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Abstract

This study investigates a pathway to nanoporous structures created by hydrogen
implantation in aluminum. Previous experiments for fusion applications have
indicated that hydrogen and helium ion implantations are capable of producing
bicontinuous nanoporous structures in a variety of metals. This study focuses
specifically on hydrogen and helium implantations of aluminum, including
complementary experimental results and computational modeling of this system.
Experimental results show the evolution of the surface morphology as the hydrogen
ion fluence increases from 10'" ¢cm™ to 10" cm™. Implantations of helium at a
fluence of 10" cm™ produce porosity on the order of 10 nm. Computational
modeling demonstrates the formation of alanes, their desorption, and the resulting
etching of aluminum surfaces that likely drives the nanostructures that form in the
presence of hydrogen.
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1. INTRODUCTION

With many renewable energy sources of intermittent nature, energy storage will be important for
the implementation of clean energy. This study investigates a pathway to nanoporous structures
created by hydrogen implantation in metals. Nanoporous materials have high specific surface
areas, making them ideal as supercapacitor electrodes. In experiments for fusion applications,
formation of nanoporous films several micrometers thick was observed in tungsten surfaces
exposed to helium plasma [1] and beryllium surfaces exposed to hydrogen [2]. Nanoscale
features were produced near the irradiated surfaces, and the resulting porosity created
bicontinuous structures. Other routes to formation of nanoporous metals such as dealloying or
chemical reduction work well with noble metals, but cannot be used with electropositive metals
such as aluminum or tungsten. This study focuses specifically on aluminum and the resulting
morphology after implantation of hydrogen and helium ions. The formation and presence of
volatile alanes contributes significantly to the resulting nanostructure when aluminum is
implanted with hydrogen. The findings of complementary experimental and computational
modeling of this system are included here in this report.
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2. BACKGROUND

2.1. Implantations of Hydrogen

In the past few decades, many researchers have investigated the effects of energetic hydrogen
implantation into metals, specifically as they relate to hydrogen recycling in the walls of fusion
vessels [3, 4]. Recently, these studies have shifted to include the microstructural changes that
result from ion implantation which play a crucial role in the development of a full understanding
of the hydrogen recycling process.

When hydrogen is implanted into metals, it is believed that the hydrogen diffuses back to the
surface and desorbs as molecular H, [4]. A steady state is reached when there is a balance
between the implanted and recycled hydrogen [4]. However, within this process, hydrogen ions
form bubbles due to their low solubility in many metals, including aluminum. These bubbles
create concern because are reported to exhibit internal pressures of up to 7 GPa at room
temperature [5], and play a key role in the mass transfer of hydrogen within the system.

As hydrogen fluence in aluminum is increased, instead of individual bubbles being formed, a
tunnel structure is observed, characterized by a bicontinuous pore structure. This tunnel
structure accommodates an increased hydrogen flux towards the surface. Furthermore, increased
hydrogen fluence also leads to agglomeration of bubbles which may form blisters when they
reach the surface. From experimental data it is evident that hydrogen concentration plays a
critical role in the nature of the microstructure [4].

The interactions between hydrogen and aluminum surfaces themselves have been of particular
interest, especially towards applications in the semiconductor industry [6, 7]. The surface
interactions are very similar to those of implanted hydrogen, and it is therefore beneficial to
study the surface behavior.

In addition to aluminum, there are numerous reports of hydrogen implantation in other metals
demonstrating similar behavior [8]. Many different mechanisms have been proposed for void
growth such as dislocation loop punching and vacancy clustering, but common findings are that
voids tend to occur near the implantation depth and that low solubility of hydrogen in the metal
gives rise to these structures [8].

2.2. Implantations of Helium

In addition to hydrogen, implantations of other elements have also produced similar
nanostructures in metals. Wilson and Thomas reported blisters, flaking, and holes in aluminum
at fluences of approximately 10'” cm™ of helium ions [9]. The surface changes were dependent
on fluence, flux, and temperature. More recently, Baldwin and Doerner produced similar
nanoscale features forming on tungsten after bombardment of helium plasma [1]. The solubility
of helium in these materials is expected to be negligible just as the solubility of hydrogen in the
systems mentioned in the previous section, and this is appears to be one key to producing the
voids and nanoscale features during ion implantation.
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2.3. Adsorption and Desorption of Hydrogen

It is seen experimentally that when an aluminum surface is exposed to a flux of atomic hydrogen,
aluminum hydride species (alanes) may be formed. Formation of alanes is negligible on the
rough (100) and (110) surfaces, but quite significant on the smooth (111) surface. The formation
of alanes has been shown to lead to hydrogen-induced etching of the surface [7].

Furthermore, on the Al (111) surface, up to 50% of the adsorbed hydrogen is found to desorb in
the form of aluminum hydrides (alanes, or AlHy). This desorption pathway exists in parallel to
that of molecular hydrogen, and was found to reach a maximum rate near 340 K according to
work by Hara, et al. [10]. However, in a separate study, Winkler et al. [11] found the formation
and desorption of hydrides to be of minor significance at a heating rate of 3 K/s in comparison to
the 10 K/s used by Hara et al., indicating the desorption of aluminum hydride also strongly
depends on the heating rate used.

These reactions also have surface morphology consequences, as shown by Go et al. [7]. The
surface alanes are more weakly bound to Al adatoms [12] and etch the smooth Al surface.
However, the mechanistic details behind both the surface reactions and mass transfer are
uncertain and only inferred from experimental observations. While the details are unknown,
density functional theory (DFT) calculations show that AIH, and AlH; are more weakly bound
than Al and AIH adatoms [12], which helps explain the surface morphology changes seen by Go
et al.

2.4. Al (111) Energy Landscape

From the preceding section, it is clear that an understanding of the energy landscape of the
surface is the foundation for any simulation. The detailed energy landscape may be computed
on-the-fly from first principles using density functional theory (DFT). From the full landscape, it
is trivial to calculate the potential energy of a state as well as any activation energy barriers for
reactions. However, this is computationally demanding, so we take a different approach.

Instead of computing the full energy landscape on-the-fly, a finite number of reactions and their
rates is tabulated a priori. When reaction pathways are present, the required energy only needs to
be looked up from a pre-compiled rate catalog. In order for this to be valid, however, the catalog
must contain all possible reaction pathways. To examine this we turn to the literature for the
necessary thermodynamic energy calculations.

Due to their importance in the semiconductor industry for production of integrated circuits, there
have been numerous studies into quantum chemical calculations of alane surface chemistry
pertaining to aluminum chemical vapor deposition (CVD) from alane precursors [13].
Furthermore, alane clusters are a fundamental component of hydrogen storage materials, so we
make use of the existing information regarding the thermodynamics of the elementary surface
reactions in which we are interested.

Nakajima et al. used DFT and a cluster model to simulate deposition of aluminum from CVD of
an alane precursor [13]. They calculated molecular structures, potential energies, and transition
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states for the elementary reactions. The mechanism for aluminum deposition was determined to
include the disassociation of AlH; into AlH,, AIH, and H on the surface, followed by the
cohesion of AlH, followed by the desorption of molecular hydrogen formed from this cohesion,
leading to the deposition of aluminum in islands. The quantities relevant to our current
investigation are summarized in Table 2.1. It is interesting to note that the proposed cohesion of
AIH is not included in their calculations, so the corresponding energy diagram is unknown.
However, we are interested in the inverse process of CVD, so this uncertainty is immaterial.

Table 2.1. Elementary surface reaction energies from DFT calculations [13].

AE (eV) E,(eV)
Al(ad) + H(ad) — AlH(ad) -0.806 0.000
AlH(ad) + H(ad) — AlH,(ad) -0.273 0.087
AlH,(ad) + H(ad) — AlH;(ad) -0.009 0.191
H(ad) + H(ad) — H,(g) -0.668 0.130
AlH(ad) + H(ad) — Al(ad) + Hy(g) 0.369 0.863
AlH,(ad) + H(ad) — AlH(ad) + Hy(g) 0.039 0.806
AlH,(ad) + H(ad) — AlH,(ad) + Ha(g) -0.529 0.529

In another study, Chaudhuri et al. invested the formation and oligomerization of alane clusters
from adsorbed hydrogen on the Al (111) surface using both experimental (surface IR) and
theoretical techniques (DFT) [12]. They found that at high H coverages, step edges become
favorable sites for adsorption of atomic hydrogen, and AlH; likely forms here at saturation. At
higher concentrations of hydrogen, they propose that AlHj is extracted from the step edge and
becomes weakly bound and highly mobile on the flat surface. It is this process that accounts for
the step etching observed in other experimental studies.

Table 2.2. Selected binding energies for aluminum hydride species on Al (111). Epjpg =
E(on surface) — E(cluster, vacuum) — E(Al surface) [12]. Aluminum hydride binding
energy is dependent on orientation, but is noticeably weaker than that of aluminum

adatoms as well as adsorbed AlH.

Environment Binding energy (¢V)
Adatom or Al-H -3.54
H (step) -3.90
H (terrace) -3.05
AlHj; (step) -0.99
AlH; (terrace,semihorizontal) -3.87
AlHj, (terrace,vertical) -0.91

13
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3. MATERIALS AND METHODS

3.1. Experimental
3.1.1. Material Preparation

High purity, as-rolled aluminum foil produced by Goodfellow was used for the implantation
experiments. Purity was quoted as 99.999% with no element other than oxygen occurring in
traces greater than 5 ppm. The thickness of the foils was 0.050 mm, and each piece was 25 mm
square. Marks indicating the rolling direction could be easily observed, particularly at high
magnifications.

Ion implantations were done using a Cockroft Walton accelerator shown in Figure 3.1 capable of
implanting singly charged ions at energies from 25 to 250 keV. The implantations used in this
study were low-energy implantations at 25 keV. A mask was used to expose only the center 10
mm square of the aluminum foil to the ion beam in order to ensure an even distribution of the
fluence over the entire implant region with the beam raster. High purity hydrogen and helium in
compressed gas cylinders were connected to the accelerator depending on which source was
required for each implant. All implantations were done at room temperature, and fluences were
progressively varied from 1 x 10" ecm™ to 1 x 10'® ecm™. An index of implantation experiments
are shown in Table 3.1.

Figure 3.1. Accelerator for ion implantations.

15



Table 3.1. Index of implantation experiments

Index | Implant lon Fluence
01 None None
02 Hydrogen 1x 10" cm™
03 Hydrogen 3x 10" cm™
04 Hydrogen 5x 10" cm™
05 Hydrogen 1x 10" cm™
06 Helium 1x 10" cm™

3.1.2. Material Characterization

Material characterization was accomplished using a variety of optical and electron microscopy
techniques. Initial images were captured using a digital camera, a scanner, and a Leitz optical
microscope. Scanning electron microscopy (SEM) was done with a JEOL 6400 field emission
microscope, including elemental analysis by energy dispersive x-ray spectroscopy (EDS).
Subsequent characterization used a focused ion beam (FIB) to sputter away material to reveal a
cross-section of the post-implanted sample. In addition to the scanning secondary electron
microscopy of the cross-section, the FIB also produced a transmission electron microscopy
(TEM) sample of the exact same slice of material. Complementary plan view TEM was also
performed using samples that were electrochemically thinned starting from the back surface
opposite the surface facing the ion implantation beam and leaving only approximately 200 nm of
the implanted surface.

3.2. Computational Methods
3.2.1. Background

Monte Carlo (MC) simulations use random numbers to solve problems, and got its name from
the random nature of gambling in Monte Carlo, Monaco. The most well-known algorithm is the
Metropolis Monte Carlo algorithm, invented in the 1950s at Los Alamos National Laboratories.
Since its original inception, additional MC algorithms have been developed to improve
computational time, as well as to incorporate the dynamical evolution between states. One such
algorithm is the dynamic or kinetic Monte Carlo (KMC) algorithm.

Kinetic Monte Carlo was born out of the time-scale limitations of the traditional molecular
dynamics framework for atomistic simulations, which evolve a system according to the classical
equations of motion. This straightforward process relies on understanding the interactions
between atoms, computing the forces, and evolving the system accordingly. However, this
technique is limited to very small time-steps required to resolve atomic vibrations which occur
on the scale of 10" s. Consequently, the total simulation time only reaches of order
nanoseconds for 10° steps. Kinetic Monte Carlo techniques offer a solution to this by coarse-
graining the definition of a state and looking at diffusive jumps between states rather than minor
individual atomic vibrations within each state.

16



Additionally, in traditional Metropolis Monte Carlo, trial moves are selected at random, and
often rejected at low temperatures or near equilibrium when most moves are no longer
energetically favorable, where KMC typically uses a rejection-free algorithm. However, KMC
requires that the possible states be finite so reaction pathways can be specified, whereas MC
allows for infinite states, including unknown states, making it more useful for large configuration
spaces such as a system which models protein folding.

3.2.2. Algorithm and Implementation

The procedure for the stochastic algorithm is straightforward, assuming the rate constants are
either known or may be calculated for all possible pathways. Consider a system in its current
state 7, from which we have knowledge of all the pathways j and corresponding rate constants ;.
Each pathway has a characteristic probability distribution of first-escape times ¢, given by

Py (t) = kijexp(_ kiit)

Since the system may only evolve according to one of these pathways, it is allowed to evolve by
whichever pathway has the shortest first-escape. To do this, an exponentially distributed random
time ¢ is selected from each pathway j, and the pathway corresponding to the minimal time ¢ is
chosen. The system is then moved to the new state jmin, and the simulation clock is advanced by
L.

Although the above procedure illustrates the algorithm, it is not the most computationally

efficient to implement, and our simulations used a more efficient implementation of KMC. First,
we created list of all possible events and their rate constants. The transition-state theory (TST)

rate laws k;°' may be calculated from a known activation energy E,
k;ST = Aexp(— E, /kBT)

where kg is the Boltzmann constant and 7 is the temperature. Next, an array of partial sums
S(j) of the rates is taken to get a total length £, for the pathways vector.

S()=Yk,

A position along this array is selected from a random number rand uniformly distributed on (0,1)
and multiplied by k.

ki = Zkii
J

The pathway is selected by stepping through the array until S(p) > rand ki, which selects
pathway p and the system is evolved accordingly. Finally, a second random number, r, is
selected from an exponential distribution for k,, given by

17



tcl()ck = _(1 / ktot ) ln(}")

The simulation clock is advanced by ¢ and this process is repeated. Here, the time stepping

clock >

is independent of the actual pathway chosen, and depends only on the sum of the rates [14].

However, that there are orders or magnitude difference in time scales for diffusion rates and
reaction rates from TST. Due to the low energy barriers on the Al (111) surface, adatoms diffuse
approximately three orders of magnitude faster than they react. As a result, the simulation
requires an extremely large number of time steps to accurately capture both of these behaviors.
As a result, we can examine only equilibrium structures and calculate rates based on changes in
potential energy according to

exp(~ AE/2k,T)
exp(—AE/2kBT)+exp(+AE/2kBT)

AE _
k;, =4

which is chosen to automatically satisfy reversibility and detailed balance [15]. Although the
true kinetic dynamical evolution is lost, the simulations require much less time (20,000 time
steps, as compared to > 1,000,000 steps), allowing proper equilibrium to be reached. While this
is effectively the Metropolis criterion, the incorporation of the kinetic MC approach drastically
improves computation time.

3.2.3. Lattice Gas Model

We modeled the surface system with the simplest of models: a two-dimensional lattice gas (LG).
Here, all atoms and molecules are approximated by a single sphere with a radius equal to the Al
atomic radius. Furthermore, the spheres were restricted to only the fixed face-centered cubic
(FCC) lattice sites of the Al (111) surface.

In this model, the energy is approximated by a Lattice Gas Hamiltonian H:

H=E, 2n +V,2.nn,
where E,; is the energy of an individual adatom, » is 1 for occupied sites and 0 for vacant sites,
and V; is the interaction energy between adatoms. The first term on the right side represents the
total energy of the adsorbed species, thus the sum is taken over all lattice sites. The second term
represents the energy arising from interactions between the adsorbed species, which in the LG

model are limited to only interactions between nearest neighbors. In other words, the summation
in the second term represents the number of nearest neighbors.

From the literature for Al, we make a general approximation that these energies may be assumed
to be equal for all species, and take E,, =1.05el) [16] and approximate V;, =-0.35e}". This

value for the interaction energy was arrived from activation energy data for Al self-diffusion, and
an assumed linear relationship with the number of nearest neighbors

18



E,=E,(1-V,Z,nn,)

where E,, =0.04¢el , and E, = -0.8 eV for diffusion away from a step when an adatom has 2
or more nearest neighbors. Substitution of these values into the above expression yields a value
for V; of approximately -0.35 eV. Although system kinetics are typically based on transition-

state theory and activation energies, here they are based on thermodynamic potential energies
taken from the literature in this problem.

19



20



4. EXPERIMENTAL RESULTS

4.1. Optical and Scanning Electron Microscopy

After hydrogen implantation, the bombarded regions turn a dark yellow, nearly brown color at
high fluences. At lower doses, the color is a fainter yellow. This is shown in Figure 4.1 with the
image of a lower dose foil on the left having a fainter square and the image of a high dose foil on
the right having a darker square. This is likely due to the accumulation of surface oxides and
carbon during the ion implantation. Also, the surface in the implanted region is rougher due to
the small morphological changes. While these features cannot be directly observed with an
optical image using visible light, the additional scattering due to the nanoscale roughness should
make the surface appear darker.

Figure 4.1. Optical micrograph of H implantation with a fluence of 3 x 10" cm™ (left) and 1
x 10" cm™? (right).

SEM micrographs show more detail of the surface structure of the samples and reinforce the
roughness indications of the optical images. The images shown in Figure 4.2 show the
progressive development of the porous structure as the implant dose goes from the initial, pre-
implanted, state to the a final dose of 1 x 10'® cm™. Surface grinding marks are visible for the
as-rolled foil, but there is no evidence of porosity in this initial state. The formation of bubbles is
already evident, however, even at the lowest fluence. The intermediate step of 5 x 10" ¢m™
shows that the porosity has formed throughout the structure, and at the highest fluence of 1 x

10'® em™, the porosity is beginning to coalesce into large blisters.
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(a) (b)

(c) (d)

Figure 4.2. SEM micrographs of samples with (a) no hydrogen implantation, (b) hydrogen
fluences of 1 x 10" cm?, (c) 5 x 10" cm™?, and (d) 1 x 10" cm™. Microscope conditions
were 10 kV accelerating voltage, and 10,000x magnification.

Varying the accelerating voltage used in SEM imaging gives additional scientific information
about the sample because the excitation volume likewise varies. This is evident in Figure 4.3
which shows the 1 x 10" cm™ implantation using two different imaging conditions. The image
on the left is taken with an accelerating voltage of 4 kV, and only surface blisters can be
observed. Because the excitation volume is small, no subsurface porosity can be detected.
However, the image on the right, taken at 10 kV, is able to image the porosity beneath a thin skin
of material seen in the 4 kV images. The two microscope conditions are complementary and,
when taken together, give a more complete understanding of the morphological changes near the
surface. Similar results are seen with a fluence of 5 x 10" cm'z, but not for a fluence of 1 x 10"’

2
cm”.
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Figure 4.3. SEM micrographs of H-implanted surfaces of Al with a fluence of 1 x 10"® cm™,
Both images were taken at the same sample location, and the accelerating voltages used
for the left and the right images were 4 kV and 10 kV, respectively.

The original plan to quantify surface area using either electrochemistry and/or porosimetry did
not work out due to the small amount of sample produced during this short project. However,
information about the surface area can be deduced from analytical SEM techniques. EDS was
used to quantify the oxygen in certain areas of the foils. Higher amounts oxygen was indicative
of additional aluminum oxide that grows readily on newly formed aluminum surfaces.
Therefore, the amount of oxygen can be considered a reasonable proxy for surface area
measurements. The EDS results in Table 4.1 show that the lowest fluence results in a higher
oxygen content, hence a higher surface area, than regions without any implantations. Moving to
higher doses increases the oxygen and corresponding surface area further. This result is
consistent with the SEM images showing additional porosity generated at higher doses.

Table 4.1. EDS Elemental Composition for Hydrogen Implantations

Fluence O/Al Ratio (by at %)
None 0.018
1x10" em™ 0.021
5x 10" cm™ 0.025
1x10% em™ 0.026

4.2. Cross-Section FIB and TEM

Cross-section images were taken after using a FIB to sputter away material and are shown in
Figure 4.4. These data are in good qualitative agreement with the SEM images and show very
few voids for the lowest dose and increasingly more voids as the implantation fluence increases.
Note that the brighter region above the aluminum surface is platinum that was deposited over the
aluminum surface to stabilize it as the FIB removed material to reveal the cross-section. TEM
cross-section samples were also prepared along the same plane shown in the FIB images. These
are shown in Figure 4.5, Figure 4.6, and Figure 4.7 as montages of a set of neighboring sections
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for each of the three fluences. Tilting the TEM sample holder to orient the sample to optimize
contrast between the grains shows that the voids, particularly larger ones, are preferentially
located along grain boundaries and other microstructural defects in the aluminum. These images
are shown in Figure 4.8.

Figure 4.4. FIB cross-sections of aluminum surfaces after hydrogen implantations with
fluences of (a) 1 x 10" cm?, (b) 5x 10" cm™, and (c) 1 x 10" cm™.
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Figure 4.5. TEM cross-section montage for hydrogen fluence of 1 x 10" cm™.
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Figure 4.6. TEM cross-section montage for hydrogen fluence of 5 x 10" cm™.

26



Figure 4.7. TEM cross-section montage for hydrogen fluence of 1 x 10"® cm™

27



Figure 4.8. TEM micrographs of two different tilt angles of the same cross-section area
for a hydrogen fluence of 1 x 10'® cm™ showing voids preferentially residing along grain
boundaries.

4.3. Plan View TEM

Although voids may not appear to be intersecting in an image from a cross-section sample, it is
possible that they may intersect at a point slightly removed from the sampling plane. Plan view
TEM gives additional insight to the porous structure at the top 200 nm of the surface because it
can sample a relatively large surface area and thus more voids compared to the cross-section
techniques. Plan view images from a sample implanted with a fluence of 1 x 10'7 cm™ are
shown in Figure 4.9. These images show that most of the voids are relatively small and few have
coalesced into larger voids. The porous structure is not bicontinuous, and the pores tend to align
themselves with the rolling direction. Void growth appears to be preferential along grain
boundaries when they are in the vicinity.
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Figure 4.9. Plan view TEM images for a sample implanted with a fluence of 1 x 10" cm™
showing (a) a representative view, (b) indications that a few voids begin to coalesce and
(c) preferential void growth along grain boundaries. Lines marked “RD” in (a) and (b)
indicate the rolling direction of the aluminum foil.

At a fluence of 1 x 10'"® cm™, an order of magnitude higher, there are many more voids, and the
voids appear to be much more interconnected. The plan view TEM images are shown in Figure
4.10. The images in Figure 4.9 showed that voids clustered along the rolling direction, and it is
not surprising to find that void coalescence likewise occurs in the same fashion. For the lower
fluence sample, only a few of the voids were interconnected, but for this higher fluence sample,
it appears that many of the voids are interconnected. It is also interesting to note that some of the
voids appear to be faceted as if some surfaces are preferentially etching along crystallographic
planes of the aluminum. This is particularly interesting when considered in conjunction with the
fact that volatile alanes preferentially form along the Al (111) surface as discussed in Section
2.3.

Figure 4.10. Plan view TEM images for a sample implanted with a fluence of 1 x 10" cm™
showing (a) preferential void coalescence along the rolling direction, (b) high
magnification of void interconnectivity and (c) faceting indicating possible preferential
etching along some surface orientations.
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4.4. Helium Implantations

Helium implantations were done in the same manner as the hydrogen implantations in order to
determine the relative importance of the hydrogen chemistry with aluminum. Both helium and
hydrogen are virtually insoluble in aluminum, but helium is inert and will not form alanes or
other aluminum hydride species that can desorb and restructure the aluminum surface. A high
resolution SEM micrograph of the structure resulting from an implant fluence of 1 x 10'® cm™
He ions is shown in Figure 4.11. Small scale porosity on the order of 10 nm is formed from the
helium implantations. Lower magnification micrographs such as the one in Figure 4.12 show
smooth flakes above the porous surface in some regions. It is likely that the exposed porous
structures are revealed only in areas where these skin layers have flaked off [9]. The EDS of the
helium implanted samples also indicates a higher surface area than the hydrogen samples
implanted with the same fluence as shown in Table 4.2.

Figure 4.11. High Magnification SEM micrograph of He-implanted surface of Al.

30



Figure 4.12. Lower Magnification micrograph of He-implanted Al showing a smooth flake
above the nanostructured surface.

Table 4.2. EDS Elemental Composition for Helium Implantations

Fluence O/Al Ratio (by at %)
None 0.017
1x10% em™ 0.035
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5. COMPUTATIONAL RESULTS

5.1. Initial Conditions and Rate Laws

It is evident from the literature that surface morphology plays a crucial role in the development
of a microstructure. As such, we consider an aluminum surface that includes a step, illustrated in
Figure 5.1, and is also periodic in both directions. Atoms are restricted to FCC lattice sites of the
Al (111) surface and interact with only the 6 nearest neighbors. Simulations are kept to a small
domain of 15 x 15 that can be run on a desktop computer and provide a qualitative understanding
of the surface evolution.

Figure 5.1. Initial aluminum surface used in simulations. The white atoms represent the
fixed subsurface aluminum that only provides the lattice sites for surface species. The
black are adsorbed Al atoms, and are the only aluminum atoms that are free to diffuse
and react. For clarity, only surface atoms will be shown in future illustrations.

The surface structure evolution is broken down into two stages. First, the surface equilibrium
and the reactions of adsorbed hydrogen with the aluminum surface are examined. Next, the
desorption process and its properties are investigated in order to reproduce experimental
structures showing H-induced step etching [7].

First, we comment on the nature of the rate law. Section 3.2.2 alluded to the fact that there are
different time scales present, which makes the use of TST rate laws impractical. Figure 5.2
compares the results of two simulations, both with an initial H coverage of 90%. The use of
transition state theory does not result in an equilibrium state, so the kinetic model is restricted to
potential energies in order to obtain equilibrium results. Consequently, the true dynamical
evolution of the surface is not captured and the analysis is constrained to equilibrium states
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(a) (b)

Figure 5.2. Surface evolution at 100 K of (a) initial condition, 90% H coverage (b) using
transition state theory kinetics (kijTST) after 500,000 simulation time steps and (c) using a
Metropolis-type potential energy-based kinetics (k;'%) after 20,000 time steps. Species
legend: Al (gray), AlH (red), AIH2 (green), AlH3 (blue), adsorbed H (purple). Due to the
orders of magnitude difference in diffusion and reaction rates, the transition state model
based on activation energies requires an impractical number of time steps. As a result,
the Metropolis-type potential energy based rate equation was used.

5.2. Surface Equilibrium: Temperature and H Concentration Effects

The first stage in the simulation examined the equilibrium state of the surface, specifically
focusing on the distribution of the alane species formed. Here, hydrogen adatoms are restricted
to the surface and are not allowed to react with one another to form molecular hydrogen, since it
leads to a product that desorbs instantaneously. Furthermore, hydrogen adatoms are assumed to
not interact with each other.

Figure 5.3 quantifies the distribution of Al, H, AIH, AIH,, and AlH; for various temperature and
initial hydrogen coverages. These simulations show that the distribution of alanes is minimally
affected by temperature, but strongly dependent on the amount of hydrogen available. As
expected, hydrogen is the limiting reagent, and if it is present, it reacts to completion with Al
adatoms to form AlHj; at all temperatures.
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Figure 5.3. Effects of temperature and initial hydrogen coverage on distribution of
surface species at equilibrium. The temperature produces only minor qualitative
differences, whereas the hydrogen coverage is the limiting factor of the reaction of Al all
the way to AlH;,

In addition to the purely numerical distribution, it is also instructive to consider the spatial
distribution of the new surface species. In this two-dimensional model, the hydrogen atoms are
not allowed to extract surface aluminum atoms from below as proposed by Go et al. [7], thus
limiting the reactions to take place mainly at the step edge. As such, the complete reaction of Al
to AlH3; is only potentially limited by diffusion of AlH; away from the step to allow for
additional aluminum adatoms to be exposed to the hydrogen. However, the results indicate that
this does not prohibit the reactions, and all of the pre-adsorbed hydrogen is able to react, up to
the 90% coverage considered. This simple 2D surface model agrees with experiments in that
even at low temperatures, the final distribution of surface species is dominated by AlHj3 if there
is a sufficient amount of adsorbed hydrogen. The evolution of the surface after the reaction with
the adsorbed hydrogen is shown in Figure 5.4. For this simulation, all species have been
constrained to remain at step edges because no desorption was allowed, but this constraint will
be relaxed in the following section.
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Figure 5.4. Equilibrium state of the surface after reaction with adsorbed hydrogen at 100
K. No desorption was allowed, thus all hydrogen reacted with aluminum, forming AlH;
(blue) and leaving only a few AlH (red) and AlH; (green) molecules remaining with
original the aluminum adatoms (gray). Although the step edge has changed shape,
using the simple lattice gas model, all species remain at step edges.

5.3. Desorption of Alanes and Step Etching

Although the model is able to predict the surface coverage of alanes, it has not yet captured two
important aspects: (1) diffusion of alanes away from the step, and (2) desorption of alanes from
the surface. Therefore, in order to produce the step etching seen in experiments, adsorption and
desorption are added to the current model. Inclusion of the vapor phase of atomic hydrogen
allows not only for adsorption of hydrogen, but also additional reaction pathways which produce
H, (g). As per experiments, the surface is exposed to a vapor of atomic hydrogen at a relatively
low temperature of 180 K where desorption is minimal. In this case, there is an excess of
hydrogen, and the surface reaches a dynamic equilibrium consisting of aluminum hydrides only
when all of the aluminum adatoms have reacted, as shown in Figure 5.5. At this temperature,
there is no desorption of alanes for a binding energy of 0.1 eV. Although this is not technically

an equilibrium state as there are still unreacted Al adatoms, it is illustrative of the formation of
alanes at the step edges.

Figure 5.5. Surface after 15,000 time steps at 180 K to adsorb hydrogen onto the surface.
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It should be noted that DFT data in the literature indicates preferential binding of hydrogen to
step edge sites, but this has not been included in the model. It would have a negligible
qualitative effect, and the inclusion of this detail would unnecessarily convolute the analysis.
Furthermore, preferential binding of hydrogen would qualitatively enhance the formation of
alanes at steps, but the model already sufficiently demonstrates the formation of alanes without
this additional consideration.

Next, as done in experiments, the adsorbed sample is heated to room temperature and the surface
species begin to desorb. Experiments show desorption of AlHy reaches a maximum at 340 K.
To model this, we place our adsorbed sample directly at 340 K and allow the surface to evolve.
While AIHj (Eping = 0.99 V) is more weakly bound to the surface than Al and AIH (Eping ~ 3
eV), this is still too strongly bound to desorb at 340 K as seen in experiments. According to
simulations where the binding energy was varied, in order for desorption to occur at 340 K the
binding energy must be ~ 0.1 eV, which is much lower than the binding energy at the step edge.

This finding is consistent with the theory AlH; in a physisorbed state, as proposed in the
mechanism by Chaudhuri et al. [12]. Assuming this binding energy, we find desorption and
step-etching of the Al (111) surface at 340 K, as shown in Figure 5.6, in agreement with
experiments. However, the mechanism by which chemisorbed AlHj; at a step edge might be
converted to a physisorbed state on the terrace remains unknown. Consequently, the simulations
were performed under the assumption that AlHj at the step edge may directly desorb to the vapor
phase.

Figure 5.6. Surface structure after placing adsorbed surface Figure 5.5 at 340 K for an
additional 15,000 time steps, with desorption energy of AlH; specified to be 0.1 eV. The
step width is noticeably smaller as AlH; has desorbed, effectively etching the step.
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6. CONCLUSIONS AND FUTURE WORK

The experimental results show the evolution of the near surface morphology of aluminum when
implanted with hydrogen. Small bubbles are initially formed that will eventually coalesce to
make larger bubbles and blisters as additional hydrogen ions are implanted. Void growth is
preferential along grain boundaries and other microstructural defects in the aluminum, and
faceting within voids indicates that some crystallographic planes are likely being etched
preferentially. The chemical reaction of hydrogen and aluminum appears to play an important
role in the reconstruction of the bombarded region of aluminum because helium, a chemically
inert species, produces significantly different morphologies from those produced by hydrogen
despite the fact that both gases are virtually insoluble in the aluminum matrix.

The helium implantations in aluminum resulted in the smallest pore sizes and small ligaments of
aluminum in the resulting morphology. The relatively high concentration of oxygen in the EDS
analysis indicated that more new surface area was formed from the helium implantations than
from the hydrogen implantation. The helium implantations appear to be a more promising route
to the synthesis of nanostructured metals than the hydrogen implantations. However, helium
implantations were not initially the main thrust of the project, and a more complete battery of
material characterization remains for future work. The cross-sectional imaging will be crucial
for determining the depth to which the nanostructures persist below the surface. It is likely that
the depth is slightly less than that of the hydrogen implantations since the penetration depth for
helium ions in aluminum should be slightly less than that of hydrogen. Future experiments
should attempt higher implantation energies of helium to increase the depth of the implantations,
and could even include multiple implantation energies over the same sample area.

The computation simulations show that an aluminum surface exposed to atomic hydrogen will
undergo atomic rearrangement leading to surface etching, in agreement with experiments.
However, the current model is only two-dimensional and thus neglects additional phenomena
which need to be considered. First, in addition to step etching, experiments suggest that
hydrogen extracts surface aluminum atoms, resulting in pitting [7]. While this is a three-
dimensional phenomenon, it is reasonable to extend the step etching mechanism to the formation
of pits on the terrace. Adsorbed hydrogen can extract surface atoms to form AIH, which further
reacts with surrounding adsorbed hydrogen to form AlHs;. This species adsorbed on the flat
surface is likely to have a lower binding energy than AlH3 adsorbed at the step edge. This may
lead to the creation of the physisorbed phase on the terrace which may more readily desorb due
to its lower binding energy, leaving behind a vacancy in the surface. If this series of events is
allowed to propagate, it is reasonable to believe they could lead to the formation of pits, which
occurs in parallel with the step etching mechanism.

Moreover, the same experiments also show the formation of oligomers on the surface,
specifically forming long chains at the original step edges on the surface. While there is little in
the literature regarding the formation, DFT calculations have shown Al,He and Al;Hy to be
stable surface species [12]. In the current model, migration from a step and transitioning from a
chemisorbed state to a physisorbed state are not understood or accounted for. Allowing for the
formation of oligomers at the step could easily result in the formation of long chains along the
length of the edge, provided its kinetics are favorable, or at least comparable to migration away
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from the step. However, it seems that oligomerization and migration from the step would be in
competition with each other, so it is uncertain how both can happen simultaneously.

In the context of ion implantation, these surface results provide interesting results. It is evident
that the formation of aluminum hydrides is a dominant force behind the mass transfer in the H-Al
system. However the details of these reactions are not fully understood on a surface, much less
within the bulk. Implanted hydrogen is known to diffuse through the lattice and aggregate to
form bubbles. These bubbles are at extremely high pressures surrounded effectively by an Al
surface. Due to the extreme pressures within the bubbles, the surrounding Al is subject to an
immense flux of hydrogen, orders of magnitude greater than in surface adsorption experiments.
This excess of hydrogen is likely to exaggerate the formation of alanes and exaggerate their mass
transfer consequences as compared to the simple surface. It is apparent further work needs to be
done in understanding the effects of subsurface and bulk hydrogen in aluminum to develop an
adequate model to simulate the development of porous nanostructures.

Lastly, exposure of aluminum surfaces to atomic hydrogen is not only a surface phenomenon,
but is also thought to result in H atoms occupying subsurface sites, especially at high fluences.
A subsurface layer of hydrogen would undeniably alter the thermodynamic energies from DFT
calculations, and thus the surface kinetics. It is possible this could explain both the extraction of
surface atoms, and more importantly the binding environment and energy of surface clusters.
Future modeling of the electronic bonding environment may clarify if there are significant
changes to the binding energy due to the presence of hydrogen or other aluminum hydride
species. The presence of excess hydrogen could lead to additional repulsive interactions between
subsurface H and surface species, facilitation of both the surface mass transfer of aluminum to
alanes and their subsequent desorption, and possibly provide a mechanism by which clusters at a
step may be forced to the flat terrace in a physisorbed state.
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