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crucial for these applications, the atomic scale microstructure and its evolution
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Media New York 2016 tion transmission electron microscopy methods. We report on epitaxial growth
of three cubic superlattice systems (HfN/ScN, ZrN/ScN, and Hfj 5ZrysN/ScN)
that show long-time thermal stability (annealing up to 120 h at 950 °C) as
monitored by scanning transmission electron microscopy-based energy-dis-
persive X-ray spectroscopy. No interdiffusion between the metal and semicon-
ductor layers could be observed for any of the present systems under long-time
annealing, which is in contrast to earlier attempts on similar superlattice
structures based on TiN as the metallic compound. Atomically resolved high-
resolution transmission electron microscopy imaging revealed that even though
the superlattice curves towards the substrate at regular interval column
boundaries originating from threading dislocations close to the substrate
interface, the cubic lattice continues coherently across the boundaries. It is found
that the boundaries themselves are alloyed along the entire growth direction,
while in their vicinity nanometer-size inclusions of metallic phases are observed
that could be identified as the zinc blende phase of same stoichiometry as the
parent rock salt transition metal nitride phase. Our results demonstrate the long-
time thermal stability of metal/semiconductor superlattices based on Zr and Hf
nitrides.
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Introduction

The growth and development of metal/semicon-
ductor superlattices with low defect densities for
applications as hard coatings, high-temperature
thermoelectric, and plasmonic materials has been a
focus of scientific interest for a long time. In the 1960s,
motivated by the prospect of developing quantum
electronic devices, Jaklevic and Jambe [1, 2] per-
formed seminal tunneling experiments on metal-in-
sulator-metal =~ (MIM)  structures based on
polycrystalline Al/Al,O3/Pb heterojunctions. In the
1980s, Sands and Palmstrom et al. [3-5] conducted
similar experiments when they developed AlAs/
NiAl/AlAs and GaAs/ErAs/GaAs semiconductor/
metal/semiconductor heterojunctions for metal base
and permeable base transistors. More recently,
metal /semiconductor multilayers based on elemental
metals and semiconductors have been developed and
utilized to demonstrate novel optical metamaterials
[6]. However, these examples of heteroepitaxial
metal/semiconductor superlattices are not amenable
to atomic scale control of interfaces because of the
crystal structure, lattice constant, and space group
mismatch among constituents.

We recently reported on the development of the
first epitaxial metal/semiconductor superlattices
based on TiN/(Al,Sc)N with low defect densities on
MgO (001) substrates [7, 8]. These artificially struc-
tured materials are nominally single crystalline,
possess sharp interfaces, and exhibit high melting
temperatures and mechanical hardness. Their
potential suitability for thermoelectric and plasmonic
metamaterial applications has been explored [9-11].
These novel superlattices may also be suitable for
applications in refractory electronic and refractory
plasmonic devices due to their hardness, chemical
stability, and high melting temperature of transition
metal nitrides. Their properties are moreover tunable
by alloying, doping, and quantum size effects. For
instance, the cross-plane thermal conductivity could
be significantly reduced in alloyed systems with
nominal stoichiometry of Tip ;W 3N/ Alg 725¢o 25N [9].

However, scanning/transmission electron micro-
scopy (S/TEM)-based energy-dispersive X-ray spec-
troscopy (EDX) studies on the TiN/(AlSc)N-based
systems revealed that the metastable rock salt Aly 7.
ScoosN layers in the superlattices undergo a rock salt-
to-wurtzite structural phase transformation at high
temperatures (1000 °C) that leads to a loss of epitaxy
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and significant intermixing at the interfaces. The
microscopic study also demonstrated that a signifi-
cant amount of metal atom diffusion between the
metal and semiconductor layers occurs after anneal-
ing the superlattices to 950 °C for more than 24 h [12].
Since working temperatures of up to 1000 °C are
common for applications in both high-temperature
thermoelectric materials [13, 14] and hard coatings of
cutting tools [15, 16], maintaining long-time thermal
stability under such working conditions is crucial for
any candidate system.

Consequently, we further developed the nitride-
based metal/semiconductor superlattices from pre-
vious works by variation of the metal species and
stoichiometry, and those are presented here. Com-
bining aberration-corrected high-resolution (HR)
S/TEM imaging and EDX mapping proved to be an
optimal tool for the investigation of the thermal sta-
bility of the superlattices as well as phase purity,
quality of interfaces, and film morphology [9, 12].

In the present work, we present HRS/TEM-based
results on three metal/semiconductor superlattices
(HfN/ScN, ZrN/ScN, and Hfy5Zro5N/ScN) grown
by magnetron sputtering. High-resolution EDX
mapping in aberration-corrected STEM mode high-
lights significantly improved thermal stability of the
(Hf,Zr)N/ScN-based superlattices compared to pre-
vious thermal stability studies on TiN/ScN-based
superlattices [12]. Moreover, interface quality, phase
purity, film morphology and microstructure, and
evolution under annealing were investigated by
atomically resolved S/TEM analysis.

Experimental
Film growth and treatment

(Hf,Zr)N/ScN thin-film superlattices were grown on
001-oriented MgO substrates with a reactive DC
magnetron sputtering technique inside a load-locked
turbomolecular-pumped high-vacuum deposition
system with a base pressure of 107® torr (PVD
Products, Inc.). The growth chamber had the capa-
bility to accommodate four targets and was equipped
with three DC power supplies. The Sc (99.998 %
purity), Zr (99.99 %), and Hf (99.99 %) targets had the
dimensions of 2 in. diameter and 0.25 in. thickness.
All depositions were performed with an Ar/N2
mixture having 6 sccm of N, and 4 sccm of Ar at a
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deposition pressure of 5 mTorr. The targets were
sputtered in constant power mode, with Sc, Hf, and
Zr power held constant at 200 W for the binary
superlattices, but varied slightly for the (Zr,Hf)N
system to achieve the desired concentration. The
deposition rates were 4.2 nm min~' for ScN,
5.1 nm min~ ' for HfN, and 4.8 nm/min for ZrN. The
substrates were maintained at 850 °C during depo-
sition, as determined using an infrared pyrometer
operated in the wavelength range of 0.8-1.1 um,
together with a thermocouple. Three superlattice
samples were deposited for the thermal stability
study. The film structures with nominal values are as
follows:

1. 200 nm HfN buffer/1 pm 6 nm/6 nm HfN/ScN
superlattice/20 nm HfN capping layer,

2. 200 nm ZrN buffer/1 um 6 nm/6 nm ZrN/ScN
superlattice/20 nm ZrN capping layer, and

3. 200 nm HIN/1pum 6 nm/6 nm (Hfys5Zrys5)N/
ScN superlattice/20 nm HfN capping layer.

The  superlattices were annealed (ramp
rate = 20 °C min~") at 950 °C for either 24 h or 120 h
in a 1.1 Pa (85 mTorr) forming gas ambient
(5 % H:95 % Nj). The custom-designed annealing
furnace consisted of a Boralectric tube heater inside a
vacuum chamber that was evacuated to
<9.3 x 107> Pa (7 x 1077 Torr) before continuously
flowing 30 sccm forming gas to achieve a pressure of
8.5 mTorr. The 950 °C temperature of the inside
heater wall and sample were verified with a dual-
wavelength pyrometer (CellaTemp PA40; 0.95 and
1.05 pm).

Electron microscopy methods

All experiments were conducted with Linkoping’s
image- and probe-corrected and monochromated FEI
Titan® 60-300 microscope equipped with a Gatan
Quantum ERS GIF, high-brightness XFEG source,
and Super-X EDX detector for ultra-high count rates,
operated at 300 kV. The Super-X EDX detector sys-
tem exhibits count rates that are two orders of mag-
nitude greater than conventional systems, thereby
enabling the recording of spatially resolved high-
resolution EDX maps within a few minutes. The EDX
maps contain arrays of individual spectra (typically
250 x 250 for the maps presented here), one per
pixel, and by color coding, the elemental peak of the
highest intensity for each spectrum/pixel is shown in
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the map. Those individual spectra can then be inte-
grated for area-specific quantification.

Negative spherical aberration contrast imaging
(NCSI) is an enhanced contrast transfer technique
that is capable of resolving the atomic Ilattice
structure of even complex systems with accuracies
of a few picometers [17-21]. Hence, for HRTEM
imaging, the image corrector of the microscope was
tuned to yield a negative spherical aberration
coefficient (Cs) of ca. —8 pm, and micrographs were
recorded with a small positive defocus (Z) of a few
nm producing NCSI images for direct inter-
pretability of intensity maxima as atomic column
positions. For HRSTEM and EDX mapping, the
probe corrector was used to form a focused probe of
less than 1 A diameter, which defines the resolution
in scanning mode.

High-resolution image contrast simulations were
performed with the JEMS software package [22],
utilizing multislice algorithms and matching the
experimental imaging conditions and measured
optical aberrations.

Cross-section TEM samples were prepared con-
ventionally by face-to-face mounting and gluing of
two slices of the film/substrate samples followed by
mechanical thinning and polishing employing a tri-
pod tool. Thinning to electron transparency was
achieved by room-temperature ion beam milling
using a Gatan PIPS ion mill with 5 keV Ar* ions at
the incidence angles of 8°-10° with respect to the
sample surface. Subsequent polishing was achieved
in a Technoorg Linda ion mill by gradually decreas-
ing the Ar" ion energy from 1 kV to 250 eV to min-
imize surface amorphization.

Results and discussion
Film microstructure and evolution

The microstructures of the as-deposited ZrN/ScN,
HIN/ScN, and Hfy5ZrosN/ScN films appear very
similar to each other as can be seen from cross-sec-
tional overview micrographs showing the entire
superlattice stack. Grown on a 200-nm layer of their
respective metal nitride compound, the films are
about 1 pm thick with alternating metal and semi-
conductor layers of average ~6.5 nm thickness.
However, individually higher thicknesses of up to
10 nm can be found.
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Figure 1 Low-magnification HAADF-STEM micrographs show-
ing the as-deposited metal/semiconductor superlattice film of
a ZrN/ScN in its entirety and b the region adjacent to the substrate
for the HfN/ScN stack. Arrows point at surface cusp defects
located at the interface from which columnar boundaries extend
effectively vertically up towards the film surface.

Figure 1 shows cross-sectional high-angle annular
dark-field (HAADF)-STEM micrographs of the entire
superlattice stack for the as-deposited ZrN/ScN
(a) and a closer detail of the region adjacent to the
MgO substrate for the as-deposited HfN/ScN. Since
HAADEF-STEM mode produces (atomic number)
Z-contrast-sensitive intensity distributions, the bright
contrast areas depict the metal layers, which contain
the heavy elements Zr (a) and Hf (b), respectively.

Columnar grain boundaries at the intervals of a
few tens to hundreds of nanometers extend almost
vertically throughout the entire film perpendicular to
the substrate/film interface. Moreover, as can be seen
in Fig. 1b, the layers curve towards the substrate in
the direct vicinity of the boundaries, forming
V-shaped kinks.

Columnar boundaries of that kind are well known
to appear in nitride films prepared by magnetron
sputtering, originating from threading dislocations
forming at the substrate/film interface as a result of
surface cusps on the substrate during growth [23, 24].

Indeed, the surface of the 200-nm HfN stack in
Fig. 1b clearly shows the respective defects, some of
which are marked by arrows. The faint contrast lines
in Fig. la reaching down through the ZrN stack
towards the MgO substrate (not in the image) show
furthermore that the origin of some of the boundaries
is found at the substrate/film interface, as expected.

The evolution of the microstructure of HfN/ScN
under annealing at 950 °C can be seen in the
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Figure 2 Low-magnification HAADF-STEM micrographs show-
ing the lower part of the as-deposited (a), 24-h (b), and 120-h
(c) annealed (at 950 °C) HfN/ScN superlattice. The insets show
the formation of vertical bridges of heavy atoms between the
metallic HfN layers at the boundaries (b), resulting ultimately in
metal nitride alloy channels connecting the layers (c).

HAADF-STEM micrographs of Fig. 2. Here, the
lower section of an as-deposited HfN/ScN superlat-
tice stack (a) is compared with the similar region of
samples annealed for 24 h (b) and 120 h (c). While the
characteristic shape, thickness, and well-defined
sharp interfaces of the individual metal and semi-
conductor layers within the lattice are maintained,
the column boundaries clearly evolve during
annealing.

The enlarged regions in the insets show that with
annealing time the initial curvature (a) of the layers
towards the substrate extends further down towards
the substrate (b), and eventually a bridge connecting
the layers of bright contrast (corresponding to the
heavy Hf atoms) is formed right at the boundary.
Noticeably, the layers stay well separated away from
the boundaries.

Upon closer inspection, atomically resolved high-
resolution STEM and EDX give an insight into the
nature of the bridges. Figure 3a shows a more
detailed STEM micrograph of a boundary of Hfys
Zros N/ScN after 120-h annealing at 950 °C and
(b) an atomic resolution STEM micrograph of the
rectangular region in (a). Individual (c) and com-
bined (d) EDX maps confirm the Z-contrast inter-
pretation of (b), assigning high-intensity regions to
the Hfy5Zro5 N layers, with ScN appearing signifi-
cantly darker.

Figure 3b shows that the lattice remains coherent
and well ordered both across the metal/
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Figure 3 HAADF-STEM micrographs of a column boundary of
Hf sZrq sN/ScN after 120-h annealing at 950 °C in overview (a),
and high resolution (b). Individual (c) and combined (d) EDX
maps reveal that the bridge formed between the metal layers along
the boundary comprises (Hf,Zr)N.

semiconductor interface as well as the boundary
itself. The epitaxial character of the grown multilay-
ers remains intact even though the layers bend
almost vertically down towards the substrate along
the boundaries and despite the formation of metal
nitride bridges.

Furthermore, EDX results show that the bridge
between the layers in a boundary channel comprises
almost exclusively Zr and Hf (and N, not shown),
giving rise to the assumption that the bridge is
composed of rock salt HfysZrysN. These results are
strengthened by quantification within selected
regions of the maps in both regions, where hundreds
of individual spectra within a boxed region were
integrated for quantification (layers afar from the
boundary vs. on the metal bridges), showing a
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deviation of no more than 5 % in Zr and Hf content
from the Hfj5ZrysN stoichiometry, which is close to
the accuracy limits for STEM-based EDX quantifica-
tions employing the k factor method using library
k values.

Similarly, it is found that HfN bridges form in the
HIN/ScN system, while ZrN bridges form in the
ZrN/ScN system.

Thermal stability

As mentioned above, prior annealing studies on
metal/semiconductor superlattices that employed
TiN as the metallic compound showed thermal
instability by interdiffusion between the layers,
which eventually led to a loss of the global super-
lattice structure [12]. As for the Zr- and Hf-based
material systems discussed here, all three superlattice
systems were thermally stable (i.e., no detectable dif-
fusion of metal atoms in between the layers) under
the exactly same annealing conditions that were used
in the TiN(ALSc)N study (Figs. 4, 5, 6).

The lack of metal diffusion holds true for all parts
of the samples throughout the full width of the
superlattice stack as shown in the exemplary over-
view EDX map (raw data shown for better visibility

as deposited
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Figure 4 Individual and combined EDX maps of HfN/ScN as
deposited (upper row), and annealed at 950 °C for 24 h (middle
row) and 120 h (lower row), showing well-separated layers both
before and after heat treatment.
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24 h, 950 °C as deposited

120 h, 950 °C

Figure 5 Individual and combined EDX maps of ZrN/ScN as
deposited (upper row), and annealed at 950 °C for 24 h (middle
row) and 120 h (lower row), showing well-separated layers both
before and after heat treatment.

as deposited

Hf Zr Sc, .o

24 h, 950 °C

Hf Zr Sc

120 h, 950 °C

i el

Figure 6 Individual and combined EDX maps of Hfy sZrq sN/
ScN as deposited (upper row), and annealed at 950 °C for 24 h
(middle row) and 120 h (lower row), showing well-separated
layers both before and after heat treatment.

of exact interfaces position) of Hfys5ZrysN/ScN in
Fig. 7, with the only exceptions being the bridges
formed along the column boundaries. As discussed
in the previous section, these column boundaries
occur a few hundreds of nanometers apart from each
other and bridging occurs after long annealing
treatments.
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Figure 7 Combined EDX map (raw data) of Hfy sZry sN/ScN
after annealing at 950 °C for 120 h showing well-separated
Hfy sZrg sN metal and ScN semiconductor layers over large areas
of the superlattice.

Phase analysis

As discussed above, the cubic lattice of the rock salt
metal nitride and rock salt semiconductor nitride
appears coherent over large regions of the sample for
all three material systems, confirming the high qual-
ity of the epitaxial growth. However, upon closer
inspection of electron diffraction patterns (EDPs)
from the entire 1-pm-thick superlattice stack, faint
and isotropic contrast rings can be found at well-
defined distances that correspond to discrete
d-spacings within the lattice.

Figure 8a shows an overview STEM micrograph of
HfN/ScN after 120-h annealing treatment at 950 °C
and the corresponding EDP in (b). Strikingly, the
rings show d-spacings that cannot belong to the rock
salt (B1) phase of HfN or ScN. The Fast Fourier
Transform (FFT) of the lattice-resolved TEM micro-
graph of Fig. 8c shows the presence of intensity rings
of the same d-spacings (measured values: ~3.4,
~4.0, 5.6, 6.6 nm™Y). Masking out the main rock salt
cubic reflections and performing inverse FFT indi-
cates the regions where the faint rings originate, and
HRTEM employing negative spherical aberration
contrast imaging (NCSI) conditions by tuning the
image corrector accordingly was applied there.
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Figure 8 Overview STEM micrograph of the entire HfN/ScN
superlattice stack after 120 h of annealing (a), and EDP taken from
that region (b). Faint intensity rings apart from the main rock salt
phase cubic reflections are clearly visible. Rings with the same
spacings appear in the FFT of a TEM micrograph taken from the
region of a column boundary (c). HRTEM of details right inside
the boundary reveals a grain of a few nm in diameter that
corresponds to the zinc blende (B3) phase of HIN (d), as can be
seen by comparing the d-spacings of the diffraction rings. Image
intensity simulations assuming the B3 phase as structure model
show a match between the experimental (e) and simulated
(f) contrast features assuming realistic imaging parameters for
objective lens and sample thickness.

Figure 8d shows an NCSI contrast micrograph
with a grain exhibiting the particular lattice spacing
almost exactly in zone axis, and by comparing the d-
spacings with the literature it could be determined
that this grain corresponds to the zinc blende HfN
phase along [001], also referred to as B3 phase, with
space group F43m and nominal low-index d-spacings
of 3.4503 nm ™' {111}, 3.9841 nm ™" {200}, 5.6343 nm "
{220}, and 6.6068 nm ™' {311}. Comparing details of
the experimental image (e) with a multislice simula-
tion (f) assuming the B3 phase along [001], objective
lens settings producing NCSI contrast image for our
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Titan® microscope (Cs = —7 pm, Z = +4 nm), and
residual aberrations for astigmatism and coma
according to the corrector tunings, the HfN B3 phase
was confirmed. Furthermore, EDX quantification
from maps of regions exhibiting the zinc blende
grains (not shown here) confirm the stoichiometry.

Similar analysis was done for the long-time
annealed ZrN/ScN and HfysZrosN/ScN samples,
showing that similar zinc blende phases with ZrN
and (Hf,Zr)N stoichiometry, respectively, are formed.
FFT analysis employing masking and inverse trans-
forming shows that the typical size of zinc blende
grains is below 5 nm in diameter as in Fig. 8d. The
zinc blende grains appear faceted with low-energy
atomic planes forming the surfaces, and these grains
preferably appear at the interfaces between the metal
and semiconductor nitride layers or in the vicinity of
the columnar boundaries, but not inside the ScN
layers. Moreover, as can be seen from the EDPs, the
zinc blende grains exhibit homogeneously random
orientation relationships with respect to the host rock
salt lattice.

Rock salt-to-zinc blende phase transformations in
transition metal nitrides are discussed in the litera-
ture and are said to happen under pressure. Theo-
retical calculations for the ZrN and HfN material
systems show that rock salt is the energetically more
stable and thus preferred phase assuming exact sto-
ichiometry [25]. These theoretical calculations are
reflected in our findings since zinc blende grains
appear only sparsely within the superlattice. Inves-
tigations of the origin and formation of the zinc
blende phase can be a matter of future investigations.

Conclusions

Detailed TEM-based analysis of the film quality,
morphology, microstructural evolution under
annealing, and thermal stability of the three mag-
netron-sputtered metal/semiconductor superlattices
[HfN/ScN, ZrN/ScN, and (Hfys5Zros)N/ScN] has
been performed.

It was shown by EDX mapping in probe-corrected
STEM mode that although columnar boundaries
originating from defects at the substrate-film inter-
face and forming under long-time annealing to
950 °C allow for transport of atomic species from the
metallic layers perpendicular to the superlattice
stack, no diffusion of atomic species in between the
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metal and semiconductor layers is observed as in
previous TiN-based systems [12], keeping the multi-
layer morphology intact over areas of a few hundred
nanometers and throughout its entire thickness.

The films are of high epitaxial quality, show mostly
flat interfaces disturbed by columnar boundaries
about every 100 nm on average, and comprise the
cubic rock salt phase, with the exception of
nanometer-size inclusions formed by transition metal
nitride zinc blende phases that were identified in low
quantities. Their origin is unclear at the moment.

Our results show the feasibility of growing high-
quality metal/semiconductor superlattice stacks
based on Zr and Hf nitrides by magnetron sputtering,
and the TEM investigations demonstrate that due to
the thermal stability of the three different systems,
these superlattices are well suited for applications in

thermoelectric materials, plasmonics, and hard
coatings.
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