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ABSTRACT

There has been much interest in developing scandium doped aluminum nitride (ScAIN) thin films for use in electronic devices, due to their
excellent piezoMEMS response, large spontaneous polarization, and the capability for CMOS-compatible integration. As with the undoped
AIN film, the formation of an oxide overlayer on the air-exposed ScAIN film can modulate its surface structure and the electrical properties.
In this study, we investigate the effects of surface oxidation on a ScAIN film by characterizing the film microstructure and the elemental
chemical states. We found that amorphous phase and small crystallites co-exist in the oxide overlayer, which is remarkably different from
the columnar (0002) crystalline texture in the bulk ScAIN film. X-ray photoelectron spectroscopy core-level analyses confirm the formation
of Al-O and Sc-O bonds. Moreover, the valence band maximum of the oxide overlayer shifts toward a higher binding energy, indicating
a high energy barrier at the ScAIN/metal interface. Our results suggest that ScAIN surface oxidation is a chemical reaction-driven and

self-limited process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106717

Scandium doping greatly enhances the piezoelectric response in
aluminum nitride (ScAIN) thin films. This has led to much interest in
developing ScAIN-based electronic devices." ~ Even so, there are chal-
lenges in design and fabrication of such films, as the dielectric and pie-
zoelectric behaviors are very sensitive to Sc doping concentration,”
crystallographic orientation,” stress,” nonstoichiometric vacancies,”
and foreign impurities like oxygen.”

Even though AIN and ScAIN films are thermally robust, the bulk
films maintaining their Wurtzite structure after annealing at tempera-
ture up to 1000°C,” " their chemical stability remains a concern.
Surface oxidation has been reported on AIN films deposited using
magnetron sputtering,”” pulse laser deposition,”” and atomic layer
deposition."* This oxidation causes the decrease in piezoelectric modu-
lus ds5 of a sputtered AIN film."” It also impacts the reliability of piezo-
electric devices, with such oxidation in an AIN-based surface acoustic
wave device increasing insertion loss and operating frequency drift.®
Oxidation of AIN films is a chemical reaction controlled process,17
with reaction kinetics strongly influenced by temperature, oxygen par-
tial pressure, humidity, and film surface structure.'® Epitaxial growth
of the oxide overlayer was found on a single crystalline AIN annealed
at 1000°C."” Another study™ found that the N vacancy (V) forma-
tion accelerates the AIN oxidation reaction.

Oxidation on ScAIN film surfaces has also been studied on a
~4nm amorphous (AlSc),Oy layer on a ~20nm Alye4Sco36N film
surface.”’ With this oxide overlayer, the ferroelectric SCAIN film was
found to be switchable, but other effects of the oxide overlayer remain
unreported.””* In this study, we used reactive sputtering to deposit a
ScAIN film and allowed it to oxidize in a cleanroom environment. The
oxidation reaction and the impacts of the oxide overlayer on the film
surface morphology and electronic structure were then investigated.

The sample was prepared using a multi-chamber sputtering
system, consisting of one DC and one reactive pulsed DC magnetron
sputtering chamber. A ScAl alloy target contained 20 at. % of Sc was
installed in the chamber with the pulsed DC power supply. A 200 mm
Si (100) wafer was used as substrate. First, a 20 nm of AIN was reac-
tively sputtered as seed layer to promote the crystallinity of the films
grown on it. Next, a 200 nm of molybdenum (Mo) bottom electrode
was deposited in the DC sputtering chamber. Without vacuum break-
ing, the wafer was then transferred to the reactive pulsed DC magne-
tron chamber for 1 um thick ScAIN film deposition. Ar and N, were
used as discharge and reactive gases for the reactive sputtering. No
substrate heat was applied during the ScAIN deposition. Before being
unloaded and exposed to air, the wafer was kept in vacuum to ensure
its temperature reached room temperature. The sample was stored in
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FIG. 1. (a) Cross-sectional TEM overview of the SCAIN/Mo/AIN/Si film stack. The yellow lines are used to guide the film layers. (b) The Selected Area Electron Diffraction
(SAED) pattern of the 1 um thick ScAIN film, demonstrating the good c-axis textured ScAIN film. (c) High-resolution TEM highlights the ScAIN film surface region marked with
the red box in (a). The inset shows the FFT pattern reconstructed from the film in the yellow box.

a semiconductor cleanroom environment at about 21°C and
30%-50% relative humidity. Two months later, the sample was sent
for material analyses.

A Transmission Electron Microscope (TEM) equipped with an
Energy-dispersive X-ray Spectroscopy (EDX) was used to view the
film cross section and characterize the film microstructure and com-
position. A TEM lamella was prepared by a Focused Ion Beam (FIB)
tool. An X-ray Photoelectron Spectroscopy (XPS) with a monochrom-
atized Al Ko x-ray source (1486.6 ¢V in photon energy) was employed
to evaluate the elemental oxidation states and the depth profile of the
film stack. The XPS binding energies were calibrated using the C 1s
peak at 284.8 eV.

The ScAIN film showed a homogeneous, polycrystalline struc-
ture, with columnar grains normally grown to the substrate [Fig. 1(a)].
The Selected Area Electron Diffraction (SAED) pattern indicated that
the film grew along the [0002] crystallographic direction [Fig. 1(b)].
High-resolution X-ray diffraction (HRXRD) showed that full width at
half maximum (FWHM) of the ScAIN (0002) reflection rocking curve
is 1.55° (see the supplementary material, Fig. S1), demonstrating the
good c-axis textured ScAIN film in the wurtzite crystalline phase.

High-resolution TEM was used to further examine the ScAIN
film surface. A thin layer with different image contrast is found
between the ScAIN and the lamella protection layer [Fig. 1(c)]. The
thickness of this layer is about 10nm. The Fast Fourier

Transformation (FFT) re-constructed the film microstructure in the
area marked with the yellow box in Fig. 1(c). The mixed rings and
spots displayed on the FFT pattern suggest that both amorphous and
small polycrystalline grains co-exist in this region.

Next, the local chemical composition was analyzed using the
EDX equipped with the TEM. In the elemental maps of the area indi-
cated by the red box in Fig. 1(a), the scandium, aluminum, and nitro-
gen were found uniformly distributed throughout the SCAIN bulk film,
except on the top surface of the SCAIN film, where a pronounced oxy-
gen signal was detected (Fig. 2). The location and thickness of the
region containing oxygen correspond to the partial amorphous layer
displayed in Fig. 1(c), confirming that the ScAIN film surface had been
oxidized.

XPS core-level spectra were obtained to characterize the chemical
state of each element in ScAIN. Using a low power Ar sputtering gun,
two kinds of surfaces were prepared for the analysis. The
contamination-free oxidized surface and the nonoxidized surface were
created by sputtering off the top film surface by 2 and 30 nm, respec-
tively. We found pronounced O 1s peak in the oxidized layer, while
the O 1s signal is negligible in the nonoxidized ScAIN [Fig. 3(b)]. By
contrast, the N 1s is very weak in the oxidized layer and strong in the
nonoxidized ScAIN [Fig. 3(a)]. The binding energies of 530.5eV for
O 1s and 395.7 ¢V for N 1s agree with those of metal oxide and metal
nitride.” The Sc 2p binding energies are assignable to Sc 2py,, at the

FIG. 2. EDX composition maps in the ScAIN surface region as marked by the red box in Fig. 1(a). Oxide overlayer is revealed on the ScAIN film surface.
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FIG. 3. XPS core-level spectra of (a) N 1s, (b) O 1s, (c) Sc 2p, and (d) Al 2p. Both oxidized and nonoxidized surfaces were recorded for comparison study of formation of metal
oxide per oxygen atom measures in the oxygen affinity of a metal atom. As scandium has higher oxygen affinity than aluminum, the formation of the Sc-O bond should be

preferred.

higher energy and to Sc 2ps, at the lower energy. In the oxidized layer,
both Sc 2p and Al 2p peaks shift to higher energies compared to the
nonoxidized film [Figs. 3(c) and 3(d)], reflecting the fact that scan-
dium and aluminum formed stronger bonds with oxygen than with
nitrogen. These results suggest that at room temperature, the oxygen
in the air chemically reacts with the ScAIN by substituting the nitrogen
and bonding with scandium and aluminum atoms. The oxidation
mechanism of ScAIN is similar to that of AIN."

The binding between the metals (Sc, Al) and nonmetals (N, O)
is analyzed using the bond parameters” * listed in Table L
Thermodynamically, the oxygen substitution of nitrogen in ScAIN is a
spontaneous process even at room temperature and atmospheric pressure.
The heat of formation of metal oxide per oxygen atom measures the oxy-
gen affinity of a metal atom. As scandium has higher oxygen affinity than
aluminum, formation of the Sc-O bond should be preferred.

Due to limited capability for quantitative analysis by TEM-
EDX,”** it is difficult to precisely measure the oxygen distribution in
the ScAIN film, with oxygen contamination during TEM lamella prep-
aration complicating accurate determination. As a result, we utilized
the excellent depth resolution and quantitative capability of XPS to
facilitate precise depth evaluation of the oxidation reaction instead. A
low power argon gun (1keV) was used to remove the film surface in
stages. After each removal step, the core-level spectra of O 1s, N 1s, Al
2p, and Sc 2p were recorded, and their atomic percentages were calcu-
lated. The depth profile plotted with the elemental atomic percentages
against sputter time indicates elemental distribution along the direc-
tion from the top to the substrate. At the surface of the film (where the
sputter time equals to zero), we found high oxygen and low nitrogen
amounts (Fig. 4). Toward the substrate, the oxygen amount decreases
rapidly to a negligible level and remains at this point thereafter.
Conversely, the nitrogen amount increases rapidly. The amounts of
nitrogen, aluminum, and scandium remain stable throughout the

TABLE I. Summary of the bond parameters.

nonoxidized film, demonstrating the homogeneity of the ScCAIN bulk
film. The absence of oxygen in the ScAIN film is manifested at about
15nm away from the surface, corresponding to a sputter time of
5 min. Although the ~6 nm film (corresponding to the sputter time of
3-5min) contains very low level of oxygen, there is no noticeable con-
trast in the TEM image and failed in EDX detection. Thus, only the
~10 nm oxide overlayer containing a high concentration of oxygen is
observed in Figs. 1 and 2. The higher Sc/(Al + Sc) percentage in the
oxide overlayer than that in the bulk film observed in Fig. 4 suggests
that composition segregation occurs upon ScAIN surface oxidation.

The absence of oxygen in the ScAIN bulk film indicates that the
oxidation reaction is limited to only the film surface in direct contact
with air. A self-limiting characteristic also observed in AIN surface oxi-
dation. First principle calculations™ and in situ experiment'* demon-
strated that surface coverage of oxygen dominates the AIN oxidation
rate at room temperature. This also suggests that the oxide overlayer
formation is chemical reaction controlled. Once the film surface is cov-
ered by the newly generated oxide overlayer, direct contact between
nitride and oxygen is blocked. Further reaction relies on oxygen diffu-
sion through the oxide overlayer, which is very slow at room tempera-
ture and atmosphere pressure.”’ Taking AIN oxidation as a reference,
modeling of surface oxidation'” suggested at room temperature, final
oxide thickness and oxidation reaction time constant are about 0.3 nm
and 50, respectively. Future work is needed to understand the scan-
dium incorporation effect on oxidation kinetics.

We examined the valence band XPS spectra to understand the
effect of the oxidation on the electronic structure of the ScAIN film
(Fig. 5). The valence band maxima (VBM) were determined by linear
extrapolation of the valence band intensity to zero.”' With ScAIN oxi-
dation, the binding energy of the VBM increases from 0.7 to 2.8 eV.
Energy shift was also observed in the oxidation of other nitride materi-
als.”>” The higher VBM value indicates a higher energy barrier at

Sc-0O

Sc-N Al-O Al-N Sc Al

Bond dissociation energy (kJ/mol)** 6714+ 1.0

Heat of formation of metal oxide per O (eVv) >
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FIG. 4. XPS depth profiles of (a) the atomic percentages of O, N, Sc, and Al. (b)
The Sc/(Sc + Al) percentage.

interfaces in the Metal-Insulator-Metal (MIM) structure, which
would modulate the charge transportation characteristics of the
ScAIN-based piezoelectric and ferroelectric devices.””’

In the oxide overlayer, both aluminum oxide and scandium oxide
show very poor piezoelectric behaviors. Surface oxidation, thus,
decreases the thickness of the functional film. Because the surface oxi-
dation is self-limited at room temperature, many ScAIN-based piezo-
electric and ferroelectric devices work well when the film thickness
exceeds several hundred nanometers, given the electronic structure
variation at the film surface is taken into consideration. When the film
thickness scales down to sub-100nm, more surface contribution is
expected to overall film properties. The changes in film surface
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FIG. 5. XPS core-level spectra of the valence band. The VBM values are deter-
mined by linear extrapolation of the valence band edge, as illustrated by the dashed
lines.

composition and structure would lead to additional challenges in
device design and integration.

To summarize our findings, we found self-limited oxidation in a
c-axis textured ScAIN film exposed to air at room temperature. The
oxide overlayer formed was 10-15 nm thick, partially amorphous and
contained small crystallites. During ScAIN oxidation, the oxygen sub-
stitutes the nitrogen, resulting in stronger Al-O and Sc-O bonds and a
higher VBM binding energy. Compared to aluminum, scandium has
higher oxygen affinity, which enables the Sc—O bond formation to be
more energetically favored. Consequently, there would be more scan-
dium in the oxide overlayer than that in the bulk film. The impact of
this composition segregation deserves further investigation.

As thinner ScAIN films with a higher scandium content are
needed for enhanced electromechanical coupling and in high fre-
quency applications, surface oxidation will pose a greater challenge in
these scenarios. Our findings provide an insight to ScAIN surface oxi-
dation, benefiting the design and fabrication of the ScAIN-based elec-
tronic devices.

See the supplementary material for HRXRD rocking curve of the
ScAIN (0002) reflection.
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