting as trapping sites. However, this physics of the nucleation and
growth of such bubbles, given the possibility of reduced GB adhesion
with the size,23,79 remains unresolved.

One possibility to reduce gas out-diffusion might be to add a suit-
able thin material as a capping overlayer. Toward this goal of mitigat-
ing outgassing and to test the effectiveness of an over-coating, a 30 Å
thick tungsten layer was added to the simulation structure. The tung-
sten cap was placed on an open surface, at one end of the simulation
box. Tungsten was chosen as a material for the overlayer since diffu-
sion of hydrogen in tungsten has been reported to be fairly low.80 To
validate and test this hypothesis of low hydrogen diffusivity in tung-
sten metal, the temperature dependent diffusion coefficient of hydro-
gen was first calculated in a pure, stand-alone tungsten slab. For this
purpose, 50 hydrogen atoms were added to a pure tungsten slab hav-
ing 7000 metal atoms. The mean square displacement (MSD) vs time
was obtained, and the diffusion coefficient was then extracted from the
slope. The procedure and calculations were very similar to those for
hydrogen in pure copper. Furthermore, a plot of diffusivity vs inverse
temperature does not provide much information until the activation
energy and pre-exponential factor are extracted. So, for brevity, the dif-
fusion vs inverse temperature results are not shown, and only the
time-dependent out-diffusion at a fixed temperature of 1000K is given
in Fig. 3. However, it must be mentioned that the MD simulations of

hydrogen diffusion in tungsten at different temperatures yielded an
activation energy of 0.42 eV and a pre-exponential factor of 6.918
� 10�7m2/s. The activation energy was similar to that reported by
Frauenfelder.81 From the results of Fig. 3, the value of the diffusion coeffi-
cient for hydrogen in tungsten was calculated to be 5:311� 10�9 m2/s.
The reported value in the literature for hydrogen diffusion in tung-
sten is roughly 5.484� 10�9m2/s80 at 1000K. Thus, these results for
hydrogen diffusion in tungsten not only point the validity of the cal-
culations but also underscore the much lower diffusivity in this
material as compared to a copper host.

Finally, calculations of hydrogen outgassing from copper in the
presence of a tungsten cap-layer were carried out. As shown in Fig. 2,
a low-angle grain boundary was assumed in the copper. As before, the
system was thermalized using the NPT ensemble for 10 ns. After shuf-
fling all the atoms (i.e., hydrogen, copper, and tungsten) during ther-
malization, the actual simulations were then performed for 30 ns. The
comparison of outgassing with and without the presence of a tungsten
layer is shown in Fig. 4 at a temperature of 700K. In the results, the
number of hydrogen atoms is predicted to reduce to around 110 from
an initial number of 150, in about 10 ns. Rather than comparing diffu-
sion coefficients, the time-dependent populations escaping the metal
system provide a more convenient and direct basis for comparison. In
these simulations, there were no surface defects or trace impurities
that might lead to surface recombination or trapping. With the added
tungsten layer, the outgassing rate is seen to be much lower with about
142 hydrogen atoms predicted to remain in the simulation box even
after 30 ns. In Fig. 4, over a duration of 10 ns, about 39 hydrogen
atoms are predicted to leave the pure, homogeneous copper slab; while
only 1 hydrogen atom escapes the metallic system with the tungsten
cap layer. This is almost a factor of 40 reduction in the outgassing rate.
So it is quite evident that the tungsten capping layer can work as a
material based strategy to effectively mitigate outgassing.

The above calculations and results could form the basis for
predictive analysis of gas emissions per unit area. For example,
temperature dependent emission rates (or alternatively average
lifetimes of the atomic gas) could be obtained from plots of the
time-dependent decrease in the number of hydrogen atoms within
copper at different temperatures. By knowing the surface area of
the simulation box, the outflow rates per unit area could be esti-
mated. For statistical accuracy though, averages over numerous
simulation runs would be needed.

FIG. 3. Mean square displacement (MSD) vs the time plot for hydrogen atoms
inserted at random interstitial sites in a tungsten slab. A temperature of 1000 K was
used for the calculations. The diffusion coefficient was obtained from the slope of
the above plot. FIG. 4. Comparison of outgassing rates with and without the tungsten over-layer.
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A practical validity test might then be to compare the predicted
emission of hydrogen gas with the measured increase in pressure within
the test chambers. In these cases, the simulations would have to specifi-
cally assign the gas atoms within the top few monolayers of the surface.

Furthermore, an aspect, not addressed here, but would be impor-
tant in the context of charged particle incidence upon electrodes in
pulsed power systems, would be the time dependent changes in tem-
perature and associated spatial gradients. The latter could add a
thermo-diffusive contribution to gas transport. In any event, a detailed
analysis would require a three-step process of: (i) initial calculations of
the deposited energy from the incident particles, possibly through
Monte Carlo calculations with energy-dependent Stopping Power and
Mean Free Paths, (ii) solutions of heat transport to obtain the evolu-
tionary spatially variable temperature profiles, and (iii) use of the spa-
tially dependent temperatures thus obtained as inputs in the MD
technique to naturally include thermal gradients.

IV. CONCLUSIONS

Outgassing is typically the first stage of possible plasma formation
in a vacuum and can lead to various effects such as breakdown, surface
flashover, anode-cathode gap closure, and pulse shortening in high
power systems. It is therefore important to understand the outgassing
process and even more critical to device ways for its mitigation. Here,
preliminary simulation results of hydrogen diffusion and outgassing in
a representative metal (such as copper) were obtained based on the
molecular dynamics technique. The calculated temperature dependent
diffusion coefficient values agreed with experimental reports in the lit-
erature over a range spanning from 300K to 1330K. The temperature
variation could be important in the context of power devices and vac-
uum nanoelectronics which tend to have high electric field environ-
ments or might be subjected to external radiation, both of which can
lead to localized heating. The role of heating in enhancing diffusive
outflow by orders of magnitude has been demonstrated here.

Simulations with and without a grain boundary were also carried
out to probe their role in hydrogen outgassing from metals. The cen-
tral result was increased outdiffusion in the presence of a grain bound-
ary (GB) along parallel planes due to an effective channeling effect.
The most likely reason would be associated with distortion of atoms in
the GB region, with the local deformations providing alternate paths
for atomic hops within the GB core. The diffusion was shown to be
anisotropic, with the increase parallel to the GB plane and reduction
in the normal direction. However, in an actual sample, diffusion via an
interconnected network of grain boundaries can be expected to occur.
Since neither the presence of grain boundaries nor their orientations
can be controlled, it becomes impractical to rely on GB-dependent
transport as a means to tailor or influence outgassing. Instead, an alter-
native based on using a cap layer composed of a thin metallic coating
with low material diffusion was examined here as a possible solution.
A 30 Å thick tungsten layer was added over the copper surface to test
the outflow. The results were promising and demonstrated that the
tungsten capping layer can work as a material-based strategy to effec-
tively mitigate outgassing. For durability and to avoid pinholes or
damage, thicker layers would be more useful practically.
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