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Rocksalt-to-wurtzite structural phase transitions in semiconducting materials (such as III-V
nitrides, ZnO, CdSe, and others) have been studied for several decades. Almost all experimental
works related to this phase transition involve diamond anvil cells to apply hydrostatic pressure, and
as a result, direct observation of the microstructural transformation during the phase transition has
not been possible. In this article, we have addressed and uncovered the intimate microstructural
details and epitaxial relationships between phases by capturing what is essentially a thin-film snap-
shot of the transformation after growth of Al,Sc;_,N films with a composition chosen to be close to
the equilibrium phase boundary between wurtzite and rocksalt. The results support the hypothesis
that the transformation is triggered by defects at rs-{011} growth fronts that offer a nearly invariant
plane with respect to the parallel w-{2110} planes. The intermediate crystal structures and their
epitaxial relationships are consistent with theoretical models that predict a transformation pathway

involving homogeneous orthorhombic shear strain. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4966278]

Epitaxial rocksalt metal/semiconductor superlattices
based on transition metal nitrides (TMN) such as TiN/
(ALSc)N have emerged as promising candidates for high tem-
perature thermoelectric materials,'™ plasmonic and hyper-
bolic metamaterials,i6 and optoelectronic devices’ for solid
state energy conversion. Since the constituent nitride materials
are hard, corrosion resistant, mechanically and chemically sta-
ble, and exhibit extremely high melting temperatures (in
excess of 3000 °C), they could find application in emitters and
absorbers for thermophotovoltaics (STPV), the antenna head
materials for heat assisted magnetic recording (HAMR), and
high temperature transistors for harsh environment applica-
tions.*'” For each such application, it is extremely important
that the superlattices are structurally and morphologically sta-
ble at elevated operating temperatures (500 to >1000°C) for
extended periods of time.

While most TMNs (such as TiN, ZrN, HfN) adopt the
cubic rocksalt crystal structure, the ubiquitous nitride semi-
conductors such as AIN, GaN, and InN crystallize in the
wurtzite phase under ambient conditions.'"'? Previously,
we have developed'® rocksalt Al,Sc, 4N alloys by alloying
AIN and semiconducting rocksalt ScN to lattice match with
rocksalt TiN. The Al,Sc, 4N alloy thin films are stable in
the rocksalt phase with large critical thicknesses and with
high AIN mole fractions.'® The TiN/Alp7,Sco.sN metal/
semiconductor superlattices developed on MgO substrates
are the first demonstrations of epitaxial single crystalline
metal/semiconductor superlattices® with sharp interfaces
and low densities of extended defects. Although much work
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remains to control the electrical properties of these alloy
semiconductors and their interfaces with metallic nitrides,
the structural quality of these superlattices opens up the
opportunity to develop a generation of artificially structured
materials and devices.

Previous high-temperature stability analyses' of epi-
taxial TiN/AlSc; N superlattices suggested that the meta-
stable rocksalt Aly72Scg2gN film undergoes a rocksalt to
stable-wurtzite structural phase transition at 950 °C during
annealing treatments lasting 120 h or more. Because of a
24% volume change associated with the transition, the struc-
tural integrity of the films and superlattices is severely
compromised. '

The wurtzite-to-rocksalt phase transition is quite com-
mon in III-V nitride semiconductors (such as AIN, GaN, and
InN) under extreme hydrostatic pressure. There have been
studies since the early 1990s by various researchers to under-
stand the details about such phase transitions.'®'® The B4
(wurtzite) to Bl (rocksalt) phase transitions are also
observed in copper and silver halides'®*® and in more ionic
materials such as ZnO.?""*? Several studies involving in-situ
synchrotron X-ray diffraction (XRD) analysis* and in-situ
Raman spectroscopy>**> have been employed to understand
the pressure dependence of such transitions, and first-
principles calculations®®?’ have also been performed to
determine and understand the underlying mechanism. In
spite of all such efforts, controversies about the exact mecha-
nism of the transformation still persist, and modeling analy-
ses often contradict experimental observations.”® In-situ
observation of the microstructural evolution from B4 to the
B1 phase or vice versa is not feasible even with the
most advanced state-of-the-art high-resolution transmission

Published by AIP Publishing.
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electron microscopy (HRTEM), as the phase transition
experiments are mostly performed inside a diamond anvil
cell to apply high pressure. Moreover, the free energy differ-
ence”” between the wurtzite and rocksalt phases of these
ionic semiconductors is also so large that it is extremely dif-
ficult to stabilize the high pressure rocksalt phase under
ambient conditions even with the best epitaxial stabilization
techniques.?*-*°

Given such constraints and with the motivation to under-
stand the microstructural and morphological evolution dur-
ing rocksalt-to-wurtzite structural phase transition that are
essential for our pursuit of developing high temperature
energy conversion materials and devices, we have performed
an in-depth and detailed analysis of the Al,Sc; N phase
transition by capturing an intermediate mixed phase state
having both stable wurtzite and metastable rocksalt phases in
an aluminum scandium nitride (Al,Sc;xN) thin film alloy
grown on a 20nm TiN seed layer deposited onto a (001)
MgO substrate. The microstructural details studied by high-
resolution electron microscopy reveal fascinating details that
are likely to apply beyond the Al,Sc;_ 4N system.

AIN (like other III-V nitrides) can be stabilized in the
rocksalt crystal structure with an extremely small critical
thickness of 2-3 nm inside a rocksalt TiN/AIN multilayer.>'
Further increase in AIN thickness results in the nucleation of
its wurtzite phase on the metastable rocksalt underlayer.
TEM evidence also suggests that the rocksalt underlayer
transitions to the wurtzite phase during growth. A critical
thickness of about 2-3nm is too small for any detailed
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microscopic and crystallographic analyses that would micro-
structurally resemble the bulk or thin-film phase transition of
these nitrides under pressure. Therefore, we have grown
AlSc; 4N alloys by dc-magnetron co-sputtering inside a
high vacuum chamber on a 20 nm TiN seed layer on a (001)
MgO substrate, adjusting x to yield rocksalt Al,Sc; N films
with large critical thicknesses (in excess of 200nm) at high
AIN mole fractions (x < 0.82).>'* Moreover, Al,Sc; N films
with 0.62 < x < 0.82 can be grown in the metastable rocksalt
form with a 20nm TiN seed layer. The seed layer offers a
more compatible substrate for the film due to epitaxial stabi-
lization and the compatible bond polarization of TiN com-
pared to MgO.”'"® Since the critical thickness of the
rocksalt-to-wurtzite phase transition is relatively large, for
this study, we have grown a mixed-phase alloy with a com-
position (Al g4Sco.16N) slightly beyond the range for which
the metastable rocksalt phase can be stabilized in 120 nm-
thick films. The Alyg4Sco 16N alloy films described here are
120nm in thickness and are grown on a 20nm TiN seed
layer, as described, on an (001) oriented MgO substrate.
Details of the growth process are presented in the supple-
mentary material section.

X-ray diffraction spectra from the 120 nm Alj g4Scq 16N/
20nm TiN/MgO thin film (see Fig. 1(a)) confirm the mixed-
phase alloy sample with 002 Algg4Sco 16N rocksalt, 0001
Alpg4Sco.16N wurtzite, 002 TiN and 002 MgO diffraction
peaks clearly distinguishable in the spectrum. The 002 rock-
salt Alyg4Sco 16N peak corresponds to an out-of-plane lattice
constant (¢) of 4.12 A, which is very close to that of the
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FIG. 1. (a) Symmetric 20-o X-ray diffraction spectra of AlyssScy 6N film grown on (001) MgO substrate. 002 rocksalt-Aly g,Scy ;sN, 0002 wurtzite-
Al g4Sco 16N, 002 TiN and 002 MgO diffraction peaks are clearly visible in the spectrum. (b) Plan-view SEM image of the mixed phase Al g,Scy ;5N sample
that shows various microstructures and their morphology. The dark patches are wurtzite-Aly s4Scy ;6N grown directly on (001)TiN/(001)MgO surface (we cannot
exclude the presence of a thin rocksalt-Aly g,Sc ;5N interlayer), the gray lines are also wurtzite-Aly g4Scy ;6N but have grown on top of rocksalt-Al, g,Scy ;sN.
The bright white pyramidal features are rocksalt-Aly s4Scy ;6N that is exposed on the sample surface. (c) High-resolution SEM image of the Alyg,Scy ;6N film
that shows that the wurtzite-Al s4Scy ;6N regions are composed of small grains with grain size that varies from 10 to 20nm. (d) AFM image of the sample that
shows that the dark wurtzite-Al g,Scy ;6N grains are 10 to 15 nm larger in thickness compared to the light Al 5,Sc ;6N seen in SEM images.
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metastable rocksalt AIN’s lattice constant® of 4.08 A. The
0001 wurtzite diffraction peak represents domains with c-axis
wurtzite AlygsScy 16N crystal growth with an out-of-plane
lattice constant (c) of 4.94 A, which is also very close to the
c-axis lattice constant®® of stable wurtzite AIN (5.00 ;\). The
002 TiN and 002 MgO diffraction peaks correspond to lattice
constants of 4.23 A, and 4.21 A, respectively, consistent with
the literature values.”'***

Plan-view SEM images were obtained to understand the
planar morphology of the crystal phases and microstructures
in secondary electron emission mode. The SEM images (in
Figs. 1(b) and 1(c)) show a surface morphology with several
differing-contrast regions. The images show dark rectangular
crystal patches of 100-400nm in length and width, which
are aligned vertically along the [100] directions of the
(001)TiN/(001)MgO substrate. These dark patches are sepa-
rated by grayish linear features that cut across them in the
perpendicular in-plane directions. Fig. 1(c) shows that the
dark regions in the SEM images consist of small dark-
contrast grains with a diameter of 20-30nm. The grayish
lines that cut through the patches are also composed of simi-
lar small grains. Our TEM analysis described below reveals
that these small grains have the wurtzite crystal structure
with image contrast depending on whether these grains
(dark) grow directly from the (001)TiN/(001)MgO surface
(dark) or on top of a thin rocksalt-Alyg4Scy 16N film (also
dark) or on top of thicker rocksalt-AlggsScy 16N islands
(grayish). Fig. 1(c) also shows some solid light-contrast crys-
tals in the center of some of the rectangular regions that have
a much larger crystal size. We shall see later that these light-
contrast crystals are rocksalt-Alg g4Sco 16N that grow directly
from the (001)TiN/(001)MgO surface and reach the top of
the sample surface. The central portion of Fig. 1(b) consists
of larger strips of these two types of crystal morphologies.

The electron contrast among different grains in the SEM
image can be explained in terms of the secondary electron
emission from these grains. The electron emission is mostly
limited to the top few tens of nanometers of the surface.”
Rocksalt and wurtzite grains in the AlygsScy 16N film have
similar compositions (as we will see later from the high-reso-
lution transmission electron microscopy - energy-dispersive x-
ray spectroscopy (HRTEM-EDX) analysis), therefore the pen-
etration depth of the primary electrons is expected to be simi-
lar, differing by a factor comparable to the molar volume
ratio. The secondary electrons that are generated, however,
will have significantly different characteristics. In the case of
rocksalt-Alj g4Sc 1sN/TiN/MgO, the secondary electron flux
is expected to be greater due to relatively high conductivity
and carrier concentrations (in the range of 10"-10*cm
arising from nitrogen vacancies and oxygen impurities (see
Ref. 34). Wurtzite-Alj g4Scq 16N is insulating. Moreover, the
high resistivity of the wurtzite-Aly g4Sco 16N would result in
the build up of static charge on the surface that would repel
the incoming primary electrons and reduce the subsequent
generation of secondary electrons. From these considerations,
the rocksalt-AljgsSco 1sN/TiIN/MgO would be expected to
have the brightest contrast, followed by wurtzite-
Al g4Scp.16N/rocksalt-Alg g4Sc 16N/TIN/MgO and wurtzite-
Al g45¢(.16N/TiN/MgO, which is consistent with the experi-
mental SEM images.

Appl. Phys. Lett. 109, 172102 (2016)

The AFM micrograph in Fig. 1(d) shows clearly the
z-height variations among different microstructures present
in the SEM image. The light-contrast regions (rocksalt-
Algg4Scp.16N) are 10-12nm lower in height in comparison
to the dark grains (wurtzite-AlygsSco16N). The grayish
grains that separate the dark rectangular patches are 6-8 nm
lower in height in comparison to the dark grains, since they
grow on top of the rocksalt-Al g4Sco 16N. The phase bound-
aries manifest quite clearly in the AFM images.

To identify the crystal structures and microstructural rela-
tionships, cross-sectional HRTEM and TEM-EDX analyses
were performed. Details of the TEM sample preparation and
microscopy techniques are presented in the supplementary
material section of the manuscript. The TEM sample was pre-
pared from a section of the sample that resembles a horizontal
cross-section of Fig. 1(b) and included the full range of
observed microstructures (see Fig. S1 in the supplementary
material). The microscopy analyses, seen in Fig. 2, show pyra-
midal rocksalt-Alyg4Scy 16N crystals (seen as dark triangular
regions in Fig. 2(a)) separated by the wurtzite-Alg4Sco 16N
matrix (seen as bright regions). The base of these rocksalt-
Alyg4Scp.16N pyramids originates from the (002) TiN buffer
layer, and they vary in their lateral dimensions from 50 to
150nm. Most of the rocksalt pyramids are separated by
approximately 50 to 100 nm, and in some cases two pyramids
are seen to be merging with one another. Though most of
the rocksalt-Alyg4Sco 16N pyramids are embedded within the
film with wurtzite grains on top (appearing gray in contrast in
the SEM images of Figs. 2(a) and 2(c)), there are some pyra-
mids that reach the top of the sample surface (corresponding
to bright white patches in SEM images). The boundaries
between the rocksalt and wurtzite phase are sharp, as evi-
denced by the high-resolution image in Fig. 2(b). The rocksalt
20nm TiN seed layer appears dark in the HRTEM image.
Hexagonal lattice fringes are clearly visible in the upper
regions of Fig. 2(b), which correspond to the wurtzite struc-
ture. Similarly, cubic lattice fringes representing rocksalt-
Al g4Scy.16N are seen in the lower portion of the figure.

Fig. 2(a) also shows that the wurtzite-AlygsSco 16N
growth fronts move faster compared to the rocksalt growth

(1) rs-Alg54S¢016NITIN (2) W-Alg 5,Sco 1oN/TIN (3) TIN - (4) MgO

FIG. 2. (a) Low magnification cross-sectional HRTEM image of the mixed
phase Al s4Scy ;6N film. The pyramids are rocksalt-Aly g,Scy ;4N with their
peaks mostly terminating inside the film. Wurtzite-Al0.84Sc0.16N grains
separate the pyramids. (b) HRTEM image of rocksalt-wurtzite phase bound-
ary. FFTs taken from each phase are also presented. (c¢) High resolution
HRTEM image of a pyramid is presented and different materials and crystal
phases are identified.
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front due to the larger volume of the wurtzite unit cell in
comparison to the rocksalt unit cell. The volume of a
wurtzite-Aly g4Sco 16N unit cell is about 24% larger than a
rocksalt-Alp g4Sco 16N unit cell. As a result, the wurtzite-
Alg.g4Sco 16N regions are about 20% thicker compared to the
rocksalt-Alj g4Sco.16N regions, as demonstrated in Fig. 2(a),
where it can be seen that the film is thinner above the rock-
salt pyramidal peaks. The high magnification TEM image
Fig. 2(b) shows clear and distinct lattice fringes from both
the rocksalt and wurtzite phases. A Fast Fourier Transform
(FFT) from the wurtzite grain shows a hexagonal diffraction
pattern, with the wurtzite grains having their c-axis parallel
to the in-plane [100] direction of the TiN/MgO substrate. In
fact, most of the wurtzite grains that are present in the film
have their c-axes oriented parallel to the substrate, which the
XRD analysis presented earlier (Fig. 1(a)) could not capture.
Because of the higher growth rate of the wurtzite grains,
they also have higher z-height in the AFM images. Rocksalt-
AlpgsSco. 16N pyramid tops that reach the surface appear
bright in the SEM image.

The TEM-EDX analyses suggest there was no signifi-
cant compositional difference between the rocksalt-Al,Sc.
«N and wurtzite-Al,Sc;_ N phases as seen in the regions
inside and outside of the pyramidal structures, respectively.
Quantitative estimates from the EDX analysis also suggest
that the composition of the phases remains unchanged
throughout different regions of the film (about 2 ym? studied
in the TEM analysis). The absence of compositional varia-
tion indicates that the phase transition is triggered by defect
accumulation at the growth front, rather than interdiffusion
or surface diffusion during or after the growth process.

HRTEM studies also reveal intricate microstructural rela-
tionships between the different phases. Although the wurtzite-
AlygaScy 16N grains are polycrystalline with very small crystal
sizes, they are not random in orientation. They often exhibit
twin relationships to each other as seen in Fig. 3. Two wurt-
zite-Aly g4Sco 16N grains are seen that are rotated with respect
to each other about their common [0001] axis. The epitaxial

(b)1 190 (M0l 30° -2 b

: #0110, 500 * i
i . o TiN
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N\ N c
N SO o
(100} ’
-

FIG. 3. (a) High resolution TEM image of the mixed phase Alyg,Scy ;6N
film that shows two wurtzite- AljssScy ;6N grains rotated by 30° with
respect to each other. The bottom 20 nm TiN seed layers are clearly visible,
as well as some Al s4Scy ;6N regions. FFT taken from a highlighted region
that shows 12 diffraction spots originating from two grains rotated by 30°
with respect to the c-axis of the wurtzite phase. (b) Epitaxial relationships of
the wurtzite twins with TiN are presented. The two twin variants are rotated
30° with respect to each other as shown.
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relationships between the two wurtzite-AlggsSco 6N and
the rs-TiN (which may be covered with a pseudomorphic
I'S-Alo_g4SC0.16N thin ﬁlm) are (0001)[01 10} Alo_g4SC0.16N
[[(001)[110] TiN and (0001)[1100] Algg4Sco.16N]|[(001)[110]
TiN. In the FFT (Fig. 3(b)) collected from a square region
comprising the two variants, twelve diffraction spots that are
30° apart are seen. They are due to the presence of the two
different wurtzite-Alg g4Sco 16N grain orientations rotated 30°
with respect to each other about the common [0001] axis. The
twelve diffraction spots originate from wurtzite-Alg g4Sco 16N
grains whose basal planes are perpendicular to the substrate
surface.

The development of the complex microstructure of these
films can be rationalized based on straightforward energetic
considerations. Since the rocksalt-Alyg4Scy sN[001] and
TiN[001] are isostructural and nearly lattice-matched, the
excess interface free energy is expected to be very low as is
the strain energy stored in the lattice-coherent film/substrate
couple. Although the stable Aljg4Scq.16N phase in the bulk
is wurtzite, the higher excess interface free energy of the
wurtzite/rocksalt-TiN interface favors rocksalt-Algy g4Scq 16N
growth in a planar film from a free energy standpoint. As the
rocksalt film thickens, kinetic barriers to the nucleation of
the wurtzite phase will allow pseudomorphic growth beyond
the maximum (“critical”) thickness for which the rocksalt
film has a lower free energy. Note that a sample with 5nm
Algg4Sco.16N/TiN/MgO (not shown) remained planar and
pseudomorphic with no signs of wurtzite.

As the rocksalt film thickens beyond the critical thickness
defined above, the accumulation of strain and lattice defects
increase the driving force and lower the barrier for nucleation
of wurtzite-Aly g4Scq 16N as in the case of CrN/TiN superlatti-
ces.>> As the wurtzite phase nucleates, it does not do so ran-
domly from a crystallographic standpoint. Our cross-sectional
HRTEM and diffraction data reveals a preferential orientation
relationship for the wurtzite grains that nucleate directly on a
rocksalt surface. The 30° rotation boundaries between wurt-
zite grains with their c-axes parallel to (100) directions in sub-
strate surface produce four crystallographic variants.

Examining Figure 2, it is evident that a wurtzite-
AlygaSco 16N grain has impinged with a rocksalt-Aly g4Scg 16N
grain to form an interface that is inclined to the substrate sur-
face. That interface contains the parallel w-[0001] and rs-[100]
directions. The interface plane can be defined as close to
rs—(011) which is parallel to w—(2110). Figure 4(a) illustrates
this orientation relationship in real space. Both crystal struc-
tures present a rectangular lattice on this plane whose unit cells
differ in area by 11.7%, and consist of 2 nitrogen anions and 2
metal cations.

Ab-initio simulations by Limpijumnong and Lambrecht*®
and Saitta and Decremps,”® and metadynamics analysis
performed recently by Duan et al*® have suggested that
the phase transition in AIN should involve a hexagonal inter-
mediate state transformation path driven by homogeneous
orthorhombic shear strain. The transition path is expected to be
a two-step process according to the modeling analysis. In the
first-step, the (c/a) ratio should decrease leading to a hexagonal
intermediate state, and in the second the hexagonal angles
should open with the atoms at the center of the triangles mov-
ing horizontally at the center of the square, thus leading to a
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FIG. 4. (a) Epitaxial relationship between the rocksalt-Aly s,Sc ;6N and wurt-
zite-Aly s4S¢y ;6N phases seen in Fig. 2(b) is presented. The rocksalt and wurt-
zite grains impinge with the interface inclined to the substrate surface. The
interface plane is close to rs-(011) which is parallel to w-(2110). (b) The w-
(2110) and rs-(011) planes are shown with their unit cells and distribution of
atoms on these planes. The unit cell area differs by 11.7% and is composed of 4
atoms in each phase at the interface.

rocksalt crystal. It is also expected that the relative crystallo-
graphic orientations between the wurtzite and rocksalt phase
should follow a simple relation w-(0001) || rs-(001).

Crystallography and epitaxial details observed in the
present study confirm the w-(0001) || rs-(001) relationship.
In addition, approximate conservation of in-plane unit cell
area, number, and distribution of atoms on the plane and
polarity have ensured that w-(2110) || rs-(011). Therefore,
the microstructural and epitaxial details observed in this
study are consistent with the hexagonal intermediate state
transition mechanism driven by shear strain. This is the first
direct experimental support for this transition mechanism.

Synchrotron XRD evidence for these same variants was
reported in a previous publication (Ref. 14) involving TiN/
rocksalt-Alj 7,Sc 2N superlattices subjected to high temper-
ature annealing during which the metastable rocksalt phase
transformed to wurtzite. The films in the present study were
deposited at 750 °C. The films in the annealing study were
subjected to higher temperatures, between 950°C and
1050°C. Although we cannot rule out that some deposited
rocksalt-Alj g4Sco.16N transformed to the wurtzite phase dur-
ing subsequent deposition at 750°C, previous annealing
studies of similar films have shown no evidence of this phase
transition at temperatures this low.

In conclusion, we have investigated the microstructural
development in a model system for understanding the rock-
salt-to-wurtzite phase transformation. The ability to tune the
relative free energies of the rocksalt and wurtzite phases in
the Al Sc; 4N system by adjusting the AIN mole fraction
allows one to capture what is essentially a thin-film snapshot
of the transformation in progress. These data and mecha-
nisms are important in determining the full range of thin-film
growth conditions, thicknesses, and compositions that will
yield rocksalt films and metal/semiconductor superlattices of
high crystal quality and adequate thermal stability for device
applications. Furthermore, the crystallographic features of
the transformation from rocksalt to wurtzite phases in this
system are expected to carry over to other material systems
that exhibit both of these phases.

See the supplementary material for details about thin-
film growth method, X-ray diffraction, and HRTEM details.
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