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Abstract—We investigated the dielectric breakdown (BD) 

mechanism in amorphous alumina (a-Al2O3) metal-

insulator-metal (MIM) stacks. Density functional theory 

(DFT) calculations reveal oxygen vacancy (VO) generation 

in a-Al2O3 occurs via thermochemical (TC) bond-breaking 

and, more efficiently, via newly discovered pathways 

enabled by charge trapping in under-coordinated Al ions 
(UCAls) and in existing VOs. Multiscale simulations show the 

importance of these processes, which allow explaining the 

experimental BD dynamics in a-Al2O3, and provide valuable 

insights into the role of carriers’ injection in the degradation 

and reliability of high-k materials. 

 

Index Terms— Amorphous alumina, atomic defects, 

breakdown, carrier injection, high-k dielectric 

I. INTRODUCTION 

ESPITE the widespread applications of a-Al2O3 as a high-

k gate oxide [1-3], and in signal [4] and memory capacitors 

[5,6], its  degradation mechanism is still unclear. The current 

understanding is based on the TC model of bond-breaking [7,8], 

according to which current-carrying defects, such as VOs, are 

generated by the rupture of the Al-O bonds as a result of an 

electric field application and the dielectric’s polarization. A 

bond-breaking activation energy (EA) around 2.4 eV was 

extracted from experimental results  on a-Al2O3 [8]. In contrast, 

for a stable pair of VO and O interstitial (Oi) in crystalline α-

Al2O3, formation energies between 5.8 and 11.8 eV have been 

calculated [9-11], with the corresponding bond-breaking EAs 

even higher. Although different EAs are expected for the 

different Al2O3 phases, the huge discrepancy (>3 eV) suggests 

the involvement of other processes in the BD. For example, 

according to the carrier injection (CI) breakdown model [12], 

the injection and localization of carriers in perfect or defective 

lattice can weaken the adjacent metal-oxygen bonds, promoting 

the field-induced bond-breaking processes and enabling VOs 

generation pathways. The effectiveness of the CI mechanism 

has been shown in SiO2 [12] and HfO2 [13].  

In this work, we show that the CI mechanism can correctly 

describe the dielectric BD in a-Al2O3 MIM stacks, while 

reconciling the theoretical and experimental EAs. DFT 

calculations are used to characterize the a-Al2O3 defects and 
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their generation processes, showing how the electron injection 

into structural precursor sites, formed by UCAls or existing VOs, 

greatly facilitate the creation of new VOs. Using the commercial 

simulation software Ginestra® [14], we show that the resulting 

electrical characteristics and BD statistics agree with the 

experimental results, demonstrating the paramount importance 

of electron injection for the a-Al2O3-based devices’ reliability. 

II. DENSITY FUNCTIONAL THEORY CALCULATIONS 

DFT calculations are carried out using the CP2K [15] 
software package. Exchange-correlation (XC) energy is 
calculated using the PBE0-TC-LRC functional [16], providing 

a more accurate description of the electronic structure and the 
localized states of oxides when compared to standard 

Generalized Gradient Approximation (GGA) functionals. The 
a-Al2O3 structures are produced as described in [17] with 
resulting band gaps (BGs) in the 6 to 7 eV range. The analysis 

of the electronic properties of a-Al2O3 models showed that VOs 
and pairs of 4-coordinated Al ions (i.e. UCAls) can trap electrons 
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Figure 1. (a) The calculated charge transition levels (corresponding to 
thermal ionization energies ETHs) for VOs and UCAls in a-Al2O3; (b) 
extracted space-energy defect distribution in a 5 nm TaN/a-Al2O3/TaN 

MIM stack, compatible with +2/+1 and +1/0 transition of VOs; (c) current 
and (d) capacitance simulation of the 5 nm TaN/a-Al2O3/TaN MIM stack. 
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in states within the a-Al2O3 BG, depicted in Fig. 1(a). The 
respective thermal ionization energies (ETHs) and relaxation 

energies (ERELs) are reported in Table I.  
The bond-breaking process is simulated in different a-Al2O3 

structures using the nudged elastic band (NEB) method [18], 
including the electric field effects [19]. The most relevant VOs 
generation processes identified from the simulations  are 

depicted in Fig. 2 and the respective EAs are summarized in 
Table I. In the simulated systems, the TC bond-breaking 

process creates 𝑉𝑂
+2−𝑂𝐼

−2 pairs, Fig. 2(a-c). While not 
requiring electron localization, this process is characterized by 

a relatively high bond-breaking EAs range. The negative 
charging of UCAls and VOs from CI into their shallow states 

enables more efficient VOs generation pathways. The double 
electron trapping in a UCAls, Fig. 2(d-f), lowers the bond-
breaking EA facilitating the generation of VOs through the 

conversion of UCAl
-2s into 𝑉𝑂

0−𝑂𝐼
−2 pairs. Pre-existing VOs, 

either present in the pristine system or generated by the 
electrical stress, are also identified as precursor sites for new 
VOs. The quadruple electron trapping in a pre-existing VO  

induces a distortion in the adjacent bonds, lowering their bond-
breaking EA and thus facilitating the generation of a new VO, 

Fig 2(g-i). While only a small share of VOs (~ 1%) are stable in 
the negative charge states, required for enabling the described 
process, all poly-vacancy clusters are capable of negative 

charging, facilitating the VOs generation as in Fig. 2(g-i). 

III.  MULTISCALE SIMULATIONS 

The results of DFT calculations were used to investigate the 

a-Al2O3 BD dynamics of TaN/a-Al2O3/TaN MIM with 

Ginestra® [14]. This approach allows us to self-consistently 

include the devices’ electrostatics, carriers’ trapping and 

transport (according to the multiphonon trap-assisted tunneling 

model [20]), and all the degradation processes illustrated in Fig. 

2. 

Fig. 1(b) shows the space-energy defect distribution of a 

5 nm TaN/a-Al2O3/TaN MIM stack, extracted via defect 

spectroscopy from the current-voltage (IV) curves, Fig. 1(c), 

and capacitance-voltage (CV) curves, Fig. 1(d), reported in [8]. 

The extracted defects’ ETH is distributed from 1.9 eV to 3.2 eV 

and peaks near 2.0 eV, which is consistent with the DFT results 

for the (+2/+1) and the (+1/0) transition levels of VOs. As in 

SiO2 [21,22] and HfO2 [20,22], VOs are thus recognized as the 

main defects involved in electron transport and trapping in a-

Al2O3. The shallower transition levels of VOs and UCAls do not 

contribute to the transport nor to the AC response in the voltage 

range considered in Fig. 1. This highlights the elusive nature of 

the UCAls, that cannot be effectively detected and characterized 

with regular electrical characterization techniques (e.g. IV or 

CV measurements). Nevertheless, their effects could be 

observed in the oxide degradation dynamics: the application of 

a sufficiently high field allows charge trapping and transport 

even in such shallow levels, possibly triggering the CI-related 

degradation processes described in the Section II and Fig. 2. 

The breakdown dynamics and the critical role played by the 

VOs and the UCAls is investigated simulating the voltage 

dependent dielectric breakdown (VDDB) statistics of 5 nm and 

10 nm TaN/a-Al2O3/TaN MIM stacks under ramped voltage 

stress (RVS) at different ramp rates (0.1 and 1Vs -1), also 

reported in [8]. Fig. 3 shows the simulation results obtained 

using the parameters listed in Table I, considering the TC bond 

breaking process alone (dashed lines) and by including the CI-

related degradation processes (solid lines), i.e. all processes 

depicted in Fig. 2. The sole TC bond breaking process greatly 

overestimates the BD voltages and cannot explain the lower 

 

Figure 2. Schematic representation of different VOs generation 
pathways: a typical O-Al-O bond (a) stretched by an electric field (b) 

breaks generating a VO (c); a structural precursor site (d) traps two 
electrons (e) facil itating the creation of VO - Oi

2-
 pair (f); a VO (g) traps 

two electrons (h), facil itating the creation of the second VO and Oi
2-
 ion 

(i). The TC model only accounts for the former process (a-c), while the 

CI model includes all three depicted processes. 

 

 

Figure 3. Experimental (symbols) and simulated (lines) VDDB 
distributions of (a) 5 nm and (b) 10 nm TaN/a-Al2O3/TaN stacks [8], 

under RSV with 0.1 Vs
-1
 (red) and 1 Vs

-1
 (black) ramp rate. Simulations 

are obtained with the bond-breaking EAs presented in this work (Table 

I). The TC bond-breaking process (TC model, in dashed lines) alone 
overestimates the VDDB. Including the bond-breaking processes 

enabled by charge trapping at the defects (CI + TC model, in solid l ines), 
shown in Fig. 2, allow reproducing the VDDB statistics. The statistical 

spread is reproduced considering different UCAls initial densities. 

 

TABLE I 
A-AL2O3 DEFECTS’ AND DEGRADATION PROCESSES’ PARAMETERS 

Parameter DFT calculation Simulation 

Under-coordinated Al ion   
-2/-1 ETH / EREL 1.0 eV / 1.0 eV 1.4 ± 0.5 eV / 1.0 eV 

-1/0 ETH / EREL 0.5 eV / 0.5 eV 0.9 ± 0.5 eV / 1.0 eV 

Oxygen vacancy   

-2/-1 ETH / EREL 0.9 eV / 1.5 eV 1.3 ± 0.5 eV / 1.5 eV 
-1/0 ETH / EREL 0.7 eV / 1.3 eV 1.1 ± 0.5 eV / 1.3 eV 

0/+1 ETH / EREL 1.9 eV / 1.6 eV 2.3 ± 1 eV / 1.6 eV 
+1/+2 ETH / EREL 2.0 eV / 1.0 eV 2.4 ± 1 eV / 1.0 eV 

TC bond breaking EA 3 – 6 eV 4.3 eV 

UCAl
-2 -> 𝑉𝑂

0 −𝑂𝐼
−2

 EA 2.0 – 3.0 eV 2.5 eV 

VO
-2-> 2𝑉𝑂

0 − 2𝑂𝐼
−2 EA 3.0 eV 2.8 eV 
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Weibull slope in the 10 nm stack. Including the CI-related 

degradation processes, the whole VDDB statistics is correctly 

reproduced. The pathways enabled by the CI allow for a more 

efficient VOs generation, facilitating the BD process and thus 

reducing the BD voltage. The lower slope exhibited by the 

10 nm stack results from a lower UCAls density in the pristine 

device: in a less defective device, a larger number of defects 

must be generated for the formation of a BD spot, increasing 

the statistical variability of the degradation process, which 

translates in a lower Weibull slope [22]. This result agrees with 

the previous results on a-Al2O3 defectivity, based on IV curve 

fitting [8], showing a higher defectivity in a 5 nm layer than in 

10 nm and 20 nm layers, possibly due to the different growth 

time and thermal budget.  

Fig. 4 shows the degradation process in the simulated 5 nm 

a-Al2O3 stack. In a pristine device, Fig. 4(a), both VOs and 

UCAls are present, with the former contributing to the leakage 

current shown in Fig. 1(c). At approximately 4MVcm-1 (2 V), 

the CI into the UCAls enables the generation of new VOs, which 

in turn can also generate new VOs, following the pathways 

shown in Fig. 2. The relatively low EAs of these mechanisms 

provide an efficient and self-sustaining generation of VOs, 

without the TC bond-breaking contribution. This generation 

process leads to the formation of VOs clusters, close to the 

location of the starting UCAls. When a sufficiently large cluster 

of VOs is formed, Fig. 4(b), the permittivity reduction 

associated to the metallic nature of that cluster leads to the 

redistribution of the internal electric field. A significant 

enhancement of the electric field above and below the VOs 

cluster is sufficient to trigger the TC bond breaking in these 

regions, longitudinally extending the cluster into a full BD spot, 

Fig.4(c). The current flowing in the forming BD spot increases 

the local temperature, further facilitating the VOs generation, 

leading to a thermal runway and the device hard BD. 

IV. CONCLUSIONS 

We presented a comprehensive study, including DFT 
calculations and multiscale simulations, fully explaining the 
breakdown dynamics in a-Al2O3 MIM stacks within the CI 

model framework. The discrepancy between the theoretical TC 
bond-breaking EA values and the experimental results is 
explained by the interplay of other VOs generation pathways, 

enabled by charge trapping in pre-existing UCAls and VOs. 
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