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ABSTRACT: Carbon and nitrogen are contaminant impurities in Al2O3
dielectrics grown by atomic layer deposition, leading to deleterious effects
in device performance. We investigate whether these impurities can be
passivated using hydrogen. The role of atomic hydrogen in the electronic
properties is addressed by examining formation energies and charge-state
transition levels of C−H and N−H complexes. Combined with calculated
band alignment, we then assess the impact on Al2O3/semiconductor
interfaces. We find that hydrogen is indeed an effective passivating agent: it
removes carbon-related carrier traps and passivates negative fixed charge
associated with nitrogen.
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■ INTRODUCTION

Al2O3 is a technically important material for a variety of
applications: as a substrate for epitaxial growth,1 as a support of
metal-based catalysts for CO2 hydrogenation,

2 and as a surface
passivation layer of Si solar cells.3 Impurity-doped Al2O3 is
widely used in optical devices, for instance, Cr- or Ti-doped
sapphire lasers, and C- or Mg-doped crystals are employed in
optical data storage and luminescence detection of ionizing
radiation.4 Recently, Al2O3 has emerged as a promising gate
dielectric for novel electronic devices. Higher-k dielectrics to
replace SiO2 in metal-oxide-semiconductor (MOS) devices are
pursued to meet requirements in device scaling. Concurrently,
channel materials are being investigated for applications in
high-power switching devices (using III-nitrides)5−7 and high-
speed, low-power field-effect transistors (using Ge and III-
arsenides).6,8 Promising results have been achieved with Al2O3
as the gate dielectric, resulting in devices that exhibit relatively
low interface-state densities.6,7,9−11 However, the performance
of such devices is still limited, mainly due to the presence of
carrier traps and fixed charges at or near the interface, the
microscopic nature of which is still under investigation.
The observed carrier traps and fixed charges in oxide/

semiconductor structures have typically been attributed to
intrinsic point defects in the dielectric.9,12−15 First-principles
calculations for defects in Al2O3 indeed indicate that oxygen
vacancies behave as carrier traps, while other native point
defects act as fixed charges.16−18 However, unintentional
impurities in the oxide may also play an important role. Most
of the oxide dielectrics are grown by atomic layer deposition
(ALD), and impurities such as carbon and nitrogen are often
incorporated, probably due to incomplete decomposition of
ALD precursors.19−21 Experiments have pointed to carbon as a
cause of leakage current in HfO2/Si MOS structures since

leakage current correlates with carbon concentration in the
HfO2 layer.

22,23 The presence of carbon in Al2O3 synthesized
by ALD was confirmed by atom-probe tomography.24 Carbon
has also been suggested as the culprit for slow trap states near
Al2O3/GaN interfaces grown by metal−organic chemical vapor
deposition (MOCVD).25,26 First-principles calculations also
indicate that carbon impurities easily incorporate on the Al site
(CAl) and lead to carrier traps at oxide/semiconductor
interfaces.27 Nitrogen was found to prefer oxygen sites (NO),
acting as a source of negative fixed charge.27

Given the deleterious effects on device performance,
passivation of these impurities could be highly fruitful.
Hydrogen is known to act as an effective passivating agent
for defects and impurities in many semiconductors and
insulators.28 Experiments have shown that annealing in H2 or
forming gas after the oxide deposition significantly improves
the electrical properties of Ge, Si, and III-V-based MOS
devices.9,12−15,29 However, the microscopic mechanism behind
this beneficial effect is still unclear. In this paper we investigate
whether hydrogen is capable of passivating impurities in Al2O3.
We employ first-principles calculations to investigate the

interaction between hydrogen and carbon or nitrogen
impurities in Al2O3. Building on the results of ref 27 we assess
the stability and change in electronic properties due to complex
formation. We find that hydrogen forms stable complexes with
both C and N. The electronic behavior is addressed by
calculating charge-state transition levels and comparing them
with the levels of isolated C and N impurities. These defect
levels in Al2O3 can then be aligned with the band edges of the
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semiconductors using calculated band offsets, allowing an
assessment of the impact of the defects on oxide/semi-
conductor interfaces. Such complexes are electrically inactive
for Fermi-level positions near the semiconductor conduction
bands, indicating effective passivation of the carbon-related
carrier traps and the nitrogen-induced negative fixed charge
centers.

■ COMPUTATIONAL APPROACH
Our calculations are based on density functional theory and the
screened hybrid functional of Heyd−Scuseria−Ernzerhof (HSE),30,31
implemented with the projector-augmented wave method32 in the
Vienna Ab initio Simulation Package (vasp) code.33 The Hartree−
Fock mixing parameter was set to 32%, resulting in a band gap of 9.2
eV for α-Al2O3. Impurity calculations were performed using periodic
boundary conditions with supercells containing 120 atoms. The
integrations over the Brillouin zone were performed using a 2 × 2 × 1
k-point grid, and the electronic wave functions were expanded in a
plane-wave basis set with an energy cutoff of 400 eV.
The formation energy of an impurity X in charge state q is given

by34
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where Etot(X
q) is the total energy of a supercell containing the impurity

X in charge state q, and Etot(Al2O3) is the total energy of perfect Al2O3
in the same supercell. ni is the number of atoms of type i added to or
removed from the perfect crystal to form the defect, and μi is the
respective atomic chemical potential. εF is the Fermi level referenced
to the valence-band maximum (VBM), and Δq is the charge-state-
dependent correction that contains the alignment of the electrostatic
potentials of the bulk and defect supercells and accounts for errors due
to the finite size of the supercell.35,36

The charge-state transition level (q/q′) is defined as the Fermi-level
position below which the defect is most stable in charge state q and
above which the same defect is stable in charge state q′. It can be
derived from formation energies as
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where Ef (Xq; εF = 0) is the defect formation energy for charge state q
when εF is at the VBM. The position of the transition level in the band
gap does not depend on the chemical potentials.
The chemical potentials μi are referenced to the standard elemental

phase of the species i; μAl is referenced to the total energy per atom of
bulk Al; and the total energy per atom of an isolated O2 molecule is
taken as reference to μO. For the impurities, we take μH with respect to
the energy per atom of the H2 molecule, μN to that of the N2 molecule,
and μC to the energy per atom of diamond. To represent ALD growth
conditions, we set μO = −0.65 eV, corresponding to contact with O2
gas at 270 °C and 1 Torr.

■ RESULTS AND DISCUSSION
Figure 1 shows the calculated formation energies of C−H and
N−H complexes in Al2O3 as a function of Fermi level. For each
Fermi-level position, we show only the formation energy of the
lowest-energy charge state for each defect. The most stable
configurations of the isolated C and N impurities, i.e., CAl and
NO, are also included for comparison.27 The charge-state
transition levels (q/q′) are shown as kinks in the curves of
Figure 1.
Hydrogen Complex with Carbon. We find that the CAl−

H complex has lower formation energy than CAl for virtually all
Fermi-level positions; hydrogenation will thus result in the
formation of such complexes. The (+2/0) transition level of
CAl−H occurs at 3.16 eV above the VBM and the (0/−2) level

at 6.02 eV. The CAl−H complex is thus neutral for 3.16 eV < εF
< 6.02 eV; we will see that this is a very relevant energy range in
the context of oxide/semiconductor interfaces.
As shown in Figure 2, CAl−H can assume two distinct

configurations. In the neutral charge state (Figure 2b), the

hydrogen atom prefers to bond to carbon with a C−H bond
length of 1.04 Å. The three C−O bond lengths are 1.44 Å. In
the +2 charge state (Figure 2c) the hydrogen atom bonds to a
neighboring O atom with bond length of 0.97 Å, while the
carbon atom becomes almost coplanar with three O neighbors,
with C−O bond lengths of 1.28, 1.28, and 1.30 Å. The structure
of (CAl−H)−2 is similar to that of (CAl−H)0.
Moving to the electronic structure, the single-particle energy

states of CAl and CAl−H in the band gap are depicted in Figure
3. For neutral CAl (Figure 3a), the singly occupied state lies
3.19 eV above the VBM, and an empty state occurs 8.07 eV
above the VBM. In the +1 charge state (Figure 3b), an empty
state is located at 6.37 eV. These states arise from a C dangling
bond with p-orbital character. When the hydrogen atom is
incorporated, H bonds to the carbon dangling bond, lowering
the gap state to a position close to the VBM, at 0.76 eV. The
state is occupied by two electrons.

Figure 1. Formation energies as a function of Fermi level for (a) CAl−
H and (b) NO−H complexes in Al2O3, for μO = −0.65 eV. The Fermi
level is referenced to the VBM of Al2O3. For comparison, the
formation energies of the isolated CAl and NO impurities are also
shown.

Figure 2. Ball-and-stick models of the structures of (a) neutral CAl, (b)
the CAl−H complex in the neutral charge state, and (c) CAl−H in the
+2 charge state. The lower panels show the structure of (d) neutral
NO, (e) the NO−H complex in the neutral charge state, and (f) NO−H
in the +2 charge state.
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Hydrogen Complex with Nitrogen. Figure 1 shows that
the NO−H complex is electrically neutral for Fermi levels above
1.15 eV. A (+2/+1) transition level occurs at 0.38 eV and a
(+1/0) level at 1.15 eV above the VBM. NO−H has lower
formation energy than NO for εF < 4.95 eV. Note that annealing
at higher H2 pressures will result in lower formation energies
for the complexes. In the neutral charge state (Figure 2e), H
forms a N−H bond with a length of 1.02 Å, and the N−Al
bond lengths are 1.88, 1.90, 2.00, and 2.01 Å. In the +2 charge
state (Figure 2f), H is still bonded to the N atom, with a bond
length of 1.02 Å; however, one of the N−Al bonds is broken,
and N is bonded to three Al atoms with bond lengths of 1.92,
2.04, and 2.16 Å.
Figure 4 shows the single-particle states for NO and NO−H in

the band gap. For NO
0 (Figure 4a), singly electron occupied

states are found at 0.07 and 0.29 eV (spin-up) and 0.59 eV
(spin-down) above the VBM. An empty state occurs 4.40 eV
above the VBM in the spin-down channel. In the −1 charge
state (Figure 4b), two states occur at 1.31 and 2.10 eV. These
states arise from a N p-like orbital. For the NO−H complex,
hydrogen bonds to the N atom, introducing two occupied
states at 0.13 and 0.44 eV, i.e., slightly above the VBM. In
contrast to the CAl−H complex, these states do not have
density on the hydrogen atom.
Impact of H Complexes on Al2O3 Gate Dielectrics in

MOS Devices. The kinks in the curves in Figure 1 delineate
the regions of stability of different charge states and correspond
to the impurity levels that would be experimentally observed in
the oxide. On the right-hand side of Figure 5 we depict that
information for the impurities and their complexes, with the
impurity levels shown within the band gap of Al2O3. To
examine the impact of these impurities and complexes on the
electrical properties of devices, we need to figure out how the
impurity levels are aligned with the band structures of the
semiconductors on which the oxide is deposited. We can obtain
such an alignment by using calculated band offsets between the
semiconductors and Al2O3.
To examine band offsets between Al2O3 and GaN, we

performed a bulk calculation for each material to obtain the

band edges relative to the averaged electrostatic potential and a
slab calculation to obtain the position of the averaged
electrostatic potential in the bulk with respect to the vacuum.17

By combining bulk and slab calculations, we find the position of
the band edges relative to the vacuum level. The calculated
valence-band offset is 1.7 eV, in good agreement with the
experimental value of 1.8 eV.37 The band-edge positions of
GaN, III-As, Si, and Ge with respect to the vacuum level were
taken from ref 38. The resulting valence-band offsets with
Al2O3 are 3.8 eV for InAs, 3.5 eV for GaAs, 3.6 eV for
In0.53Ga0.47As, 3.7 eV for Si, and 4.3 eV for Ge.
Actual devices will exhibit deviations from the flat-band

conditions depicted in Figure 5, due to space-charge regions in
the semiconductor or electric fields in the dielectric. However,
the natural band alignment between the materials is an
interface-specific property and correctly described by the values

Figure 3. Charge density isosurfaces for the gap states of (a) neutral
(CAl

0), (b) singly positive (CAl
+1), and (c) the neutral C−H complex

(CAl−H)0. The charge densities of the highest gap state for each
configuration are shown (white if the state is empty, yellow if
occupied). The corresponding Kohn−Sham states in the band gap,
along with their occupation, are also shown in the lower panels. The
isosurfaces correspond to 10% of the maximum.39

Figure 4. Charge density isosurfaces for the gap states of (a) neutral
(NO

0), (b) singly negative (NO
−1), and (c) the neutral N−H complex

(NO−H)0. The charge densities of the highest gap state for each
configuration are shown (white if the state is empty, yellow if
occupied). The corresponding Kohn−Sham states in the band gap,
along with their occupation, are also shown in the lower panels. The
isosurfaces correspond to 10% of the maximum.39

Figure 5. Band alignment between semiconductors (Ge, Si, III-As,
GaN) and Al2O3. For each material, the lower line corresponds to the
VBM and the upper line to the CBM. The composition of the InGaAs
alloy is In0.53Ga0.47As, corresponding to lattice matching to InP. Stable
charge states and the position of charge-state transition levels for C
and N impurities and their complexes with hydrogen are shown within
the oxide band gap. The zero was set at the vacuum level.
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depicted in Figure 5. The positions of impurity levels with
respect to the semiconductor band edges in the vicinity of the
interface are thus correctly given. The electrical activity of
impurities may change depending on the position of their levels
with respect to the Fermi level, but those effects will be
correctly described if band bending in the semiconductor and
the presence of any electric field in the dielectric are taken into
account in a device simulation.
The behavior of C and its complex with hydrogen is similar

for the interfaces between Al2O3 and all the III-V semi-
conductors discussed here, in the case of n-type devices in
which the Fermi level lies near the CBM of the semiconductor.
The (+1/0) level of the isolated CAl impurity lies in the vicinity
of the CBM of the III-V semiconductors (0.54 eV below the
CBM of GaN, 0.11 eV above the CBM of In0.53Ga0.47As),
indicating that carbon behaves as a source of border traps or
bulk traps.25−27 Hydrogenation removes this level from the
vicinity of the semiconductor CBM: in the case of GaN the (0/
−2) level of CAl−H lies 0.81 eV above the GaN CBM and the
(+2/0) level 2.05 eV below the CBM; in the case of InGaAs,
the (0/−2) level lies 1.46 eV above the In0.53Ga0.47As CBM and
the (+2/0) level 0.47 eV below the In0.53Ga0.47As VBM. CAl−H
is therefore electrically inactive near the Al2O3/n-GaN and
Al2O3/n-In0.53Ga0.47As interface, indicating that hydrogen
effectively passivates C impurities.
In the case of nitrogen, the (0/−1) transition level associated

with NO in Al2O3 lies well below the CBM of all of the
semiconductors, and hence nitrogen behaves as a negative
fixed-charge center.27 Upon hydrogenation, the NO−H
complex is neutral over the entire range of Fermi levels within
the band gaps of the semiconductors considered here, thus
removing the source of fixed charge. In ref 27 it was noted that
nitrogen can play a beneficial role in Al2O3 because its
incorporation as NO, in oxygen-deficient material, suppresses
the formation of carrier traps associated with oxygen vacancies.
This is at the expense, however, of forming negative fixed
charge centers, which are also undesirable. Here we have shown
that hydrogenation (for instance, by annealing in forming gas)
additionally removes this fixed charge since it leads to
electrically neutral NO−H complexes.
Regarding Ge and Si MOS structures, the isolated CAl can be

a carrier trap, since the (+1/0) level of the isolated CAl impurity
lies in the vicinity of the CBM of the semiconductors (0.30 eV
below the Ge CBM, 0.13 eV below the Si CBM). Again,
hydrogenation removes this level from the vicinity of the
semiconductor CBM: in the case of Ge the (0/−2) level of
CAl−H lies 1.05 eV above the Ge CBM and the (+2/0) level
1.81 eV below the CBM; in the case of Si, the (0/−2) level
occurs 1.22 eV above the Si CBM and the (+2/0) level 1.64 eV
below the Si VBM. Thus, CAl−H is electrically inactive near the
n-Ge and n-Si interface with Al2O3, indicating that hydrogen
effectively passivates carbon-associated traps.
Hydrogen passivation appears to be somewhat less effective

in the case of interfaces between Al2O3 and p-type semi-
conductors, in which the Fermi level lies near the semi-
conductor VBM. The (+2/0) level of the CAl−H complex lies
only 0.30 eV below the VBM of GaAs, indicating that it might
still act as a carrier trap, and for p-GaN, the CAl−H complex
occurs in the +2 charge state and thus acts as a source of
positive fixed charge. The N−H complex is neutral and inert in
the case of interfaces with III-arsenides, Ge, and Si, but its (+1/
0) level lies near the VBM of GaN and could potentially act as a
carrier trap.

■ CONCLUSIONS
We have performed hybrid functional calculations to study
carbon and nitrogen impurities in Al2O3 and their passivation
by hydrogen. Carbon and nitrogen are often contained in
precursors used as metal or oxygen sources, and they are likely
to incorporate into the deposited dielectrics. We find that
hydrogen eliminates carrier traps caused by carbon and
removes negative fixed charge caused by nitrogen impurities.
Hydrogen is thus an effective passivating agent, at least for n-
type MOS devices based on Al2O3/semiconductor (Ge, Si, III-
As, GaN).
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