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Zn,Sbygo-x films with low Zn content are crystallized in a single-step
process with Sb, while the film (Zn/Sb ratio is about 1:1) exhibits a
two-step crystallization process with ZnSb metastable and stable
phases. Importantly, ZnSb films have higher crystallization tempera-
ture (~257 °C), larger crystalline activation energy (~5.63 eV), better
10 year-data-retention (~201 °C) and lower melting temperature
(~500 °C).

Although flash memory has been commercially successful as
one of the most popular options for memory applications, it
is restricted by its physical limitation beyond the 22 nm
technology node." Intensive investigations have been
performed to search for new materials to replace flash
memory for application in the next-generation nonvolatile
memory. The most promising phase-change material should
exhibit reversible crystallization from an amorphous to a
crystalline phase and vice versa. The changes in optical or
electrical properties of phase change materials induced
by electrical or laser pulses should be notable enough to
meet the requirements for the application in phase change
memory (PCM).”

So far, Te-based chalcogenide alloys, such as Ge-Te, Sb-Te,
Ge-Sb-Te, etc., have been well studied. According to the
Ge-Sb-Te ternary alloy phase diagram,® the alloys with the
composition lying on the GeTe-Sb,Te; pseudo-line, for
example, Ge,Sb,Te; (GST), exhibit excellent electrical and
structural properties as storage media in PCM. However,
there are some critical issues that remain to be solved. During
the RESET process from a crystalline to an amorphous state,
high melting temperature (~620 °C) and low resistance of the
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crystalline state could induce a larger RESET current in PCM
devices, leading to higher power consumption.” In addition,
low crystallization temperature (~160 °C) could lead to the
instability with a data retention capability of ten years at a
maximum temperature of 85-110 °C,””” which cannot meet
the requirements of archival life for consumer products and
automotive systems (above 120 °C). More importantly, the
presence of Te element is toxic and environmentally unaccept-
able, and high mobility of the Te element could induce the
variation in chemical stoichiometry and irreversible segregation.®

Recently, tellurium-free phase change alloys, such as Ge-
Sb,”'® Si-Sb,"* Ga-Sb,"** Mg-Sb,"® Sn-Sb,'® and In-Sb,"”
have been intensively reported. The results revealed that the
alloys exhibited fast switching speed due to the growth-
dominated crystallization mechanism and possessed suitable
phase-change properties for data storage. Nevertheless, there
are some drawbacks for these materials. For instance, Ga-Sb
films have high melting temperature and small resistance
ratio, leading to high power consumption and poor ON/OFF
ratio."® Mg-Sb films possess relatively low crystallization
temperature and are easily phase-separated, resulting in bad
thermal stability and short archival life."> Previously, we
investigated Zn-Sb,Te ternary alloys, and the results showed
that they exhibited larger resistance change, faster crystalliza-
tion speed, and better thermal stability due to the formation
of the amorphous Zn-Sb phase as well as the uniform distri-
bution of Sb,Te crystalline grains.'® Thus, it is naturally
expected that Zn-Sb bonds could exist in Te-free Zn,Sbgo-x
films, and the presence of Zn-Sb bonds could enhance ther-
mal stability of phase change materials. To confirm these, we
prepared numbers of binary Zn,Sbigo-, films with different
chemical compositions and investigated their microstructure
via various diagnostic tools including X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Raman scattering
and transmission electron microscopy (TEM). Furthermore,
we evaluated the thermal and electrical properties and exam-
ined their correlation with the microstructure of the films.
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Table 1 The sputtering parameters and the compositions of
ZnXSbloo,xfilms

Power (W) Composition Power (W) Composition
ZnSb Sb (at.%) ZnSb Zn (at.%)

50 30 7N, 0Sbg 1 50 0 7N, 3Sbs0.7 (ZnSb)
50 25 Zn,, 5Sbos 5 50 4 Zns5 7Sby, 3

50 15 Inyg 6ZN7q 4

50 12 Zn35 ,Sbea s

50 8 ZN40.5Sbso g

50 5 ZNy6.5Sbs3 5

We aimed at exploring possible applications of the Zn,Sb;go-x
film as a PCM device layer.

7n,Sbyo films with a thickness of around 120 nm were
prepared by magnetron co-sputtering using separated ZnSb
and Sb (or Zn) targets on SiO,/Si (100) and quartz substrates.
The chamber was evacuated to 2 x 10 * Pa, and then Ar gas
was introduced to 0.35 Pa for film deposition. A GST film
with the same thickness was also prepared for comparison.
The film compositions were controlled by adjusting the
sputtering power of targets. The concentration of Zn in the
as-deposited films was examined using energy dispersive
spectroscopy (EDS), and the results were listed in Table 1.
The melting temperature of Zn,Sb;go-, films was measured
using a differential scanning calorimeter (DSC) at a scanning
rate of 10 K min~" under the protection of a flowing N, atmo-
sphere. Sheet resistance of the films as a function of
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temperature (non-isothermal) or time at specific tempera-
tures (isothermal) was in situ measured in vacuum at a fixed
heating rate of 40 K min™". The structure of as-deposited and
annealed Zn,Sbigo-, films was analyzed using XRD, XPS,
Raman spectroscopy, and TEM.

Sheet resistance of Zn,Sb;y,-x and GST films as a function
of measurement temperature is shown in Fig. 1(a). Some
distinguishable features include: (1) for each film, the sheet
resistance gradually decreases with increasing temperature
until it reaches an abrupt drop at 7.. The amorphous/crystalline
resistance ratio of Zn,Sb,,_, films was maintained at around
10° during the crystallization process. Compared with GST
films, Zn,Sb,¢o-, films have a higher resistance of the crystal-
line state that increases with increasing Zn concentration. T,
value of Zn,Sbyo-x films goes up from ~196 °C to ~270 °C
with increasing Zn concentration, all of which are higher than
that of GST films (~168 °C). Therefore, Zn,Sb; -, films with a
high T, can be expected to have better thermal stability, which
is very important for PCM applications at high temperatures;
(2) the change in the sheet resistance across the first crystalli-
zation temperature in both Zn,Sb;go-, and GST is sharp when
the films transform from an amorphous to a crystalline state,
indicating that the Zn,Sb,¢o-, films could have a similar
faster crystallization speed as the GST film; (3) there is a
second resistance drop in ZnSb and Zns,,Sb,,; films at
~310 °C and ~324 °C, respectively, suggesting a multi-level

phase-change process in ZnSb and Zns;;Sbyy; films.
(b)
e
L
E To=257°C Tm=500°C
©
[0}
I

1 1 1 1
100 200 300 400 500
Temperature (°C)

Fig. 1 (a) Sheet resistance of Zn,Sbygo_, films as a function of temperature with a heating rate of 40 K min™%; (b) the DSC curve of ZnSb film at a
heating rate of 10 K min’%; (c) Arrhenius plots of failure time vs. 1/kgT for GST and Zn,Sbigo_y films; 10 year data retention temperatures and E, can

be calculated from the curves.
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Fig. 2 XRD patterns of Zn,Sbigo-x films annealed at different temperatures for 3 min: (a) Zn1.9Sbsg1, (b) ZnSb, and (c) Zns;,Sba, 3, respectively;
insets are the XPS spectra of Zny; ¢Sb;g 1 and ZnSb films annealed at 300 °C for Sb 3d and Zn 2p, respectively.
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Fig. 3 Raman spectra of (a) Zn,19Sb;g 1 and (b) ZnSb films annealed at different temperatures.

Therefore, PCM devices using ZnSb and Zns;,Sb,,; films
could realize three-state storage in one PCM cell employing
the resistivity difference among the amorphous, metastable
and stable phases in the ZnSb and Zn;, ;Sb,, 3 films. That is
to say, three bits data, such as ‘0, ‘1’, and ‘2’, could be stored
in one memory cell in the PCM application.

The melting temperature of Zn,Sbigo-, films was mea-
sured, and the typical DSC curve for ZnSb is shown in
Fig. 1(b). T. and the melting temperature (T,,) were deter-
mined to be ~257 °C and ~500 °C, respectively. T, value is in

This journal is © The Royal Society of Chemistry 2013

excellent agreement with that from the R-T test, but 7, is
relatively lower than that of GST (~620 °C). Higher resistance
of the crystalline state and lower melting point are two
crucial parameters for reducing RESET current in PCM appli-
cations. Therefore, memory devices based on ZnSb films can
be expected to have lower power consumption.

Data retention, another important parameter for PCM
application, was characterized by extrapolating the isothermal
Arrhenius plot of the logarithm of failure time vs. the recipro-
cal of isothermal temperature. Fig. 1(c) is the best fit of failure

CrystEngComm, 2013, 00, 1-6 | 3
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vs. reciprocal temperature (1/kgT) using the Arrhenius equa-
tion: ¢ = rexp(E./kgT), where t is the time to failure, 7 is a
proportional time constant, E, is the crystalline activation
energy and k; is Boltzmann's constant, respectively.”® As
shown in the figure, E, and 10 year data retention of Zn,Sb,
_x films increase obviously with increasing Zn concentration.
The 10 year data retention temperatures of all Zn,Sbigo-x
films are higher than that of GST. Especially, when the ratio
of Zn/Sb reaches 1:1, ZnSb film exhibits high E, (~5.63 eV)
and ultralong data retention ability (~201 °C) which are suffi-
cient for the potential applications in automotive electronics
(at least 10 years at 120 °C).>' Nevertheless, when the Zn con-
centration is more than 50%, it is found that both E, and 10
year data retention temperature decrease. Therefore, a Zn/Sb
ratio of 1:1 can be considered one of the best compositions
in a Zn,Sbygo-x System.

To investigate the crystallization of the Zn,Sb-, films,
the films were annealed in Ar ambient at different tempera-
tures (in the range of 200 °C to 400 °C) for 3 min and slowly
cooled down to room temperature. The structure of the as-
deposited and thermal-annealed films was then measured
from XRD patterns. It was found that, when Zn concentration
is less than 50%, no sharp diffraction peak can be observed
in the XRD patterns of the as-deposited Zn,Sb,¢,-, films, and
the amorphous phase can be stabilized at an annealing tem-
perature of up to 150 °C for Zn,, ¢Sb,g1 film, 200 °C for
7Ny, 5Sb55.5, ZNyg 6ZNq 4, and Zngs ,Sbe, g films, and 250 °C
for Zn, ,Sbses and Zn,e 5Sbss s films. This indicates that the
amorphous thermal stability is improved with increasing Zn

CrysttngComm

concentration. After all the films are crystallized, only peaks
corresponding to a single Sb rhombohedral phase can be
observed and their intensity gradually decreases with increas-
ing Zn content. A typical XRD pattern for Zn,; oSb;s; film is
shown in Fig. 2(a), and the inset is its XPS Sb 3d spectrum.
The binding energies of Sb 3ds,, and Sb 3dj;/, are located at
526.48 eV and 535.87 eV for Zn,; ¢Sb,g; film, respectively,
which are about 2.02 eV and 2.13 eV lower than metal Sb-Sb
binding energies.' It is well known that the negative shift of
the binding energy increases with the decrease of neighboring
atom electro-negativity from Sb (2.05) to Zn (1.6).>" Therefore,
the decrease of the binding energy of Sb 3d is due to the fact
that parts of the Sb atoms in Sb-Sb bonds are replaced by Zn
atoms, forming Zn-Sb bonds. The amorphous Zn-Sb content
around crystalline Sb grains serves as centers for suppression
of the amorphous-to-rhombohedral phase transition.

Fig. 2(b) and (c) show the XRD patterns for ZnSb and
Zns; ,Sby, 3 films, and the inset of Fig. 2(b) is a Zn XPS 2p
spectrum. ZnSb film was found to maintain an amorphous
phase up to 200 °C and then exhibit a two-step crystallization
process: amorphous — ZnSb metastable phase at around
250 °C and ZnSb metastable — ZnSb stable phase at around
350 °C. The corresponding phase can be indexed in the XRD
database as JCPDS no. 40-809 and JCPDS no. 5-714. Mean-
while, the Zn 2p3/2 peak at 1021.3 eV as shown in the inset
of Fig. 2(b) is 0.3 eV higher than metal Zn-Zn binding ener-
gies,”® again confirming that Zn is bonded with Sb. With
further increasing Zn content in Fig. 2(c), the diffraction
peaks of the crystallized phases in Zns; ;Sby, 3 film appear to

Fig. 4 (a) The TEM BF micrograph, (b) TEM DF micrograph, and (c) SAED pattern of a ZnSb film annealed at 300 °C; (d), (e) and (f) the HRTEM

images of the same film.
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be sharper in intensity compared with those in Fig. 2(b),
implying that the ZnSb crystal grains are becoming larger.

Raman spectra of the as-deposited and annealed
Zn,; oSbsg4 and ZnSb films are shown in Fig. 3(a) and (b),
respectively. A relatively strong peak at 151 cm™', which is
assigned to the vibration of amorphous Sb-Sb bonds,* is
overlapping with a broad band in the range from 110 to
180 cm™* (marked as A) in the as-deposited Zn,; ¢Sb,g film,
and the feature changes into two sharp peaks (ascribed as
peaks B and C) when the film is annealed at a temperature
from 200 °C to 400 °C. These two sharp peaks have the same
positions as those in the Sb target as shown in Fig. 3(a), indi-
cating that the films annealed at high temperatures contain a
crystalline Sb phase which is in excellent agreement with the
results from XRD measurements. In contrast, ZnSb film
exhibits different behaviors. The broad band in the range
from 110 to 180 cm™* (marked as A) in the as-deposited film
persists well until the film is annealed at a temperature up to
200 °C, and then slightly shifts to a low wavenumber (marked
as B in Fig. 3(b)) with increasing annealing temperature from
250 °C to 300 °C. The feature B corresponds to the metasta-
ble ZnSb phase although their Raman peaks are not so sharp.
This is consistent with the XRD results in Fig. 2(b), where the
XRD peaks of the crystallized phases are weak, which might
be due to smaller crystalline grains in the film. However, with
further increasing annealing temperature, a series of sharp
peaks marked as C, D, E and F can be observed and these
peaks have the exact same positions as those in the ZnSb
target. The two-step crystallization process is in agreement
with those found in Fig. 1(a) and 2(b).

Fig. 4(a) and (b) show bright field (BF) and dark field (DF)
TEM images for the 300 °C-annealed ZnSb film, respectively.
It was found that the film displays many crystalline grains in
the BF picture with a size of 20-80 nm, which is in good
agreement with that estimated from the line-width of XRD
patterns. In the DF picture, the bright regions are assigned to
rhombohedral ZnSb crystalline grains as indicated by yellow
dotted lines, and sharp polycrystalline rings appear in the
SAED pattern of the film as shown in Fig. 4(c). Fig. 4(d)-(f)
show high-resolution transmission electron microscopy (HRTEM)
images of the same film recorded at different areas. From the
interplanar distance, preferred (150), (310), (402) and (221) orien-
tations in the metastable ZnSb phase are evident as marked in
Fig. 4(d)-(f). Again, these grain orientations are in excellent
agreement with those observed in Fig. 2(b).

Conclusions

In summary, Zn,Sbygo-, films with higher T, larger E,, and
better data retention ability compared with GST have been
confirmed using various diagnostic tools. Especially, when
the ratio of Zn/Sb is 1:1, ZnSb films have an ultralong 10 year
data retention at ~201 °C. Moreover, the higher resistance of
its crystalline state and lower melting temperature (~500 °C)
could result in a decrease in RESET current and energy con-
sumption of ZnSb-based PCM devices. XRD, XPS, Raman,

This journal is © The Royal Society of Chemistry 2013
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and TEM analyses revealed that the ZnSb film undergoes a
two-step crystallization process and the precipitate crystal
grains are rhombohedral ZnSb. All these excellent properties
open up huge potentials of the ZnSb film as one of the best
phase-change materials.
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