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ABSTRACT

A major challenge for ferroelectric devices is the depolarization field, which competes with and often destroys long-range polar order in the
limit of ultrathin films. Recent theoretical predictions suggest a new class of materials, termed hyperferroelectics, that should be robust
against the depolarization field and enable ferroelectricity down to the monolayer limit. Here, the authors demonstrate the epitaxial growth
of hexagonal LiZnSb, one of the hyperferroelectric candidate materials, by molecular-beam epitaxy on GaSb (111)B substrates. Due to the
high volatility of all three atomic species, they find that LiZnSb can be grown in an adsorption-controlled window, using an excess zinc flux.
Within this window, the desired polar hexagonal phase is stabilized with respect to a competing cubic polymorph, as revealed by x-ray dif-
fraction and transmission electron microscopy measurements. First-principles calculations show that for moderate amounts of epitaxial
strain and moderate concentrations of Li vacancies, the cubic LiZnSb phase is lower in formation energy than the hexagonal phase, but only
by a few millielectronvolts per formula unit. Therefore, they suggest that kinetics plays a role in stabilizing the desired hexagonal phase at
low temperatures. Their results provide a path toward experimentally demonstrating ferroelectricity and hyperferroelectricity in a new class
of ternary intermetallic compounds.

Published under license by AVS. https://doi.org/10.1116/1.5145217

I. INTRODUCTION

To date, most studies of ferroelectric materials have concen-
trated on transition metal oxide systems such as PbTiO3 and
BaTiO3, which feature highly ionic interactions and large Born
effective charges. Unfortunately, most known ferroelectric thin
films cannot maintain the desired spontaneous electric polarization
with decreasing thickness.1,2 Termed “proper ferroelectics,” in these
materials, the loss of polarization results from a competing

depolarization field that grows in relative strength as the material
gets thinner. To overcome this challenge, recent first-principles cal-
culations predict a new family of ferroelectric materials: ABC
semiconductors, also known as hexagonal Heuslers.3 Unlike con-
ventional proper ferroelectrics, many of these materials are pre-
dicted to be “hyperferroelectric,” proper ferroelectrics that can
retain long-range polarization under large depolarization fields.4

Compared with most known ferroelectrics, the hexagonal Heusler
ferroelectric materials feature covalent bonding, smaller Born
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effective charge, and smaller bandgaps.4 Furthermore, while it is
difficult to integrate oxide ferroelectrics with commonly used semi-
conductors,5 these hexagonal half-Heusler compounds are readily
lattice matched to III-V semiconductors.6

Of the predicted compounds, hexagonal LiZnSb is one of the
more promising hyperferroelectric candidate materials. Density
functional theory calculations suggest that LiZnSb should have a
polarization of 0.56 C=m2, comparable to BaTiO3.

3,4 In this com-
pound, the ZnSb atoms form a hexagonal wurtzite structure and
the Li atoms stuff at the interstitials. A significant challenge,
however, is the existence of a competing nonpolar cubic polymorph
[Fig. 1(b)], which differs in formation energy from the desired hex-
agonal phase by only 30 meV per three-atom formula unit.7 As
such, the phase purity of LiZnSb is highly dependent on synthesis
route.7,8 Single crystalline hexagonal films, which are necessary for
devices, have not yet been demonstrated. Ferroelectric switching,
either in bulk or thin film form, has not yet been reported for any
of the ABC ferroelectric candidates.

Here, we use molecular-beam epitaxy (MBE) to demonstrate
the first growth of single crystalline, hexagonal LiZnSb thin films.
Based on the high volatility of all three elements in this com-
pound,9 especially Zn, we find a low temperature (� 175 �C), high
Zn flux regime in which the hexagonal polymorph is stabilized
over competing phases. We demonstrate the epitaxial growth of
LiZnSb films on GaSb (111)B with a sharp interface, as established
by x-ray diffraction (XRD), reflection high-energy electron

diffraction (RHEED), and scanning transmission electron micros-
copy (STEM).

II. METHODS

Epitaxial LiZnSb films were grown in a Veeco GEN 10 MBE
system using the PARADIM thin film synthesis facility at Cornell
University, an NSF-supported Materials Innovation Platform
(www.PARADIM.org). Samples have layer structure consisting of
100 nm Zn cap/20–30 nm LiZnSb/40–100 nm GaSb buffer/GaSb
(111)B substrate, corresponding to a 3.5% compressive lattice mis-
match. In this structure, the GaSb buffer layer serves to smoothen
out the surface before LiZnSb growth, and the Zn cap serves to
protect the LiZnSb from oxidation. Substrates were rinsed with iso-
propanol followed by de-ionized water and then blow dried with
nitrogen before being loaded into the MBE chamber. Following
thermal desorption of the native oxide under an Sb4 flux, a GaSb
buffer layer was grown at 490 �C, as measured by a thermocouple
calibrated to the oxide-desorption temperature of GaSb. For GaSb
growth, we use a Sb/Ga atomic flux ratio of 3 as measured by a
quartz crystal microbalance. Samples were then cooled under an
Sb4 flux to temperatures in the range of 100–350 �C, before initiat-
ing the LiZnSb growth.

For LiZnSb growth, we use standard low-temperature effusion
cells loaded with elemental Sb, elemental Zn, and an Li-Sn alloy
with a starting composition of about Li0:2Sn0:8. The Li-Sn alloy,
which consists of a mixture of Li2Sn5 and Sn, was used as an alter-
native to elemental Li due to its increased oxidation resistance. This
Li-Sn alloy is prepared in a glovebox, but once prepared, it can be
exposed to air, greatly simplifying source loading and MBE mainte-
nance. Since the vapor pressure of Li is more than 107 times larger
than the vapor pressure of Sn at the Li-Sn cell temperature of
500–670�C, we expect the Sn incorporation into our films to be
negligible.10 No Sn-related phases are detected by x-ray diffraction;
however, additional measurements of the film composition are
required to determine whether Sn incorporates at dopant-level con-
centrations. Note that LiSnSb is not a known phase reported in the
Inorganic Crystal Structure Database (ICSD).11 Due to the high rel-
ative volatility of Zn compared to Li and Sb,9 we use an excess
Zn/Sb atomic flux ratio of 5–25 and Li/Sb atomic flux ratios near 1.
These correspond to Zn fluxes of order 1014–1015 atom/cm2 s and
Li and Sb fluxes of order 1013 atom/cm2 s. In this regime, the
resulting film crystal structure is weakly dependent on relative Zn
overpressure, and depends more strongly on growth temperature
and Li/Sb flux ratio. After LiZnSb growth, samples were cooled to
room temperature under a Zn flux, in order to compensate for Zn
desorption. Below 50 �C, the excess Zn begins to stick and form a
cap. An epitaxial capping layer of Zn was deposited to protect the
sample upon removal from vacuum.

For TEM measurements, LiZnSb cross-section samples were
prepared with a focused ion beam (FIB), followed by final thinning
in a Fischione Model 1040 Nanomill using Arþ ions at 900 V.
Samples were stored in vacuum and cleaned in a GV10x DS Asher
cleaner run at a power of 20W for 10 min before being transferred
into the TEM column. A probe corrected Thermo Fisher Titan
STEM operated at 200 kV was used to analyze the sample. An elec-
tron probe with 24.5 mrad probe semiconvergence angle and

FIG. 1. Crystal structures of hexagonal and cubic LiZnSb. (a) Hexagonal
LiZnSb (LiGaGe-type structure), which consists of a wurtzite ZnSb sublattice
(yellow and blue atoms) that is stuffed with Li (red atoms). (b) Cubic LiZnSb
(half-Heusler structure), which consists of a zinc blende ZnSb sublattice that is
stuffed with Li. These two polymorphs are related by AB-AB (hexagonal) vs
ABC-ABC (cubic) stacking along the [0001]h k [111]c axes (labeled by arrows at
the left side). h and c denote cubic and hexagonal, respectively. (c) Top-down
view of a single monolayer in (0001)h k (111)c orientation. In this orientation, a
single monolayer of the cubic and hexagonal phases are indistinguishable.
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18.9 pA beam current was formed, achieving sub-Angstrom spatial
resolution. High angle annular dark field (HAADF) images were
recorded with a Fishione 3000 annular detector covering collection
angle ranging from 53.9 to 269.5 mrad.

We performed first-principles density functional theory (DFT)
calculations in the local density approximation using ABINIT.12 The
projector augmented wave method with JTHv1.0 pseudopoten-
tials13 containing 3 valence electrons for Li (1s22s12p0), 12 for Zn
(4s23d104p0), and 5 for Sb (5s25p3) was used. An energy cutoff of
680 eV was used for all calculations. The computed lattice constant
for the cubic structure, using a 10� 10� 10 Monkhorst–Pack
k-point mesh, is 6.14 Å, and the computed lattice constants for the
hexagonal structure, using a 16� 16� 12 mesh, are a ¼ 4:34 Å
and c ¼ 7:03 Å, in good agreement with previous literature
studies3,7,14 and experiments.7,8,14,15 The effects of epitaxial strain
in the (0001) plane were investigated through the strained bulk
approach, with a ranging from 4.08 to 4.60 Å, corresponding to 6%
compressive and tensile strains. We imposed the epitaxial con-
straint on the cubic structure by treating the cubic lattice as rhom-
bohedral (α ¼ 120 �), with a hexagonal supercell using a
16� 16� 8 k-point mesh. We computed the energy to remove one
Li atom from a 72 atom hexagonal supercell, with the supercells in

the cubic and hexagonal structures having almost identical shapes,
using a 8� 8� 4 k-point mesh.

III. RESULTS AND DISCUSSION

Figure 2 shows typical RHEED patterns following the growth
sequence. The GaSb buffer layer shows a sharp and streaky (8� 1)
pattern, indicative of smooth growth [Figs. 2(a) and 2(b)]. For the
LiZnSb layers [Figs. 2(c) and 2(d)], sharp and streaky (1� 1) pat-
terns are observed over a wide range of Li/Sb flux ratios (0.4–2)
and growth temperatures (125–350�C). For growth temperatures
above 225�C, even though the RHEED shows a sharp and streaky
(1� 1) pattern indicative of changes in surface termination, no
bulk reflections from Li-Zn-Sb phases are observed by postgrowth

FIG. 2. Reflection high-energy electron diffraction patterns at various stages for
Zn-capped LiZnSb films on GaSb (111)B. (a) and (b) GaSb buffer layer. (c) and
(d) LiZnSb after 30 min (24 nm) of growth at 190 �C with atomic flux ratios of
Li/Sb = 1.1 and Zn/Sb = 13. (e) and (f ) Epitaxial Zn cap. Left column: electron
beam oriented along [�110]c k [11�20]h. Right column: beam oriented along
[�1�12]c k [2�1�10]h.

FIG. 3. Distinguishing hexagonal from cubic LiZnSb by x-ray diffraction
(Cu Kα). (a) Out-of-plane θ–2θ scans for samples grown at two different tem-
peratures. The sample grown at Tgrowth ¼ 190 �C with Li/Sb = 1.1, Zn/Sb = 13.0
(red curve) shows a mixture of hexagonal 000lh and cubic lllc reflections. The
sample growth at a lower temperature of 150 �C with Li/Sb = 1.0, Zn/Sb = 5.0
(blue curve) shows only hexagonal 000lh reflections. The inset shows a zoom-in
near the 0002h reflection of the Tgrowth ¼ 150 �C sample. The Kiessig fringe
spacing corresponds to a thickness of 24 nm. (b) In-plane f scans of the
Tgrowth ¼ 190 �C mixed-phase sample. Both hexagonal 10�13h and cubic 220c
LiZnSb reflections are present. (c) In-plane f scans of the pure hexagonal
LiZnSb sample grown at Tgrowth ¼ 150 �C.
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x-ray diffraction, indicating minimal LiZnSb sticking on the surface
at elevated temperatures. By lowering the temperature below 225�C,
XRD signals from film reflections appear.

Figure 3(a) shows the XRD patterns (Cu Kα) for two samples,
one grown at 190 �C and the other grown at 150 �C. For the higher
temperature sample, two sets of reflections are observed, corre-
sponding to cubic lllc reflections and hexagonal 000lh reflections.
For the sample grown at lower temperature, only one set of reflec-
tions is observed. In the 190 �C sample, the lower angle reflections
(2θ ¼ 24:29� and 49:63�) correspond to an out-of-plane d?
spacing of 7.34 Å, and the higher angle reflections (2θ ¼ 24:93�

and 51:06�) correspond to d? ¼ 7:13 Å. In comparison, previous
measurements of bulk cubic LiZnSb report 2d111 ¼ a 2

ffiffi

3
p
3 ¼ 7:19 Å

[a ¼ 6:23 Å (Refs. 7 and 16)]. For bulk hexagonal LiZnSb, the
experimental lattice parameters range from c ¼ 7:15–7.24 Å
depending on Li stoichiometry8,14,15 and c ¼ 6:02 Å for 2D-ZnSb.8

Our measured values of d? fall within the range of these reports,
and, therefore, we cannot make an assignment of cubic versus hex-
agonal reflections from the magnitudes of d? alone.

To distinguish cubic from hexagonal LiZnSb, we perform
in-plane f scans [Figs. 3(b) and 3(c)]. For the higher growth temper-
ature sample, we observe both the cubic 220c and hexagonal 10�13h
LiZnSb reflections, while for the lower temperature sample, we
observe only the hexagonal 10�13h. From these measurements, we
determine that the lower angle reflections correspond to the hexago-
nal phase with c ¼ 7:34 Å, while the higher angle reflections corre-
spond to the cubic phase with 2d?,111 ¼ 7:13 Å. Projecting the
measured 10�13h and 220c reflections to the growth plane, we find
in-plane lattice parameters of a ¼ 4:43 Å for hexagonal and
dk,110 ¼ 4:39 Å for cubic, respectively. These measurements are in
good agreement with previous measurements on bulk samples, which
report a ¼ 4:43 Å for hexagonal7,8,14 and d110 ¼ a

ffiffiffi

2
p ¼ 4:41 Å for

cubic.7,16 For the single-phase hexagonal film grown at 150 �C, we
also observe finite thickness fringes in the 2θ scan [Fig. 3(a), inset],
indicative of sharp interfaces between the film and the substrate.
These results suggest that lowering the growth temperature produces
phase-pure hexagonal LiZnSb films, while higher temperature growth
results in a mixture of cubic and hexagonal polymorphs.

Our assignment of cubic and hexagonal LiZnSb is corrobo-
rated by cross-sectional STEM. For the higher temperature sample
[Fig. 4(a)], we observe regions of both ABC–ABC and AB–AB
stackings along the growth direction, corresponding to cubic and
hexagonal phases, respectively. In contrast, for the low tempera-
ture sample, we observe only the hexagonal phase with AB–AB
stacking [Fig. 4(b)]. In these z-contrast images, columns of heavy
Sb atoms appear with the brightest contrast, columns of lighter
Zn atoms appear with dimmer contrast, and columns of Li atoms
are not detectable due to their small atomic mass. High resolution
images of the hexagonal regions (Fig. 4, middle) reveal the
expected polar hexagonal P63mc structure, with buckled ZnSb
layers in which the Sb atoms are displaced down toward the sub-
strate, and the Zn atoms are displaced up toward the growth
surface. STEM of this phase-pure hexagonal sample also shows a
sharp interface between the hexagonal LiZnSb film and the cubic
GaSb (111)B substrate, consistent with the sharp Kiessig fringes
observed by XRD.

A previous study reports the synthesis of an alternative hexag-
onal phase, LiZn2Sb2 (P�3m1, nonpolar) phase,16 whose a and c
lattice parameters are within � 3% of the desired LiZnSb (P63mc,
polar). While we do not yet have a direct measurement of the Li
stoichiometry, we rule out this LiZn2Sb2 phase for two reasons.
First, while only the even indexed (000l) reflections are allowed for
LiZnSb (l ¼ 2, 4, 6, . . .), the odd indexed reflections are also
allowed for LiZn2Sb2. In our out-of-plane θ–2θ x-ray diffraction

FIG. 4. Cross-sectional STEM along a hexagonal [11�20] zone axis. The growth direction points upwards. (a) Mixed-phase sample. In the STEM image on the left side,
distinct layers with the hexagonal structure and the cubic structure are observed. Red lines denote the interfaces between the hexagonal and cubic regions. Arrows denote
stacking faults. On the right side, magnified STEM images of the cubic structure and the hexagonal structure are displayed. (b) STEM image of a phase-pure hexagonal
LiZnSb sample at the interface between the GaSb substrate and hexagonal LiZnSb. The inset is a high resolution STEM image of the hexagonal phase. Due to the light
mass of Li atoms, they cannot be detected by STEM, so we can only see Zn and Sb atoms. The schematic crystal structures are placed on top of the STEM images and
the color coding is as follows: red spheres are Li, yellow spheres are Zn, and blue spheres are Sb.
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measurements (Fig. 3), we do not observe these odd reflections.
Second, STEM measurements of our hexagonal films show polar
buckling of the ZnSb planes, in which columns of Sb atoms are dis-
placed down and columns of Zn atoms are displaced up. In con-
trast, the LiZn2Sb2 phase is inversion symmetric.

The phase diagram for MBE growth is summarized in
Fig. 5(a). For a finite region centered near an Li/Sb flux ratio of 1,
we find that decreasing the substrate temperature below 175 �C
favors the formation of pure-phase hexagonal films [Fig. 5(b)]. For
fixed growth temperatures below 175 �C, increasing the Li/Sb flux
ratio beyond 1 leads to the formation of Li2ZnSb with the cubic full
Heusler structure [Fig. 5(c)]. For growth at moderate temperatures
of 200–225 �C, decreasing the Li/Sb flux ratio of 0.8 leads to the
formation of hexagonal ZnSb [Fig. 5(d)], the same phase found by
Li deintercalation of hexagonal LiZnSb.8

This result is somewhat surprising in light of our DFT calcula-
tions for bulk LiZnSb, which show that the cubic phase has lower
energy than the hexagonal phase by about 35 meV per formula
unit, comparable to the previously reported value of 30 meV,7 and
hence, cubic is the expected stable phase. The results are similar
using both local density approximation and generalized gradient
approximation functionals.16 Note, however, that 30–35 meV per
formula unit is similar in magnitude to the thermal energy,
kBT ¼ 40 meV, at a growth temperature of 200 �C. Therefore, we
do not expect a strong thermodynamic driving force to prefer one
phase over the other. Although a mixture of hexagonal and cubic
polymorphs is seen at higher growth temperatures, at low tempera-
ture only the hexagonal polymorph is seen.

The formation of the higher-energy hexagonal phase does not
appear to be related to epitaxial strain stabilization. In-plane lattice
parameters of our MBE grown films appear to be relaxed from
that of the GaSb substrate (a ¼ 4:43 Å for hexagonal LiZnSb,
dk,110 ¼ 4:39 Å for cubic LiZnSb, and dk,110 ¼ 4:31 Å for the GaSb
substrate). Furthermore, our DFT calculations for the
cubic-hexagonal energy difference for epitaxially strained films as a
function of strain show that the energy difference of 35 meV per
formula unit is quite insensitive to strain in the range from �6%
to þ6%.

Finally, we checked the effects of Li stoichiometry on the
cubic-hexagonal energy difference. Previous Li deintercalation
studies of LiZnSb suggest that LiZnSb is stable over a range of Li
composition,8 ranging from stoichiometric LiZnSb to the layered
2D polymorph of ZnSb. First-principles calculations for a 72 atom
supercell show that the energy change on removal of one of the 24
Li atoms is 60 meV lower in the hexagonal phase than in the cubic
phase; this is much smaller than the supercell hexagonal-cubic
energy difference of 720 meV. Simple extrapolation to higher Li
vacancy concentrations suggests that an unrealistically high concen-
tration of about 50% would be needed to stabilize the hexagonal
phase. Our experimental lattice parameter of c ¼ 7:34 Å is much
closer to that of nominally stoichiometric bulk LiZnSb (c ¼ 7:24 Å)
than to that of 2D ZnSb (c ¼ 6:02 Å). Therefore, it is unlikely that
Li vacancies are responsible for stabilizing the hexagonal phase.

Given the very small difference in formation energies for cubic
and hexagonal compared to kBT , and relative insensitivity to strain
and Li stoichiometry, the most likely reason for stabilizing the hex-
agonal phase at low temperature is kinetics. In support of this idea,

FIG. 5. (a) Diagram showing what phases form in thin films grown on GaSb
(111)B at different growth temperatures and Li/Sb flux ratios. “c” and “h” repre-
sent the cubic and hexagonal LiZnSb, respectively. (b) θ–2θ scans around the
GaSb 222 reflection of 20–30-nm thick films grown at a fixed Li/Sb flux ratio in
the range of 1.03 to 1.07, with varying growth temperatures. The corresponding
cut through the growth parameter diagram is denoted by a dashed line in (a).
(c) θ–2θ scans near the GaSb 222 reflection for samples grown at a fixed tem-
perature (167+ 7 �C), with varying Li/Sb flux ratios. (d) θ–2θ scans near the
GaSb 222 reflection for ZnSb samples grown at a fixed temperature
(212+ 12 �C), for varying Li/Sb flux ratios.
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we find that after extended exposure to the 200 keV electron beam
during TEM measurements, the relative volume fraction of cubic to
hexagonal phase increases. Recent wet synthesis of LiZnSb also sug-
gests that kinetics plays a strong role, as the hexagonal phase is
favored at lower temperatures and shorter times, while the cubic
phase is favored at higher temperatures and longer times.16 Note,
however, that the kinetic pathway for a wet synthesis is very differ-
ent than epitaxy from vapor during MBE growth. Although they
are often small, finite temperature effects or changes in the Zn
chemical potential may modify the true formation energies suffi-
ciently to change phase selection in this case.

IV. CONCLUSION

In this paper, we present the first epitaxial growth of LiZnSb
thin films and showed a wide adsorption-controlled growth
window in which the hexagonal phase is stabilized with MBE. This
study of the MBE growth of LiZnSb provides solutions to the obsta-
cles in growing single crystalline epitaxial films of ABC hyperferro-
electric candidates,3,4 which are composed entirely of elements with
relatively high vapor pressures. Additional measurements of electric
field-induced switching and measurements of phonon modes are
required to determine whether LiZnSb is a hyperferroelectric.
When combined with metallic ABC films, e.g., LaPtSb and
LaAuSb,17,18 the family of hexagonal Heuslers provides a platform
for all-epitaxial ferroelectric and polar metal heterostructures.
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