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ABSTRACT

Material properties of Ga–Sb binary alloy thin films deposited under ultra-high vacuum conditions were studied for analog phase change
memory (PCM) applications. Crystallization of this alloy was shown to occur in the temperature range of 180–264 °C, with activation
energy >2.5 eV depending on the composition. X-ray diffraction (XRD) studies showed phase separation upon crystallization into two
phases, Ga-doped A7 antimony and cubic zinc-blende GaSb. Synchrotron in situ XRD analysis revealed that crystallization into the A7
phase is accompanied by Ga out-diffusion from the grains. X-ray absorption fine structure studies of the local structure of these alloys dem-
onstrated a bond length decrease with a stable coordination number of 4 upon amorphous-to-crystalline phase transformation. Mushroom
cell structures built with Ga–Sb alloys on ø110 nm TiN heater show a phase change material resistance switching behavior with resistance
ratio >100 under electrical pulse measurements. TEM and Energy Dispersive Spectroscopy (EDS) studies of the Ga–Sb cells after ∼100
switching cycles revealed that partial SET or intermediate resistance states are attained by the variation of the grain size of the material as
well as the Ga content in the A7 phase. A mechanism for a reversible composition control is proposed for analog cell performance. These
results indicate that Te-free Ga–Sb binary alloys are potential candidates for analog PCM applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096022

I. INTRODUCTION

Phase change memory (PCM) alloys have shown great promise
for non-volatile memory and data storage devices due to their fast
switching, high endurance, and excellent scaling properties.1–4

Currently, Ge2Sb2Te5 (GST) has been the primary material of PCM
technology with applications ranging from optical and electronic
storage devices and embedded memory applications as well as neuro-
morphic applications.5–8 However, the presence of volatile Te and ele-
mental redistribution during programming in these intermetallic
alloys can cause poor thermal stability and data retention.9–11 It has
been shown that tellurium-poor Ge–Sb–Te compounds show
enhanced data retention and increase in activation energy of

crystallization and, therefore, leading to an interest in Te-free cells.12

To avoid compositional changes during programming a simplest
material, a single element Sb has also been demonstrated as a phase
change material through ultrafast cooling from the melt.13 The recent
emphasis of PCM technology development is on improving variabil-
ity and stability, reducing power consumption, and controllable mul-
tilevel storage for analog memory. Te-free binary alloys of Sb-rich
materials with group III and IV elements have been studied and have
shown faster crystallization and improved stability as compared to
GST.14–19 Moreover, PCM materials typically demonstrate 5%–6%
mass density change upon phase transformation, which can cause
void formation in the PCM cell leading to device failure.14,20,21
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Remarkably, Ga0.3Sb0.7 alloy was reported to have zero density
change, thus potentially improving cell stability.14 Additionally,
Ge-, Al-, and Ga-doped Sb-based alloys have demonstrated high
archival lifetime and amorphous phase stability.14,22,23 Ga–Sb along
with Al–Sb, which has also demonstrated high-resistance con-
trast,23 can be combined to form alternating stacked nanolayers to
form phase change heterostructure (PCH) that in some cases can
demonstrate lower noise and drift to allow for reliable switching
operations.24 Therefore, this work focuses on studying the electrical
and structural properties of amorphous and crystalline phases of
Ga–Sb-based alloys with different Ga compositions for their poten-
tial in multilevel and analog memory devices.

II. MATERIALS AND METHODS

For bulk material studies, Ga–Sb amorphous layers were
deposited in a molecular beam epitaxy (MBE) reactor under an
ultra-high vacuum of ∼7 × 10−11 Torr at 20 °C on Si substrates with
1 μm thick thermally grown SiO2. The film compositions were con-
firmed by in situ Auger electron spectroscopy. These films were
further capped in situ with a 20 nm of Al2O3 to prevent oxidation
of the alloys. Ga–Sb layers of different thicknesses and composi-
tions were deposited at room temperature in order to prevent possi-
ble composition variations. PCM mushroom cells with patterned
ø110 nm TiN bottom electrode heaters in a SiN dielectric layer
were fabricated on templates prepared in a Si foundry. For mush-
room cell devices, a 30–50 nm TaN top electrode layer was depos-
ited on the blanket PCM using in situ magnetron sputtering in a
separate chamber connected to the MBE reactor. PCM cells were
completed with optical lithography and dry/wet etching to pattern
the top contact pads and PCM layers to separate individual cells.

The change in resistance as a function of temperature at a cons-
tant heating rate was measured with a two-point probe setup on a hot
plate in air. Resistivity values were further obtained via a Van der
Pauw geometry to measure sheet resistivity of the PCM. The crystalli-
zation temperature and activation energy were determined from the
sheet resistance vs temperature curves. The same setup was used to
evaluate resistance change with time at a fixed temperature for obtain-
ing data retention. In situ synchrotron XRD data at Canadian Light
Source and ex situ XRD methods were used to study the nucleation
and crystallization behavior of the Ga–Sb alloys. That study provided
data on the crystal phases as well as their relative fraction in the films.
X-ray absorption fine structure (XAFS) spectroscopy at the Ga K-edge
at the QAS beamline of National Synchrotron Light Source—II at
Brookhaven National Laboratory was used to study the atomic
arrangement changes upon amorphous-to-crystalline transformation.
Transmission electron microscopy (TEM) provided quantitative infor-
mation on the grain size, crystallization behavior, and redistribution of
elements. Electrical performance of the PCM cells was analyzed with
electrical pulse and DC measurements, which provided the RESET/
SET resistance ratio and programming performance of the cells for
analog resistive memory applications.

III. RESULTS

A. Thermo-electrical analysis

Figure 1(a) shows sheet resistivity as a function of temperature
for 160 nm thick Ga–Sb films with different compositions. The

as-deposited samples were amorphous, consistent with the high
resistivity of the films. The initial room temperature resistivity of
amorphous films increased with a higher Ga fraction; upon anneal-
ing the resistance of all Ga–Sb films decreased with a sharp drop at
the crystallization temperature (TC) corresponding to amorphous
to crystalline phase transformation. Additionally, the samples
with 20%–40% Ga show an increase in resistance with tempera-
tures beyond TC, potentially due to a highly doped degenerate
GaSb phase. Alloying Ga with Sb increases both the amorphous
and crystalline state resistances as shown in Fig. 1(b). Activation
energies of amorphous phase conductivity (Eσ) extracted from the
R-T data demonstrate an increase of Eσ at higher Ga concentra-
tion [Fig. 1(c)], which is likely due to mobility gap modulation
with doping.25 The observed reduction of the resistivity in the
Sb-rich amorphous samples is likely related to the presence of
more metallic Sb contributing to the properties of relatively resis-
tive amorphous Ga0.5Sb0.5 with a specific resistivity of 20–
100Ω cm.26 In the crystallized state, resistivity is due to metallic
Sb and is still low in Ga-rich alloy because crystalline semicon-
ducting GaSb is typically of p-type due to Fermi level pinning on
defects and interfaces.27

Sheet resistivity measurements as shown in Fig. 1(a) were
obtained for different heating rates, and corresponding crystalli-
zation temperatures were calculated for different compositions.
The dependence of crystallization temperature TC as a function
of Ga content at various heating rates along with similarly pro-
cessed GST PCM alloy for comparison is shown in Fig. 1(d).
The TC increases with increasing Ga concentration reaching a
maximum value of 264 °C for 30% of Ga followed by a fast drop
in TC at higher Ga contents possibly corresponding to the crys-
tallization of GaSb phase as shown later. The composition
dependent TC for Ga–Sb films up to 40% of Ga concentration is
higher than that of GST (173–188 °C) and is expected to result
in better thermal stability for Ga–Sb-based PCM devices. Higher
Tc can also lead to higher SET state current causing higher
power consumption. Measured TC values increased at higher
heating rates and this dependence was used to calculate the acti-
vation energy of crystallization using the Kissinger method.28

The activation energies shown in Fig. 1(e) for Ga–Sb ranged
from 0.9 to 2.5 eV with reduced values exhibited in alloys with
Ga contents above 30 at. %. The extrapolated failure times for
these Ga–Sb films show improved data retention over GST as
depicted in Fig. 1(f ). Sb as a monoatomic phase change material
fabricated into nanometric dimensions to dissipate the heat from
a small volume of molten Sb has also been shown to demon-
strate about 2.5 orders of magnitude resistance change upon
rapid cooling of the molten Sb state.13 Further confinement of
the Sb also demonstrated improved robustness against crystalli-
zation.13 Modification by alloying has also been proven to be an
effective approach in enhancing PCM performance.29 Alloying
of GeTe and GST as well as Te-free phase change material has
demonstrated significantly higher crystallization temperature
(186–237 °C) and activation energy as high as 4.5 eV.29 This
work based on simple binary Ga–Sb alloy provides the data on
the effect of composition change on the properties of PCM
material to demonstrate widely controllable crystallization tem-
perature and activation energies.
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B. Crystallization of Ga–Sb alloys

Figure 2(a) shows the grazing angle x-ray diffraction (XRD)
patterns of Ga–Sb alloy films with different compositions capped
with 10 nm thick Al2O3 layers, annealed on a hot plate in air at
300 °C with a heating rate of 20 °C/min and then cooled down to
room temperature. The as-deposited films were amorphous with no
distinct diffraction peaks (not shown here) and the annealed films
indicate crystallization into two phases that coexist, a rhombohedral
A7 antimony phase30 and a cubic zinc-blende (ZB) GaSb phase as
observed previously.25,31–33 Simulated diffraction patterns of these
two phases are also shown in Fig. 2(a) for reference. The fraction of
GaSb cubic phase naturally increases at a higher Ga fraction as indi-
cated by the growth of zinc-blende diffraction peak intensities and
diminishing of peaks corresponding to the A7 phase. To quantify
the relative volumes of two phases in the films, areas under the (111)
GaSb and (012) A7 Sb peaks were calculated from the diffraction
data under assumptions that the material is entirely crystallized,
GaSb grains are stoichiometric, and the excess Ga is dissolved in the
A7 phase and plotted in Fig. 2(b). To improve the accuracy of these
calculations the weaker overlapping peaks (101) A7 and (002) ZB,
respectively, were also taken into account. These fraction volumes
were then compared with the estimated ones obtained under the

same assumptions with various Ga dissolved levels. This comparison
[Fig. 2(b)] implies that the A7 grains can contain up to about 10% of
Ga. An evident deviation of the data points from the model curves at
high Ga content is likely related to distortions of the A7 phase due
to alloying and reduction of diffraction intensities with respect to the
calculated ones that assumed perfect A7 crystal structure. The 10%
of Ga in the A7 grains is much higher than the equilibrium solubility
of Ga in Sb, which is much less than 1% even at the melting tem-
perature.32 This high fraction of Ga implies that there is a strong
non-equilibrium state of the Ga–Sb alloy in the low-resistance
crystalline state.

In situ XRD analysis was carried out during annealing
of as-grown amorphous Ga–Sb alloys with the synchrotron
light source to further understand their crystallization behavior.
Figures 3(a)–3(c) confirm the co-existence of the two phases, A7
Sb and ZB GaSb. The diffraction peaks sharpen with annealing
after nucleation as grains grow in size as shown in Fig. 4(a).
The evolution of grain sizes of A7 and cubic ZB phases during the
in situ annealing were obtained using the Scherrer method from
(012)A7 and (111)ZB peak widths, respectively. The arrows indicate
temperatures of crystallization of two phases for the resistance
drop for two samples at approximately the same heating rate of

FIG. 1. (a) Sheet resistivity as a function of the temperature of as-grown amorphous Ga–Sb alloy films with various Ga fractions for a heating rate of 5 °C/min. (b) Room
temperature sheet resistivity of as-grown amorphous and crystalized 160 nm thick Ga–Sb films with different compositions. (c) Arrhenius plots of conductivity in amorphous
state extracted from (a) showing a gradual increase in activation energy (Eσ) with Ga concentration. (d) Crystallization temperature dependence on Ga content at various
heating rates. TC of similarly processed GST PCM alloy is shown for comparison. (e) The Kissinger plots (temperature in K, time in seconds) showing the variation of TC
with heating rate; slopes provide crystallization activation (Ea) plotted in the inset. (f ) Arrhenius extrapolation at a ten year data retention.
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∼50 K/min [Fig. 1(d)]. The transition temperature of the Ga0.1Sb0.9
alloy coincides with the nucleation of the A7 phase. Therefore, the
PCM low-resistance state is related to the crystallization of the A7
phase, where the grains nucleate and remain below about 14 nm in
size in the interval of 200–300 °C [Fig. 4(a)].

Sb-rich films with Ga content below 30% demonstrate crystal-
lization of the A7 Sb phase before the GaSb phase while in the
Ga0.3Sb0.7 alloy, both phases crystalize at the same temperature
[Fig. 3(b)]. Further increase of the Ga content results in reversing
the sequence of phase crystallization; the Ga0.5Sb0.5 sample has
noticeable broad peaks at as low as 100 °C, and gradual grain
growth [Fig. 4(a)] with grain sizes remaining very small (<10 nm)
up to 300 °C when grains of the A7 phase first appear. It should be
noted that this gradual growth beginning at lower temperatures is
mirrored in the resistance-temperature curves of the Ga0.45Sb0.55

sample, which also appears to gradually decrease in contrast to the
Sb-rich samples with sharp transitions [Fig. 1(a)]. Figure 4(d) dem-
onstrates that the resistance drop in the Ga–Sb PCMs can be
caused by crystallization of either the A7 or ZB phase, whichever
occurs first at various amorphous alloy compositions but the ZB
phase grows significantly slower and results in slower R(T)
transition.

There is also a visible change in the interplanar spacing, par-
ticularly in the (110) and (202) planes shown in Fig. 3(a) for
Ga0.1Sb0.9. These distortions were used to calculate the unit cell
volume change upon annealing [Fig. 4(b)]. The solid curves
present the unit volumes change due to thermal expansion and
were obtained from the same in situ XRD runs while cooling down
the samples. The measured thermal expansion coefficient for the
ZB phase is 7.3 × 10−6 K−1 and is significantly anisotropic for the

FIG. 2. (a) Grazing angle XRD patterns of Ga–Sb films with variable Ga concentration annealed at 300 °C. Two simulated patterns are shown for the Sb A7 phase
(bottom) and the zinc-blende GaSb phase (top). (b) Volume ratios of the zinc-blende GaSb phase calculated from the XRD patterns. Lines present the expected GaSb
volumes when the solubility of Ga in the A7 Sb phase is 0, 5, 10, and 15 at. %.

FIG. 3. In situ x-ray synchrotron diffraction pattern evolution [(a)–(c)] with annealing of as-grown amorphous alloys at 40 °C/min rate of Ga0.1Sb0.9, Ga0.3Sb0.7, and
Ga0.5Sb0.5 compositions. Arrows mark the appearance of XRD reflections of two crystal phases: A7 (Sb-like) and cubic zinc-blende (ZB) GaSb.
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A7 phase: (6.3 ± 1.0) × 10−6 and (15.8 ± 1.8) × 10−6 K−1 for hexago-
nal a and c axes, respectively.

The unit cell volume change of the A7 phase shows two dis-
tinct intervals, most noticeably in the samples with 10 and 15 at. %
Ga. The initial interval between 200 and 300 °C reveals a very
strong unit volume expansion of over 2%. This change coincides
with the region of stable grain size in Fig. 4(a) ruling out size- and
strain-related effects. The curves in Figs. 4(a) and 4(b) show differ-
ent starting temperatures corresponding to the nucleation points
for different compositions. Moreover, the unit cell volume of the
A7 phase depends also on the alloy composition. Figure 4(c) shows
the cell volume reduction at higher Ga concentration when all the
phases are crystallized into large 20–40 nm grains. Thus, the most
likely reason for the unit volume expansion of the A7 Sb phase
with temperature [Fig. 4(a)] is the change in the chemical composi-
tion of the A7 grains, namely, an increase in Ga concentration,
which will be further discussed in Secs. III C–III E.

Figure 4(e) shows x-ray diffraction of the alloy upon relatively
fast cooling down ∼9 K/s from about 700 °C. The melting point of
GaSb is 712 °C, and the ZB grains stay crystallized in the tempera-
ture interval shown. As the pure Sb melting point is 631 °C, the

observed crystallization of the A7 phase at about 585 °C in both
Ga 10% (not shown) and 30% samples is likely due to
Ga-oversaturation in the A7 phase. The wide interval (over 100 °C)
between melting/crystallization temperatures of the two phases may
provide the medium where the PCM transitions occur by change
the state of just the Sb-rich low-melting point phase keeping the
ZB phase crystalline at all times. Confining the Sb domains with
zinc-blende GaSb would limit carrier mobility and increase
resistance.

C. Amorphous structure and bonding transformation

XAFS spectroscopy at National Synchrotron Light Source at
Brookhaven National Laboratory was employed to investigate the
local structure and bonding changes upon phase transformation
from amorphous to crystalline Ga–Sb alloys with different compo-
sitions. Figure 5(a) shows the sheet resistivity vs temperature curves
for 160 nm thick as-deposited amorphous films. The symbols on
the curves represent the resistivity and annealed temperature points
of five samples of each composition studied by XAFS at room tem-
perature. The samples were annealed to different temperatures and

FIG. 4. Synchrotron in situ XRD results: (a) crystal size evolution with temperature from XRD reflection broadening using the Scherrer method: (012) for A7 and (111) for
cubic GaSb phase. (b) Unit cell volume change upon annealing for different Ga concentrations as well as volume change due to thermal expansion obtained from the
cooling-down curves. (c) Unit cell volume of the A7 phase at 400 °C obtained from the crystallization curves for (102) and (104) reflections. (d) Crystallization temperatures
of two phases extracted from in situ XRD and from resistance vs temperature 50 °C/min heating rate. (e) In situ x-ray synchrotron diffraction pattern evolution of Ga0.3Sb0.7
upon cooling down from 700 °C showing crystalline ZB phase and crystallization of A7 phase at 585 °C.
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then cooled down to room temperature. Figures 5(b) and 5(c)
compare x-ray absorption near edge structure (XANES) of the
three alloys annealed at below and above the crystallization temper-
atures. The spectra demonstrate a clear difference between the
amorphous and crystal phases, the latter featuring oscillations of
the absorption coefficient in the extended energy range due to
medium range order

The extended XAFS (EXAFS) at the Ga K-edge was quantita-
tively analyzed using ARTEMIS software,34,35 and the results are
summarized in Fig. 6. The fitting model included only Ga–Sb
bonds, sufficient for a good fit; Ga–Ga pairs could only be found in
the Ga0.3Sb0.7 amorphous sample, but with a coordination number
as low as 0.3. Homopolar Ga–Ga bonds were previously found in
amorphous Ga0.5Sb0.5 alloys36 that further assume the chemical
ordering of bonds.

Ga–Sb bond length [Fig. 6(a)] decreases upon amorphous-
to-crystalline phase transformation quite similarly for all the
samples. The radial distance is reduced by as much as 1.9% in the
Ga0.1Sb0.9 alloy and about 1% in two other films reaching 2.64 Å in
the annealed samples, which correspond to the length of sp3 bonds
in ZB GaSb. Furthermore, the coordination number is close to 4 in
all the samples and does not change with annealing keeping the

local atomic arrangement of Ga atoms tetrahedral [Fig. 6(b)].
The fourfold coordination number of Ga in Ga–Sb alloys was pre-
viously reported,33,36–38 though threefold coordination of Ga in
as-deposited amorphous Ga0.16Sb0.84 alloy was also observed.39

In this work, however, both 10% and 30% Ga samples exhibit clear
fourfold tetrahedral bonding of Ga.

The A7 phase is a slightly deformed rhombohedral primitive
cubic structure where hexagonal atomic layers are grouped in pairs
[Fig. 6(c)]. This results in threefold bonding of Sb atoms with a
bond length of about 2.9 Å and significantly longer bonds of 3.3 Å
to other three atoms of the parent primitive cubic lattice. This
arrangement is somewhat like the ZB structure where hexagonal
double layers consist of alternating Ga and Sb planes. The individ-
ual hexagonal planes are almost the same in both structures with
an atomic spacing of about 4.3 Å between the atoms within the
plane. Therefore, Ga impurity with tetrahedral bonding will substi-
tute the Sb atom in the A7 phase keeping three bonds almost intact
and rearranging other three weakly bonded Sb atoms to form the
sp3 motif.

Due to different packing of the bilayers as demonstrated in
Fig. 6(c), the atomic density of the ZB GaSb phase is 4.5%
higher than the A7 Sb phase with a volume per atom of 28.6 vs

FIG. 5. (a) Ga–Sb crystallization curves for three Ga–Sb films with variable Ga concentration. The symbols show the resistivity of Ga–Sb samples used for XAS studies.
(b) and (c) XANES regions of the three films annealed (b) below transition corresponding to the left-most points on each curve in (a) and (c) annealed at 300 °C.
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30.0 Å3/atom, respectively. Hence, Ga tetrahedrally bonded with Sb
defects will likely reduce the average unit cell volume of the A7
phase when it crystallizes with high oversaturation with Ga impuri-
ties. As shown above in Figs. 4(a) and 4(b), crystallization of the
A7 phase has an interval with strong expansion of the unit cell
volume without the growth of the crystalline grains, which now can
be explained by homogenization of the A7 grains with the expul-
sion of excess Ga toward the boundaries with amorphous phase.

It is also important to mention another quite obvious conclu-
sion from this discussion. As shown in Ref. 14, the change in an
average density of material upon crystallization alters from an
increase in Sb-rich alloys to zero in Ga0.3Sb0.7 and further to a
decrease of the density in the crystalline phase. Thus, the atomic
density of the amorphous phase is increasing with Ga alloying
stronger than its A7 crystalline counterpart in Fig. 4(c). This corre-
sponds to significantly less than average Ga content in the A7

phase due to the formation of the cubic GaSb grains with even
high atomic density. As a result, at 30% average Ga content, the
amorphous phase density equalizes the average density of the A7
and ZB phases weighted by their relative volumes. In other words,
the zero density change upon crystallization is due to Ga migration
from crystallizing A7 phase to the ZB GaSb grains.

D. Electrical analysis Ga–Sb PCM cells

To evaluate reversible switching of Ga–Sb alloys, Ga–Sb films
of different compositions were deposited onto Si foundry-prepared
templates containing ø110 nm TiN heaters. A mushroom-type
device with Ga–Sb PCM layer and in situ deposited TaN top metal
contact is shown in Fig. 7(a). Figures 7(b) and 7(c) demonstrate
reversible switching of Ga0.2Sb0.8 and Ga0.4Sb0.6 cells between the
low-resistance SET and high-resistance RESET states. Higher Ga

FIG. 6. (a) Ga–Sb distance R(Ga–Sb) as a function of annealing temperature for samples shown in Fig. 4(a). The graph shows Ga–Sb distances close to tetrahedral sp3

at 2.64 Å. (b) Coordination number of Ga–Sb as a function of annealing temperature for various Ga fractions. (c) Atomic arrangement in rhombohedral Sb A7 phase and
tetrahedral bonding in cubic GaSb ZB phase. Both structures are aligned with a vertical hexagonal c axis. Bonds of single atoms are shown; for the A7 phase, the threefold
coordination consists of three shorter bonds while three longer bonds marked are dashed.

FIG. 7. (a) Bright filed TEM of PCM cell device with ∼16 nm Ga0.2Sb0.8 PCM film. (b) and (c) Reversible switching characteristic of Ga0.2Sb0.8 and Ga0.4Sb0.6, respectively,
rising and trailing slopes were 10 ns for SET and 5 ns for RESET pulses.
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content leads to larger resistance contrast and also requires more
energy as shown by the longer pulse duration for Ga0.4Sb0.6 cell to
obtain a maximum dynamic range of resistance. It also shows the
resistance contrast of about 500 as compared to ∼100 for Ga–Sb
alloys with lower Ga content as well as similar to the previously
reported performance of Ga–Sb, GST, and other Te-free
PCM.39,43–46

R–V programming curves of a 16 nm thick Ga0.4Sb0.6 mush-
room device deposited in the amorphous state for fixed pulse
widths are shown in Fig. 8(a). Each point in the graphs was
obtained with prior initialization with RESET pulse at 5 V, 50 ns
width. The low-resistance SET programming state appears with the
increase of pulse amplitude over about 1 V for different pulse
widths. The device does not reach a complete crystalline low-
resistance state for shorter pulses. Longer pulses of 1 μs are needed
for complete SET with a pulse voltage of ∼3.5–4 V. The 1 μs pulse
width to obtain a full dynamic resistance range is longer than the
∼50–200 ns widths to switch GST and other Te-free PCM, which
could be due to lower thickness resulting in faster thermal
relaxation.43–46 The switching voltages for the SET state are within
the range of 1–3 V of previously studied PCM.43–46 An endurance
test is illustrated in Fig. 8(b) for 106 cycles with relatively high
pulse energy and shows small degradation of the amorphous phase
resistance. The current measurement setup limits the endurance
test to 106 cycles; nevertheless, the device stability at higher pulse
energy for 106 cycles is still promising. Higher applied energies
were found to result in the growth of large ZB GaSb grains through
the thickness of the PCM film and failing in the low-resistance
state. This failure mode is quite distinctive for the two-phase crystal
structure and should be further studied.

The resistance drift [Fig. 8(c)] for Ga0.4Sb0.6 was tested for
different programmed states prepared from RESET states as in
Fig. 8(a) after 106 reversible cycles. The resistance drift plots were
fitted with the power law equation: R ¼ Ro*tv to obtain the drift
coefficient ν. Ga0.2Sb0.8 and Ga0.3Sb0.7 showed similar resistance
drift coefficients (not shown here). As GST PCM cells typically

show a power law exponent between ν = 0.04 and 0.1,40–42 the
obtained values from Ga0.4Sb0.6, alloy are comparable to GST and
show a great promise for programming multiple resistance states.
In fact, the drift ν-values from Fig. 8(c) allow for discrete program-
ming of 18 states for a data retention time of 107 s at room
temperature.

Ga–Sb-based alloys as compared to GST and Te-free PCM
demonstrate similar or improved resistance contrast as well as
improved drift and endurance up to 106 cycles even programming
the devices with higher switching energies.43–46 High-resistance
contrast, low-resistance drift coefficients, and high endurance of
these alloys provide a potential of engineering Ga–Sb alloy-based
cells for multilevel memory devices.

E. Microstructure and chemical changes after
reversible switching

Multiple PCM cell cycling likely causes the modification of
the microstructure of the PCM alloy, particularly in the current
case with phase separation following a very simple equilibrium
phase diagram of this binary alloy, containing just three phases:
rhombohedral Sb (A7), cubic GaSb (ZB), and orthorhombic metal-
lic Ga, all with negligible mutual solid solubilities.47

Figure 9 presents the cross-sectional dark-field (DF) TEM
images of 20 nm thick Ga0.2Sb0.8 cells after about 100 cycles of
reversible switching and left in three states: high-resistance RESET
state at 120 kΩ, partial SET or intermediate state at 30 kΩ, and low-
resistance SET state at 1.2 kΩ that includes about 500Ω series
access resistance. DF images reveal grains close to Bragg conditions
with bright contrast, therefore showing just a few grains in each
micrograph. The insets present Fourier power spectra from lattice
images of the device regions showing atomic periodicities due to
the crystallization of the material.

The RESET state [Fig. 9(a)] shows an almost entirely amor-
phous cell with ∼20 nm localized crystalline region marked with
arrow at the left edge of the TiN plug. This region is further

FIG. 8. Characteristics of 16 nm thick Ga0.4Sb0.6 mushroom cell: (a) programming R–V curves for different pulse widths with rising and trailing slopes of 10 ns. In each
cycle, the cell is initialized in the reset state. (b) RESET and SET state resistance for a total of 106 switching cycles. (c) Resistance drift after 106 cycles for different resis-
tance states achieved by switching from the RESET state as in (a). Values for the power law exponents, ν, are fitted for each curve.
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magnified in Fig. 10. The PCM layer in the Intermediate state
appears crystalline with a significantly smaller grain size than in
the SET state [Fig. 9(b)]. It is visible in both DF images and finer
ring pattern in the Fourier spectra. The most intense rings in both
spectra correspond to the (111) reflections of the ZB GaSb phase
with 3.52 Å spacing. The strongest reflections of the A7 phase,
(012) of 3.10 Å spacing are also visible, revealing phases separated
into two crystalline phases.

The grain size distributions were evaluated by image particle
analysis from 5–7 DF images collected with different beam tilts.
The histograms of grain sizes in the SET and Intermediate states
are presented in Fig. 9(d). Upon switching from high-resistance
amorphous state, the PCM layer undergoes crystallization, which
can be controlled by the amount of applied energy. As a result, the
grain size in the intermediate state is averaged at 5 nm, while
further programming to the SET state results in the grain growth to
about 12 nm [Fig. 9(d)]. It should be noted that the PCM layer
thickness was chosen to be small enough compared to the device
lateral size to reduce 3D geometrical effects. In this geometry, likely
due to the low vertical temperature gradient, grain crystallization
appears relatively uniform throughout the film thickness.

Figure 10 magnifies a small ∼20 nm region with crystalized
grains in the mostly amorphous film in the RESET state as shown
in Fig. 7(a). The grains are separated from the TiN plug with a
thin (3–5 nm) amorphous layer resembling the mushroom-type
structure. The crystalline region consists mostly of large (5–10 nm)
ZB GaSb grains with a few A7 grains as illustrated by the Fourier
power spectrum. The Energy Dispersive Spectroscopy (EDS) profile

through the film thickness shows approximately Ga:Sb = 44:56 atomic
ratio with excess Sb in the amorphous region reduced at least to
37:63. As compared to Te-rich GST material where upon crystalliza-
tion Sb agglomerates within the heated region leading to

FIG. 9. Cross-sectional dark-field TEM images of ∼20 nm Ga0.2Sb0.8 PCM cells and Fourier power spectra from high-resolution lattice images of the PCM above the TiN
plug: (a) device in the RESET state (R∼1.2 × 105Ω), (b) device in the partial SET (intermediate state) (3.0 × 104Ω), and (c) device in the SET state (1.2 × 103Ω).
Position of the TiN plug is shown with arrows. Reflection of the ZB GaSb phase, d(111) = 3.52 Å, d(220) = 2.15 Å, and A7 Sb phase d(012) = 3.10 Å are marked with
arrows. (d) Histogram of grain sizes obtained from multiple DF images.

FIG. 10. High-resolution TEM image of a crystallized zinc-blende GaSb in
RESET state separated from the TiN plug by 3–5 nm thick amorphous layer
along with EDS line intensity profile through the device structure showing
reduced Ga content in the amorphous region.
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crystallization-induced segregation, the Ga–Sb alloy does not show
significant accumulation of Sb or significant chemical changes after
multiple reversible cycling.9

One of the expected changes, namely, the formation of
regions with close to 1:1 binary composition is due to the higher
melting temperature of the GaSb phase making ZB grains more
stable. Observation of the large GaSb grains in a device in the high-
resistance state verifies the ability of device operation with melting/
quenching of a small Sb-rich volume of the device keeping ZB
grains in a crystalline state.

IV. DISCUSSION: EFFECT OF ALLOY COMPOSITION

Pure amorphous Sb is unstable against crystallization even at
room temperature. However, some efforts of using pure Sb as a
phase change material by attaining ultrafast cooling from the melt
to obtain resistance change have been shown previously.13 Here,
alloying with Ga (as with other group III and IV elements) is
known to stabilize Sb amorphous phase at room temperature.15,36

As evidenced from EXAFS results (Fig. 6), the tetrahedral Ga–Sb4
coordination is mostly responsible for the stabilization of the amor-
phous network likely due to the rigidity of shorter Ga–Sb chemical
bonds. As the equilibrium solubility of Ga in Sb is negligible,
annealing causes phase separation into rhombohedral Sb (A7) and
zinc-blende GaSb crystal phases. Although the hot plate annealing
experiments (Fig. 2) show limited to ∼10 at. % concentration of Ga
in the A7 phase, fast and higher temperature annealing in a PCM
cell leaves the A7 phase more oversaturated with Ga. This allows
for control of RESET resistance, crystallization temperature, and
required power of SET pulses. The crystallization mechanism in
close-to-equilibrium conditions is revealed by in situ XRD studies
(Fig. 4). For low Ga concentrations, nucleation of the A7 phase
occurs before the ZB cubic phase and is associated with the expul-
sion of excess Ga from slowly growing grains. This process is rela-
tively slow as it is associated with solid-state diffusion. An
order-of-magnitude estimation of this process with time τ = 140 s
needed for heating Ga0.1-Sb0.9 layer from 200 to 300 °C and with
diffusion length close to the grain size of L = 15 nm, gives a diffu-
sion coefficient of D � L2/τ � 10�14 cm2/s, quite reasonable for
solid-state diffusion in substitutional alloys above half-melting
temperature.48

In pulsed (SET) annealing, pulse energy and duration will
determine the composition and grain size of the crystalline A7
phase and, therefore, cell resistance. A simple estimation of the
full SET process (Fig. 6) with a pulse width of τ = 1 μs resulting in
grain size of L∼10 nm, requires the diffusion coefficient order of
magnitude of D � L2/τ � 10�6 cm2/s. Although this value looks
extremely high for solid-state diffusion and can be observed only
close to the melting point, it was, in fact, estimated for components
diffusion in GST just at 320 °C.49 In a real cell, the diffusion
lengths of ∼1 nm should be sufficient for composition control,
thus giving a more realistic diffusion coefficient of 10−8 cm2/s.
This value can be obtained from Arrhenius extrapolation to 530 °C,
with 2.0 eV activation energy from the diffusion coefficient of
10−14 cm2/s estimated above. In any case, the slow Ga out-diffusion
component in the partial SET process is an essential asset for the
control of resistance of multilevel or analog cells. Contrary to the

more traditional volume or thickness control of the amorphous
phase,50 this Ga–Sb system has another programmed property,
namely, Ga composition profile in the amorphous phase. Due to
the diffusive nature of this programming, the cell resistance
strongly depends on pulse annealing time [Fig. 8(a)].

Furthermore, phase separation into the higher melting point
GaSb ZB phase and Sb A7 phase provides a route for the reverse
process, namely, enrichment of the amorphous phase with Ga.
This happens when the RESET pulse is chosen to melt just the A7
grains allowing for dissolved GaSb at the interfaces to diffuse into
the melt. The process involves fast diffusion in a liquid phase and
is not limited by the duration of RESET pulses down to ∼10 ns.
High-power RESET pulses can melt the entire material in a cell
and intermix components, thus initializing the cell, but subsequent
annealing brings the cell back to the two-phase system which can
be further controlled by melting/quenching just the A7 phase.

V. CONCLUSION

The Ga–Sb binary alloy material system shows potential for
analog phase change memory applications and was demonstrated
to undergo phase change resistive switching in alloys with a Ga
concentration of 10–45 at. %. The controllable high crystallization
temperature ranging from 180 to 264 °C with high activation
energy up to 2.5 eV and retention up to 149 °C for ten years for
these alloys indicates higher thermal stability and reliability than
the widely used Ge2Sb2Te5 compound. XRD studies showed phase
separation upon crystallization into two phases, Ga-doped A7 anti-
mony and cubic zinc-blende GaSb. The crystallization into the A7
phase is accompanied by Ga out-diffusion from the grains. EXAFS
studies of the local structure of these alloys demonstrated a bond
length decrease with a stable coordination number of 4 upon
amorphous-to-crystalline phase transformation. Reversible switch-
ing for different compositions with RESET/SET resistance ratio of
>100 and with RESET switching times as low as 50 ns was demon-
strated. TEM and EDS studies of the Ga–Sb cells after ∼100 switch-
ing cycles revealed that partial SET or intermediate resistance states
are attained by variation of the grain size of the material as well as
the Ga content in the A7 phase. Widely controllable crystallization
temperature, higher amorphous phase stability, and a possibility of
composition control for resistance state programming make Te-free
Ga–Sb binary alloys a promising candidate for analog PCM device
applications.
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