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Charge trapping at Al|Al>Os interface facilitates hydrogen-induced

superabundant metal vacancy formation

Vrindaa Somjit! and Bilge Yildiz?

Abstract

Hydrogen is a ubiquitous impurity that deteriorates the metal|oxide interface, causing challenges
such as current leakage and blistering. Here, we uncover the mechanisms behind hydrogen-
induced damage at the prototypical AllAlOz interface. The precursor that we identify is charge-
trapping at the interface, which facilitates hydrogen segregation to the interface plane as H".
Presence of hydrogen increases aluminum vacancy concentration at the interfacial metal and oxide
planes. Each Al vacancy can trap multiple hydrogen atoms. As a result, the interfacial aluminum
vacancy and hydrogen concentrations increase by orders-of-magnitude. Additionally, hydrogen
behaves as an n-type dopant and increases electronic conductivity at the oxide layer adjacent to
the interface by forming H*, and the [V ai-H] complex is the predominant defect at this layer. These
findings provide the precursor mechanisms of hydrogen-induced damage at the metal|oxide
interfaces and have implications for advancing Al|Al>Os-based coatings and electronic devices.
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The AlJAl;Oz interface is a canonical metalloxide interface and is utilized in important
applications, including  protective  coatings [1-4],  micro-/nano-electronics [5-7],
composites [1,8], catalyst supports [9], and hydrogen production [10]. The integrity of the
interface and the electronic conductivity of the oxide play a critical role in the performance of
these applications. Hydrogen, a ubiquitous impurity commonly found in most processing and
operating environments, can incorporate into Al.O3z and Al, affecting these key properties. For
example, hydrogen accumulation at the Al|Al.Oz interface is thought to cause blistering and
spallation of the protective oxide, deteriorating protectiveness of the coating [11-14]. Hydrogen
incorporation is known to increase the leakage current in Al|Al,Os|Al tunnel junctions, leading to
poor performance and device failure [15-17]. Hydrogen is also a two-level system in Al|Al2Os-
based superconducting qubits, especially near surfaces and interfaces, leading to quantum
decoherence [18-20].

Despite this pervasive effect of hydrogen on Al|Al>Os-based devices and coatings, atomic level
understanding of the underlying mechanisms is still lacking. For example, it is unclear whether
hydrogen-induced structural damage is initiated at the oxide side or the metal side of the interface.
First principles studies propose interfacial blistering is mainly initiated by breaking of interfacial
Almeta-O bonds by hydrogen, and hydrogen accumulation in sub-interfacial cation vacancies in the
oxide [12]. In contrast, experimental studies indicate that damage likely begins at the metal side,
facilitated by interfacial weakening due to hydrogen and the resulting metal diffusion-induced
interfacial cavitation [11]. The reason behind the increase in electronic conductivity upon
hydrogen incorporation in Al,Oz films on Al is also unclear. First principles calculations suggest
that non-bonded H interstitials [15] mediate electron tunneling through the oxide, whereas anodic
polarization experiments indicate that the increase in conductivity is likely due to electron donation
by the formation of positively charged defects [15,17] (such as H*). Finally, in the context of two-
level systems in Al|Al>Oz superconducting qubits, first principles calculations have only simulated
hydrogen in bulk Al>Os, with different studies [19,20] attributing decoherence to different
hydrogen defect species, such as H* interstitials [20] and [V ai-H]? complexes (where q = charge
state of complex) [19]. This highlights that explicit atomistic simulation of H defects at the

interface between Al and Al.O3would be desirable to reconcile these inconsistencies.



Here, we find that electronic charge trapped at the Al|Al>Os interface causes hydrogen segregation
to the interface. The segregation of hydrogen then reduces the formation energies of aluminum
vacancies at the interfacial metal plane. This leads to the formation of superabundant vacancies,
which in turn trap multiple hydrogen atoms. This self-catalytic mechanism is the likely precursor
mechanism to cavitation and blistering at the interface. We also find that hydrogen forms H* at the
oxide layer adjacent to the interface by donating its electron to the interfacial mid-gap states, which
could explain the increase in conductivity of thin Al,Oz films. Lastly, we find that the [V a-H]
complex is the predominant defect in this layer, which could be an important consideration for

decoherence in superconducting qubits.

Details about the interface structure simulated [21], simulation technique (including parameters of
our density functional theory (DFT) calculations) and defect formation energy calculations, are
given in Supplementary Information Sections 1 and 2 [22] (see also references [23-43] therein).
Specifically, the interface structure identified by ab initio Grand Canonical Monte Carlo (GCMC)
under Al-rich, O-poor conditions (the conditions we expect at the equilibrated Al|Al.O3 interface
from our previous work [21]) was used in this study. Al2O3 (0001) is strained in-plane to match
the lattice parameters of Al (111), resulting in a misfit strain of ~3% (see Supplementary
Information Section 1 for additional details [22]). The computed Al 2p and O 1s interfacial core
level shifts of this interface closely match that of experiments, as discussed in [21], thereby
making this a realistic interface structure to base our investigations upon. Defects investigated in
this work include hydrogen bonded to interfacial under-coordinated Al (Al ‘dangling bonds”) from
the oxide, hydrogen on FCC hollow sites at the interfacial metal layer, aluminum vacancies and
aluminum vacancy-hydrogen complexes at the metal layer and oxide layer adjacent to the
interface, and aluminum divacancies and their complexes with hydrogen at the interfacial metal

layer. The relaxed structures of key defects studied are shown in Figure 1.



Al at oxide layer adjacent to interface N7\
O at oxide layer adjacent to interface

Al at oxide layer at interface o~
Al metal layer at interface ) °°'°° 000000
000000 000000 000000
000000 000000 0000000

B EAES

000000 000000 0000000
000000 000000 000000 000000
000000 000000 000000 000000

Figure 1. Relaxed structures of key defects at the interface ((a)-(c)) and at the oxide layer adjacent
to the interface ((d)-(g)). Note that the oxide layer at the interface has 12.5% Vi as found from ab
initio GCMC calculations [21]. We depict this ‘intrinsic’ vacancy as a small black cube to
differentiate it from the ‘extrinsic’ vacancies that we investigate in this study. We represent the
latter as a large black cube. (a) Vai (large black cube), (b) Ho, (¢) [Vai-4H] at the interfacial metal
layer (d) Vai, (e) Hint, () [Va-H], (9) [Va-5H] at the oxide layer adjacent to the interface. Only
layers near the interface are shown. Red spheres- oxygen, blue spheres- aluminum, white spheres-
hydrogen. (a) also denotes the nomenclature for the different regions at which defects were
investigated.

Our first key observation is that hydrogen segregates to the interface with a segregation energy of
0.39 eV from the metal side and 3.2 eV from the oxide side (Escq = Ef g inmetal or oxide —
Ef 1 at interfacer Where Eg. 4 and Ef are the segregation and formation energies respectively, with
Ef 1 in metal or oxide COMpUted from separate simulations of H defects in bulk Al and bulk Al2Os;
see Supplementary Section S2 for more details [22]). Note that the segregation energy from the
oxide side is an order of magnitude higher than from the metal due to the high formation energy
of H interstitial in the oxide compared to the metal. We tested several sites for hydrogen stability
as detailed in Supplementary Information Section S3 [22]. Interestingly, H does not form H* and
break interfacial Al-O bonds to bond with O at the interface. Instead, hydrogen is stable only either
at the FCC hollow sites on the Al metal layer at the interface (Hrcc) or bonds with the under-



coordinated Al atoms at the oxide side of the interface, i.e., at the oxygen site (Ho). In both cases,

H has a calculated Bader charge [44,45] of ~2, i.e., it exists as H".

This segregation of H to the interface can be understood by examining the electronic structure of
the interface and the charge redistribution that occurs upon the addition of hydrogen at the
interface. In our previous study on the Al|AlOs interface [21], Bader charge [44,45] analysis
(Figure 2a) revealed that the interfacial Al atoms on the oxide side (labeled as layer Al4 in Figure
2c) on average each have one extra electron (compared to AI**) due to under-coordination. These
excess electrons are accommodated in the mid-gap states made of Al 3s, 3p and O 2p from the
oxide layer near the interface. This contribution of the interfacial Al atoms from the oxide side
(Al4 layer in Figure 2c) to the mid-gap states can be seen in Figure 2b (top PDOS panel labeled
‘Al4, no H’, see also Figure 4 in Ref. [21]). In fact, this is reminiscent of an electride, where the
electrons are spatially separated from the positively charged ions [46]. Upon introducing H at the
interface, the H 1s orbital interacts strongly with these interfacial Al 3sp ‘dangling bonds’ to form
H- and therefore is trapped in stable Al-H bonds at the interface. This bond formation can be seen
in the projected density of states plot in Figure 2b, where peaks made from the superposition of H
and Al states (from interfacial Al4 layer) are seen deep in the valence band (at -9 to -11 eV). Figure
2¢ plots the charge density difference between the interface with Ho and the bare interface (i.e.,
Pinterface with Hy — Pbare interface)» Showing the bond formation between under-coordinated
interfacial cations and H. Crucially, this also explains why interfacial O-H bonds are not formed:
H prefers to segregate to sites with high electron density to form H™ and a bonding state in the
valence band, thus forming strong Al-H bonds, rather than form H* and weaken an existing Al-O
bond to form a covalent O-H bond. Monte Carlo simulations with different H concentrations at
different equilibrium interface structures found in our previous study [21] confirm this behavior
(Supplementary Section S4 [22]). While we haven’t explicitly quantified the effect of Al,O3
thickness on H-defect formation at the interface, the Monte Carlo simulations show that H
segregation behavior is likely a very local effect, confined to the interfacial plane, and therefore is
likely independent of the thickness or phase of the oxide layer. Note that similar H multicenter
bond formation upon H substitution on an oxygen site has been reported in metal oxides like MgO
and ZnO [47].
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Figure 2. (a) Relative Bader charge (g,¢;) on Al as a function of its position in the AllAl.O3
simulation cell (Grer = 941 — 9ai in a1203 buik» Where qy; is the Bader charge on Al and
Qa1 in 1203 buik 1S the Bader charge on Al in bulk Al>Og). (b) From top to bottom: Projected density
of states (PDOS) of interfacial Al at oxide side (Al4 Layer) without H defect; PDOS of interfacial
Al at oxide side (Al4 Layer) with Ho defect; PDOS of H defect. Overlapping Al and H PDOS are
marked with an arrow. Spin-up PDOS is shown, with the Fermi level at 0 eV. (c) Charge density
difference (between the interface with Ho and the bare interface) plot, revealing the bonding
between under-coordinated Al cations and H. Only the layers near the interface are shown. The
oxide layer at the interface has 12.5% Vas as found from ab initio GCMC calculations [21],
depicted as a small black cube. (d) Projected density of states (PDOS) of H* defect formed upon
H donating its electron to mid-gap states and forming an O-H bond, shown by PDOS peak in
valence band. Spin-up PDOS is shown. The resulting structure is shown in Figure 1e.

While the excess charge accommodated in the interfacial mid-gap states help stabilize H as H™ at
the interface, the remaining unoccupied mid-gap states help stabilize H as H" in the oxide layer
adjacent to the interface, as shown in Figure 1e. In contrast to bulk Al>Os, where neutral H is a —
U center [48,49] and H* or H™ will form only in the presence of other acceptor or donor defects

(respectively), the presence of empty mid-gap states in the oxide layer adjacent to the interface aid
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in the formation and stabilization of H* in that layer. From the DOS plot in Figure 2d, we see that
H prefers to form H* and an O-H bond, as seen in the DOS peak deep in the valence band. Thus,
the energetic stability from the formation of an O-H bond and the presence of empty mid-gap states
near the H defect level results in the formation of H* in the oxide layer adjacent to the interface,

without requiring the presence of any acceptor defects.

Our second key observation is that the segregation of H to the interface results in the increase in
the concentration of aluminum vacancies at the interfacial metal layer through the formation of
[Vai-H] complexes. This is explained through Figure 3a and 3b, which plot the formation energies
of Vi, H, and [V ai-H] defects at the interfacial metal layer and in bulk aluminum, respectively, as
a function of hydrogen chemical potential ;. Note that by plotting the formation energies over a
range of wy, our results are agnostic to the particular hydrogen charging mechanism (for example,
exposure to hydrogen gas, hydrogen plasma, electrolytic charging with hydrogen, immersion in
water, etc.) [50]. Thus, one can calculate the uy under different experimental conditions and map

it back onto this plot to identify the formation energies and concentrations of different defects.

As uyy is increased, the formation energy of isolated H defects and [V ai-H] complexes decrease,
as expected. However, we also notice that beyond u = -0.03 eV at the interface (Figure 3a) and
0.36 eV in bulk metal Al (Figure 3b), the formation energy of [V a-H] is lower than isolated Vai.
This indicates that at hydrogen chemical potentials greater than -0.03 eV (for Al|Al,O3 system)
and 0.36 eV (for bulk Al), hydrogen lowers the formation energy of V ai through the formation of
[Vai-H] complexes. This increases the absolute concentration of aluminum vacancies, much higher
than the concentrations obtained in the absence of hydrogen, as shown in Figure 3c for Va
concentrations at the interfacial metal layer at different temperatures (see Supplementary

Information Section S5 [22] for a discussion on how the concentrations were calculated).

This is consistent with the phenomenon called the superabundant vacancy (SAV) formation in
bulk metals, which was first experimentally observed in Pd and Ni [51] and later in other metals
such as Cu [52], Al [53], Fe [54]. Superabundant vacancy formation occurs when the trapping of
hydrogen in the metal vacancy leads to an overall reduction in the energy of formation of the
vacancy [55]. This causes the vacancy concentration to increase by several orders of

magnitude [55]. DFT analysis has shown that the broken bonds due to under-coordinated metal



atoms around the vacancy are highly reactive and therefore are favorably terminated by H. This

gives rise to stabilization of metal vacancies, as well as trapping of H at the vacancy site [55,56].
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Figure 3. Formation energy of hydrogen and aluminum vacancy (Vai) defects as a function of
hydrogen chemical potential, uy, (a) at the metal layer of the interface, (b) in bulk Al. u is shown

using %(ugz) as reference, where ugz is the chemical potential of a H> molecule at 0 K, i.e., the

DFT energy of a H> molecule. The corresponding partial pressure of hydrogen gas at 300 K is
shown in MPa. Vertical dotted line in (a) and (b) marks the uy at which onset of SAV formation
occurs (-0.03 and 0.36 eV, at the interface vs. in the metal, respectively). (c) Aluminum vacancy
concentration at the interfacial metal layer as a function of hydrogen chemical potential at 300,
600, and 900 K. Dotted lines denote total concentration of isolated aluminum vacancy on
interfacial metal plane (cv,iso) and solid lines denote total aluminum vacancy concentration (Vai +
[Va-nH]) on interfacial metal plane (cv.t). Note how the total aluminum vacancy concentration
begins to increase rapidly at ~-0.03 eV. Note that as long as uy > u/?V, [Va-nH] complex
concentration will be higher than isolated Vs irrespective of the temperature, as the formation
energies of the complexes are lower than isolated Vi, as seen in Figure 3a. (d) Summarizing the
range of uy in bulk Al, at the interfacial metal layer, in bulk Al,O3, and at the oxide layer adjacent
to the interface, over which [Va-nH] complexes begin to have lower formation energies than
isolated VVai. The lower bound of each range is the uy at which onset of SAV formation occurs.

An important difference here is that the onset uy for SAV formation at both the metal and oxide
sides of the interface is much lower than in bulk Al and in bulk Al,O3. As shown in Figure 3b and
discussed above, SAVs in bulk Al begin to form at u;V ~ 0.36 eV, i.e., 0.39 eV higher than

interfacial u3”. In fact, u;V ~ 0.36 eV indicates that formation of SAVs in bulk Al is
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unlikely [55], as bulk FCC Al transforms to AlHz at ~700 MPa (uy ~ 0.01 eV in Figure 3) [57-
59] at 300 K. In contrast, u3?V ~ -0.03 eV at the interface indicates that SAVs readily form at the
interfacial metal layer, before the transformation of Al to AlHz. Comparing the shift in u3/1"(0.39
eV) with the H-segregation energy (0.39 eV) to the interface, we see that the segregation energy
is responsible for the shift in u;4V, thereby lowering the onset uy for SAV formation and

drastically increasing the [V ai-H] concentration at the interface.

SAV formation can also lead to a rapid increase in H concentration by the trapping of multiple H
atoms in the vacancies to form [Vai-nH] complexes (where n is the number of H atoms trapped in
Vai) [50,55,60]. Such [Va-nH] complexes in bulk Al have been investigated in prior
studies [50,55] and may have important consequences for hydrogen embrittlement of
Al [50,55,60]. We similarly tested the H-trapping effect of Vs at the interfacial metal layer and
the formation of [V ai-nH] complexes. The binding energy of hydrogen to Vi (or to an existing

[Vai-(n-1)H] complex) at the interfacial metal layer was calculated as

Ep([Vay —nH]) = Ef([Vay — (n — DH]) + Ef(Ho) — Ef([Va, — nH]) (1)
i.e., this is the formation energy of an isolated interfacial Vai (or [Va-(n-1)H] complex) and Ho
relative to that of the complex [Va-nH]. We evaluated the binding energy of a single H atom at
different sites and different distances from Vai (shown in Supplementary Information Section
S6 [22]), and checked for the possibility of formation of [V a-nH] complexes by the sequential
filling of the sites with favorable (positive) Ep, testing various configurations.

Table 1 (Column 1) shows that it is energetically favorable to trap 4 H atoms in Vi at the interface
metal layer, each H occupying either an Ho or the Hrcc site. Thus, under high H-loading, non-
equilibrium conditions where binding energies play an important role in determining the
concentration of defects and their complexes [48,50,61], the positive binding energies in Table 1
indicate that [V ai-nH] complexes can form. Thus, not only can SAV formation readily occur at the
interface, which increases the Vai concentration at the interface metal layer by orders of
magnitude; additionally, each resulting Vai from SAV formation can trap multiple H, increasing
the effective H concentration at the interface. Together, the rapid increase in Va and H
concentrations can act as precursors to cavitation and blistering of the interface. This enhanced

local H concentration may also promote hydride formation at the interface.

10



Table 1. Binding energies of [Vai-nH] complexes, with Vo at interfacial metal layer (columns
1), Vai at oxide layer adjacent to interface (column 2). Column 3 shows binding energies of Al
divacancies and their complexes with hydrogen.

Complex Eb (eV) | Complex Eb(eV) | Complex Eb (eV)
[Vai-H] 0.37 | [Var-H] 2.28 | [Va-Val] -0.08
[Va-2H] 0.18 | [Va-2H] 1.22 | [[Va-H]-[Val-H] -0.04
[Va-3H] 0.18 | [VaI-3H] 0.44 | [[Va-2H]-[Vai-2H]]  0.40
[Va-4H] 0.07 | [Var-4H] 1.63

[Vai-5H] 0.70

[Va-6H] 0.02

We find that hydrogen has similar effects at the oxide layer adjacent to the interface, where it
lowers the formation energy for aluminum vacancies by the formation of [V a-nH] complexes, and
can also accumulate at the aluminum vacancies, as shown in Supplementary Information Section
S7 [22]. Cation vacancies, such as those in ZrO» [62] and Al.O3 [12,48] are known to have a strong
tendency to accumulate hydrogen. This is because hydrogen prefers to donate its electron to the
acceptor states introduced by the cation vacancy (i.e., holes on the oxygen ions surrounding the
vacancy), forming O-H bonds [62]. This gives rise to a large binding energy of the cation vacancy-
hydrogen defect complex. From Supplementary Figure S5 [22], the defect complex of Vai with
one H trapped is the most stable across a wide range of hydrogen chemical potentials and begins
to have a lower formation energy than the isolated Vai from uy = -0.26 eV. Figure 1f shows the
structure of this complex, where hydrogen forms O-H bonds with the oxygen atoms at nearest
neighbor sites to the Va.. Table 1 (column 2) tabulates the binding energies of the [V ai-nH]
complexes at the oxide layer adjacent to the interface, indicating that a maximum of 5 H can be
trapped at the Vai (we do not consider Va-6H, which as E}, close to room temperature). The
binding energy was calculated using Equation 1, replacing Er(H,) with E¢(H;,,) (the formation

energy of an isolated H at the octahedral interstitial site at the oxide layer adjacent to the interface).

Figure 3d summarizes the discussion above. It plots the range of uy over which [Va-nH]
complexes begin to have lower formation energies than isolated Vai in the different systems,
comparing the values in bulk to those at the interface. The lower bound of this range is the uy at
which SAV onset occurs. The upper bound of this range is the maximum uy at which a [V ai-nH]
defect begins to have lower formation energy than isolated VVai. The formation energy vs. uy plot

for [Va-nH] complexes in bulk Al,Os (from which the uy range shown in Figure 3d was
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extracted) is given in Supplementary Information Section S8 [22]. At the interface and at the oxide
layer adjacent to the interface, the onset uy for SAVs are lower than their counterparts in bulk Al
and Al>Og; additionally, [Va-nH] complexes become more stable than Va at lower u compared
to their counterparts in bulk Al and Al>Os. Note that the range for Alpux was taken from Nazarov
et al. [55]

Finally, we also investigated aluminum divacancies at the interfacial metal layer. Divacancies are
known to be unstable in bulk Al [60,63] but can be stabilized by the trapping of multiple H in each
vacancy [60]. From the binding energies reported in Table 1 (Column 3), similar to that in the Al
bulk, Al divacancies are unstable at the interface. However, we find that trapping of 2 H in each
vacancy can stabilize a divacancy at the interface. Thus, divacancies can favorably form at the
hydrogenated interface, accelerating damage and acting as precursors to the formation of cavities
and microvoids [11,14,60].

We now discuss the implications of this understanding of hydrogen behavior at the Al|Al.O3
interface. We begin by noting that although the activation energy (Ea) for hydrogen diffusion in
Al>Os is very high (Ea~ 2.25 eV in single crystal Al>Os [64]), hydrogen can still reach the interface
via fast diffusion pathways such as dislocations, grain boundaries, or cracks in the Al.Os layer (Ea
in polycrystalline Al2Ozis ~1.89 eV [64]). Hydrogen can also reach the interface from the Al layer
(Ea ~0.46 eV in single crystal Al [65]). Ultimately, given that experiments (as discussed below
and in the Introduction) report interfacial damage due to hydrogen present at the interface, our
study provides insight into the potential causes behind this damage once the hydrogen reaches the

interface.

In the context of coatings and passive oxide layers, the low formation energies of Ho and Hrcc at
the interface indicate that when (if) hydrogen diffuses through Al.Oz passivation layer and reaches
the interface, it will remain trapped at the interface, and slow down hydrogen diffusion across this
interface. This indicates that multilayer coatings with alternating layers of Al.Os and Al could
provide high hydrogen permeation resistance by trapping hydrogen at the interfaces. Some studies
have alluded to this [66]. We also gain insight into the atomistic mechanisms that could initiate
cavitation and blistering at the interface. Comparing the energetics of the different defects in the
metal versus oxide sides of the interface, we see that the Vai and [Vai-nH] defect formation

energetics at the Al metal side are much more favorable. Thus, damage most likely initiates at the
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Al side, due to H accumulation at the interface, SAV formation, and [V ai-nH] complex formation
at the interfacial Al metal layer. The increased Vai concentration due to SAV formation can
weaken the interface and facilitate metal diffusion required for cavity formation and growth
observed in experiments [11,14]. The increased hydrogen concentration can ultimately form

hydrogen molecules, leading to bubbles and blistering, or even the formation of a hydride phase.

In the context of electronic devices, the increase in electronic conductivity observed upon
hydration of Al|Al.Oz|Al tunnel junctions could be due to the empty mid-gap states at the oxide
layer adjacent to the interface accepting electrons from H to stabilize H*. Thus, the mechanism of
H as an n-type dopant must be considered in conjunction with the increase in electronic
conductivity due to tunneling via H defects as mentioned in prior work [15]. Our study also helps
identify which hydrogen defects could be the predominant sources for decoherence in
superconducting qubits. From our hydrogen defect formation energies explicitly at different
regions near the interface, we find that in the oxide layer adjacent to the interface, [V a-H] has the
least formation energy across the entire range of hydrogen chemical potential, and therefore has
the highest concentration. Thus, it could be an important source of decoherence, as reported for
bulk Al,O3 [19], along with H* in the octahedral interstitial site [20].
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