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Accurate band alignment at the amorphous Al,O3;/p-Ge(100) interface determined
by hard x-ray photoelectron spectroscopy and density functional theory
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We have investigated the band alignment at the interface of amorphous aluminum oxide (am-Al,O3) grown by
atomic layer deposition on p-Ge(100) and the effects of postgrowth annealing using hard x-ray photoelectron
spectroscopy and density function theory (DFT). Accurate determination of the valence-band offsets was
obtained by comparing the experimentally measured valence bands with DFT-calculated densities of states. The
am-Al,O3 density of states calculated from a weighted ensemble of crystalline Al,O; structures gives excellent
agreement with experiment, sufficiently capturing the nonlinear shape of the valence-band edge. We report
a valence-band offset of 2.60 & 0.1 eV for am-Al,Os/p-Ge, which is reduced by 0.20 eV upon annealing as

interfacial GeO, is formed.
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The exact energy-band alignments at semiconductor het-
erojunctions are critical to the design and performance of even
the simplest semiconductor devices [1-3]. Energy barriers
and spatial distributions of charge carriers at an interface
are directly dependent on these quantities, thus providing a
scheme for device properties to be appropriately tailored. It
is therefore of great importance to measure band offsets with
the highest possible degree of accuracy for any heterojunction
of technological interest [4—6]. One such heterojunction that
is gaining importance is the interface between amorphous
Al,O3 (am-Al,03) and germanium [7-11]. The exceedingly
high hole mobility offered by germanium makes it an at-
tractive alternative to silicon as a channel material for many
high-mobility devices [12,13]. However, there are several
challenges in developing germanium wafer process flows,
due to the low thermal stability and water solubility of its
native oxide. Substituting the oxide for am-Al,O3; has the
advantages of high thermal and chemical stability coupled
with low electrical conductivity and low cost of fabrication.
Furthermore, deposition of am-Al,O3 on clean germanium
surfaces can produce atomically abrupt interfaces allowing for
reliable determination of interface properties including band
offsets [9].

While this particular heterojunction is relevant for a wide
range of electronic devices, the current work is motivated
by the potential use of am-Al,O; as a low-« oxide for
Ge-based sensing applications. Ge has been the material of
choice in detectors of high-energy x rays and gamma rays
for many years, largely because it is relatively easy to obtain
high-quality material in large quantities. Current monolithic
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Ge-based radiation detectors rely on trenches for pixel iso-
lation [14,15]. The development of robust oxide-based Ge-
wafer processing would enable more interesting devices for
radiation sensing, such as drift detectors or charge-coupled
devices (CCDs). Much of the progress in Ge technology in
general has been driven by the success of high-« materials
grown on Ge. The higher dielectric constant clearly offers ad-
vantages for device scaling, as demonstrated by the realization
of the submicron Ge transistor [16] using HfO, as the gate
oxide; however, this is not the case for sensing applications.
The resolution of detectors, which is usually measured in
terms of equivalent noise charge (ENC) depends on the total
capacitance of the system, making low-«x oxides desirable for
sensing applications [17]. Along with stability and density of
defects, a clear understanding of the energy-band alignments
is critical in assessing an oxide for a given semiconductor.

Here, we go a step further than previous works by
combining high-resolution hard x-ray photoelectron spec-
troscopy (HAXPES) measurements and density functional
theory (DFT) calculations to determine the valence-band off-
set at the am-Al,O3/p-Ge interface. The am-Al,O3 density
of states (DOS) predicted from a simple weighted average
of DFT DOS results for an ensemble of crystalline Al,O3 is
used to more accurately locate the top of its valence band.
Additionally, taking advantage of the larger information depth
offered by HAXPES, we also study the effect of annealing on
the electrical properties of this interface at a technologically
relevant thickness.

Thin 20 A am-Al,O;3 films were grown on high-purity
p-type Ge(100) substrates by thermal atomic layer deposition
(ALD) [18]. The Ge substrates were first dipped in dilute
H,0; and thoroughly rinsed in deionized water to remove the
native oxide. The deposition was performed via a reaction
sequence consisting of half reactions of the Al precursor
trimethylaluminium and an oxidation reaction using water.
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This was done at a temperature of 200 °C, yielding a deposi-
tion rate of ~1 A/loop. Postgrowth annealing was performed
at various temperatures in a nitrogen environment. Metal-
oxide semiconductor (MOS) capacitors were fabricated after
the annealing step by photolithography using aluminum top
gates. Capacitance-voltage (C-V) measurements were per-
formed using a custom probe station equipped with a precision
semiconductor parameter analyzer.

DFT calculations were performed using the VASP (Vienna
Ab initio Simulation Package) software program [19]. The
Perdew-Burke-Ernzerhof (PBEsol) generalized gradient ap-
proximation (GGA) was used for the exchange-correlation
functional [20]. Projector augmented wave pseudopotentials
[21,22] were used. All relaxations were performed with a
plane-wave cutoff energy of 500 eV and a I" centered k-point
grid whose mesh in each Cartesian dimension was the nearest
integer to 24 A divided by the corresponding lattice parameter.

HAXPES was performed with 7 keV excitation energy
using the high-resolution Si(333) reflection from a Si(111)
double-crystal monochromator at the GALAXIES beam line
at SOLEIL [23,24]. The hemispherical photoelectron analyzer
was set to 200 eV pass energy resulting in an overall experi-
mental resolution of ~300 meV as determined from fitting
a Fermi distribution function to the top of the valence band
of a reference gold foil. All energies are calibrated using
the Fermi level (Er) and Au 4f core lines of the gold foil
reference in electrical contact with the sample. The x rays
were 10° glancing incidence on the sample surface and the
cone of the photoelectron analyzer was oriented parallel to
the polarization vector of the incident x-ray beam.

The valance-band offset at a given heterojunction (HJ) can
be measured with high precision by photoemission via Kraut’s
method, in which the valence energy separation (AEy) is
determined by referencing the core-level energies in the het-
erojunction to that of the respective stand-alone materials or
sufficiently thick films [4]. For the case of Al,03/Ge, the
valence-band offset is determined by

AEy = (Eans — Ev)alo,
— (EGesa — Ev)ce — (Ealts — Egeza)ns, (1)

where all energies are referenced to Ep. The largest uncer-
tainty of this method lies in the precise determination of
the valence-band maxima of each reference material, owing
to the inherently nonsymmetric line shape, which is further
convoluted by instrumental resolution, in contrast to the often
sharp, well-defined peaks of core levels. The highest accu-
racy is therefore obtained by comparing the theoretical DOS
calculated by first principles to the measured valence band,
after applying a Gaussian convolution function to account for
the instrumental broadening [6,25]. This method gives the
correct line shape to fit to the experiment, while the DFT can
be used to unambiguously determine where the unbroadened
DOS goes to zero. This combined experimental-theoretical
method provides much better precision than is afforded by
experimental extrapolation alone, and is often within £0.1 eV.

To obtain the highest accuracy in this case, it is especially
important to appropriately model and predict the valence-band
DOS of the amorphous material. There are many known
crystalline polymorphs of Al,O3; comprised from Al ions both
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FIG. 1. (a) Calculated total and partial densities of states for
crystalline («-) and amorphous (am-) Al,O;. (b) Common Al-O
coordinations found in Al,O3 polymorphs: octahedron (left) and
tetrahedron (right). (c) Cross-section weighted total and partial den-
sities of states for - and am-Al,Os;, including a direct comparison
of each to the HAXPES valence-band spectrum after broadening
(bottom).

octahedrally and tetrahedrally coordinated with oxygen [as
depicted in Fig. 1(b)] [26]. In an amorphous oxide, despite the
lack of long-range order in their packing, these local motifs
are generally well preserved due to the high electronegativity
of the oxygen anions [27,28]. Thus the general structural
effect of amorphization is the variation of the metal-oxygen-
metal angles and associated chemical bonding, while the
first coordination shell bonding is largely unperturbed [29].
However, in am-Al,Os3, the relative amounts of these different
Al environments may also be significantly different from the
crystalline phases.

Past density-functional-theory (DFT) studies of the elec-
tronic structure of am-Al, O3 have used the melt-quench algo-
rithm to create periodic models for am-Al,O3 with order of
100 atoms per unit cell [30-32]. While these models provide
useful insight into the local atomic and electronic structures
of am-Al,O3, the number of distinct Al environments is
limited by the size of the cell. Because of the N3 scaling
of plane-wave DFT calculations, it becomes computationally
prohibitive to investigate significantly larger supercells.

In this work, we instead investigate the electronic structure
of am-Al,O3 by creating an ensemble of metastable periodic
Al,Os5 structures and averaging their electronic structures. A
similar approach was recently used by Nahas et al. [33]. We
hypothesize that the electronic DOS in am-Al,O3 is driven
mainly by the local environment seen by the Al and O atoms.
By creating an ensemble of periodic structures with small to
medium unit-cell sizes, we aim to mimic the large number
of distinct local environments of a large unit-cell model,
with less computational cost. Our hypothesis is justified a
posteriori by the good agreement with experiment.

To generate the ensemble of periodic Al,O3 structures, we
used the random-structure generation, mutation, and “mating”
tools of the GASP genetic algorithm software [34,35]. The
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Al,O3 structures were limited to 60 atoms per cell. In a run
that generated 800 test structures, 139 distinct metastable
Al,O3 structures were obtained after eliminating duplicates
and structures where O, molecules formed (see Supplemental
Material [36]). The ensemble of structures contained over
1500 Al and 2250 O positions. The DOS of each structure was
calculated under DFT-GGA. The individual DOS were then
each weighted with a Boltzmann factor exp(— Eyom/ Tmelt)s
where E,on is the binding energy per atom of the structure
and T is the melting temperature of corundum Al,Os;.
Finally, the weighted DOS were averaged to model the DOS
for am-A1203.

Figure 1(a) shows the resulting total and partial densities of
states of the Boltzmann-averaged amorphous phase as com-
pared to the highly stable corundum phase «-Al,O3, aligned
such that zero energy represents the topmost occupied state
of a-Al,O3. The am-Al, O3 valence-band DOS looks similar
to that of the @-Al, O3 phase albeit with broadened features,
and closely resembles that of previous calculations using the
melt-quench approach [30]. Here, we also determine that as
compared to its crystalline counterpart, the band tailing due to
amorphization effectively raises the valence-band maximum
energy by 1.22 eV. Finally, we note that the am-Al, O3 valence
DOS becomes less dominated by O 2p states due to increased
orbital mixing possibly arising from the structural disorder.
These overall trends are consistent with observations in other
disordered oxide and nitride materials [27-29,37,38].

The high information depth of HAXPES is advantageous
for probing buried interfaces; however, photoionization cross-
section effects can become more pronounced at high exci-
tation energies. To appropriately compare the DFT-predicted
DOS with experiment, the calculated partial densities of states
must be weighted by their respective photoionization cross
section (o) for the excitation energy used in the experiment.
Figure 1(c) shows the DOS of each phase after weighting
by the relativistic photoionization cross sections for 7 keV
photons [39]. Each cross section was normalized by the
orbital degeneracy (2] + 1), due to their incomplete shells, to
achieve a per-electron basis [40]. The Al 3d cross section was
assumed to be negligible (oa134 & 0), as it is expected to be
orders of magnitude below the Al 3s and 3p cross sections.
The resulting weighted DOS of each phase appear starkly
different to the actual DOS. The predominant O 2p partial
DOS becomes overshadowed by the Al 3s states as a result of
the ratio of their cross sections, oa13,/002, ~ 84.

After broadening each weighted DOS with a Gaussian line
shape to match the experimental resolution, the theoretical
valence bands are compared to the valence-band HAXPES
spectrum of a thick (700 A) am-Al,Os film. The predicted
am-Al, O3 valence band gives exceptional agreement with ex-
periment, while the crystalline phase does not. This confirms
both the amorphous nature of the ALD-grown film and our
genetic algorithm-based theoretical approach.

Looking now to the topmost valence states, Fig. 2 shows
an expanded view of the top of the measured valence band of
the thick am-Al, O3 reference film, as well as a bare p-Ge(100)
surface, each overlaid with the calculated valence band (cross-
section weighted and broadened DFT), which are aligned
to give the best fit to the leading edge of the experimental
spectra. This is because GGA-DFT does not necessarily give
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FIG. 2. (a) The top of the am-Al,O5 valence band compared to
the DFT calculated valence band. (b) The top of the Ge valence
band compared to theory. The insets show a zoomed-in region of
the HAXPES spectra compared to the unbroadened cross-section-
weighted DFT.

an accurate scaling of the binding energy axis, and therefore
the error will increase with increasing binding energy, and the
relevant number is the cutoff of states at zero energy or the
valence-band maximum.

The top of the valence band is defined here in each material
where the unbroadened DOS goes to zero, shown in the
insets of Fig. 2. For am-Al,0; the HAXPES shows a low
density of occupied states within the gap. These in-gap states
could be due to oxygen vacancies or other defects, which
were not included in our calculations [41]. Another possible
origin, deriving from the amorphous structure and different
available coordinations of the Al ions, is local undercoordina-
tion of certain oxygen anions as observed in the prototypical
amorphous oxide semiconductor indium gallium zinc oxide
(IGZO) [42-44]. Regardless of their origin, here we assume
they are not intrinsic to am-Al, 3. Indeed, they are not present
in the predicted DOS, which reveals the intrinsic valence-band
maximum at 3.45 eV.

It has become somewhat common practice to extrapolate a
line tangent to the top of the valence-band spectrum to zero
to define the valence-band maximum. Such an approach for
an amorphous oxide material may introduce significant error,
owing to the highly nonlinear valence-band edge. In the case
of am-Al, O3, this method results in a valence-band maximum
(VBM) that is 1.3 0.2 eV higher in binding energy than
when the theoretical line shape is explicitly considered, where
the error largely arises from the choice of the bounds for
the linear fit. We also note that this value can be signifi-
cantly affected by the dramatic photoionization cross-section
effects [25].

Determination of the VBM energy is more straightforward
for crystalline germanium. Explicitly considering the theoret-
ical line shape and the straight-line approximation results in
VBM values that agree within the error. The predicted DOS
gives an excellent fit in the top of the valence-band region.
The Ge valence-band maximum is determined to be 0.24 eV,
consistent with its bulk p-type doping.

In the core-level regions of the as-deposited am-Al,O3/Ge
heterojunction, we observe no additional features due to
chemical effects with respect to the reference materials. Most
notably, there is no evidence of Ge surface oxidation during
deposition (discussed further below). Additionally, no broad-
ening of these core lines within the experimental resolution
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FIG. 3. Schematic energy-band alignment of the am-Al,Os/p-Ge
heterojunction showing the measured valence-band offset AEy of
2.60eV.

is observed in either material, indicating that the bands are
essentially flat within our probing depth, and thus no addi-
tional band-bending effects need to be considered [45]. The
core-level energies in the heterojunctions were determined by
fitting a single Voigt peak for Al s, and two Voigt peaks for
the spin-orbit split Ge 3d doublet (taking the centroid value
of the Ge 3ds,), after subtracting a Shirley-type background.
These values, combined with the valence-band maxima, re-
veal a valence-band offset of 2.60 + 0.1 eV via Eq. (1).

This valence-band offset energy is markedly different from
previous reports, where only linear extrapolation methods
have been applied [7-11]. Taking into account the band
tailing of the amorphous material makes clear that the linear
extrapolation method overestimates the valence-band offset in
this heterojunction by over 1 eV. Furthermore, the full band
alignment construction is altered since the conduction-band
offset is simply deduced from the valence-band offset along
with independent band-gap values. A similar discrepancy of
~1 eV has been observed for the related am-Al,O3/GaAs
heterojunction, where the valence-band offset measured by
photoemission is in disagreement with complementary in-
ternal photoemission measurements [46]. This could be ex-
plained by the failure of the linear extrapolation method
used to find the valence-band maximum in the photoemission
measurements of am-Al,O; in previous works.

The schematic band alignment at the am-Al,O3/p-Ge inter-
face as determined in this work is shown in Fig. 3. Considering
aband gap of 0.66 eV for Ge and the significantly larger gap of
Al,O3, this confirms a type-I straddling band-gap alignment
for this interface, i.e., both the valence- and conduction-band
energies of Ge lie within the gap of am-Al,O;. Here we
have used a band gap of 6.50 eV for am-Al,O3 resulting
in a conduction-band offset of 3.24 eV [9,10]. We note that
reported band-gap values can range from 6.2 to 6.9 eV based
on growth conditions and measurement technique, while the
amorphous band gap is consistently lower than the crystalline
gap in both theory and experiment, confirming that the band
gap is indeed sensitive to the amorphous band tailing we
observe here [31,47,48].

The effects of thermal annealing on the properties of this
interface were also investigated. The am-Al,Os/p-Ge films
were each annealed for 1 hour at various temperatures up to
500 °C. The corresponding Ge 3d and Al 1s core levels are
shown in Fig. 4 referenced to the Al 1s energy to highlight
their relative energy separation. After annealing to 200 °C
and 300°C, both core levels are indistinguishable from the
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FIG. 4. Ge 3d core-level HAXPES spectra from am-Al,03/Ge
after annealing. The data have been aligned to the Al 1s core line
(inset).

as-deposited case, demonstrating the stability of this interface.
There is a slight shift in relative energy after the 400 °C
anneal, while after 500 °C, there is a more pronounced shift
of 0.20 eV from as deposited. This reduction in energy
separation of the core levels directly indicates a reduction
in valence-band offset of the same value. Additionally, after
the 500 °C anneal, a clear feature emerges at ~3 eV higher
binding energy than the main Ge 3d core lines, which is
ascribed to oxidized Ge, i.e., GeO, formation at the interface.
This behavior is notably opposite to HfO, films, which have
been observed to get oxygen from the native GeO, upon
annealing [49].

We also measured the high-frequency capacitance-voltage
characteristics at 100 kHz of am-Al,O3/p-Ge MOS capacitors
for as-deposited and annealed gate stacks. Figure 5 shows
the normalized C-V curve for both as-deposited and after
annealing at 500°C. All MOS structures showed a fixed
positive charge density at the interface. This is evident from
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FIG. 5. Capacitance-voltage characteristics of Al/am-Al,O03/Ge
MOS structures before and after annealing to 500 °C measured at a
frequency of 100 kHz.
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the sharp up-turn in the C-V, usually referred to as the flat-
band voltage. However, only the 500 °C annealed stack shows
a marked shift to a more positive flat-band voltage as well
as an additional bump indicating accumulation of new inter-
face charge. A similar C-V curve was reported for annealed
HfO,/Ge and is related to interfacial HfGeO, formation [50].
This is consistent with our observation of interfacial GeO,
formation upon annealing above 400 °C.

In summary, we have investigated the energy-band offsets
for ALD-grown amorphous Al,Osz on clean p-Ge(100) by
combining high-resolution HAXPES spectra with appropriate
DOS calculations. The am-Al,0O3 DOS, predicted from a
simple weighted average of DOS results for an ensemble
of crystalline Al,Oj3 structures, is used to more accurately
identify the valence-band maximum than a simple linear fit to
the experimental data. A valence-band offset of 2.60 + 0.1 eV
is found for this heterojunction. The measured band offsets as
well as capacitance behavior of as-deposited films are robust
at least up to 300°C. Upon annealing at 500°C, a GeO,
interfacial layer forms and the C-V characteristics of the
stack change dramatically. This occurs with a concomitant
reduction of the valence-band offset by 0.20 eV.

This combined experimental and theoretical approach,
which takes into account the significant band tailing of the
amorphous material in addition to experimental resolution and

photoionization cross-section effects, results in considerably
higher accuracy than previous reports. We believe this ap-
proach to be necessary for the accurate determination of the
valence-band maxima and band alignments for amorphous or
otherwise disordered oxide materials.
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