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a b s t r a c t

In this study, the multilayer Zn15Sb85/SiO2 materials were investigated for phase change memory
application with the intention of improving thermal stability and switching speed. The Zn15Sb85/SiO2

materials exhibited a high crystallization temperature (Tc~230 �C), good data retention (T10 ~ 160 �C),
small density change (~3.3%), flat surface and rapid amorphization speed (~1.34 ns). T-shaped phase
change devices based on Zn15Sb85/SiO2 materials achieved low RESET voltage (VRESET ~1.3 V) in pro-
gramming operation. The results showed that the multilayer Zn15Sb85/SiO2 material was a promising
phase change material with high thermal ability, low power consumption and rapid switching speed.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With the great development of electronic information technol-
ogy and the universalization of the mobile Internet, the human
society has entered the era of big-data. The trend of data growth
becomes more and more obvious, which results in a large variety
kinds of information need to be recorded, stored, transmitted and
processed. So, the development of electronic memory devices is
facing a tremendous challenge [1]. The demand for non-volatile
memory devices with high density, fast speed and low-power
consumption is becoming more and more urgent [2]. On the
other hand, the huge breakthroughs of artificial intelligence (AI)
technology will play a leading role in the future technological
revolution and promote the development of the information era,
which have caused widespread concern. Both the big-data era and
AI developments bring up a new and higher requirements for the
hardware of processor and memory, namely, breaking the Von
Neumann bottleneck. So, electronic memory is a key technology to
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deal with the big-data storage and will play a central role in the
development of information technology [3]. As an emerging non-
volatile memory technology, the phase-change memory (PCM) is
possible to substitute both the dynamic random access memory
and flash memory, and thus serves as the universal memory [4].
Now, the PCM devices show excellent performances, such as
smaller device size, better compatibility, longer life and excellent
anti-irradiation property which are close to commercial applica-
tion. However, there are still some insufficiencies in the perfor-
mance of PCM, such as high power consumption and poor data
retention at high temperature. The recording speed, density and
cyclability of PCM have a lot of room for improvement, as well
[5e7].

The phase change materials play a very important role in PCM.
The doping is one of the most favoured ways of improving material
performance by changing ingredient [8]. However, there is a
contradiction between the data retention and phase change speed
in PCM, which can not be solved by doping. A better thermal sta-
bility is usually at the expense of a slower speed. Recently, nano
multilayer phase change materials have received increasing
attention due to their ability to provide more control parameters
(material thickness, periodicity, number of periodic cycles), in
addition to composition [9,10]. The multilayer materials can
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combine the advantages of different compositions to obtain better
performance by increasing the reversible phase change speed and
reducing the overall operating power consumption. In this study,
we hope to make great improvements in the phase change mate-
rials to meet the requirements of next generation of memory
[11e13]. So, the multilayer Zn15Sb85/SiO2 (ZS/SO, for short) mate-
rials with various proportion were deposited by a sputtering
method [14]. The effects of SiO2 interlayers on Zn15Sb85 materials
were investigated systematically, including the phase change
behavior, thermal properties, phase structure, crystallization
mechanism and electrical switching characteristics of PCM devices
[15,16].
2. Experiments

The amorphous multilayer [ZS(a)nm/SO(10-a)nm]5 (a¼ 3, 5, 7)
and monolayer ZS materials with a total thickness of 50 nm were
deposited on SiO2/Si (100) substrate at room temperature by a
radio-frequency magnetron sputtering system with Zn15Sb85 and
SiO2 targets, respectively. The targets with the purity of 99.999%
were carefully cleaned before sputtering. The thickness of the
materials were adjusted by controlling the sputtering power,
working pressure and deposition time. Alternating current power
was set at 30W, and the deposition time was determined by the
sputtering rate. The background pressure was lower than
2.0� 10�4 Pa and the deposition pressure was set at 4� 10�1 Pa. An
automatic rotation of 20 revolutions per minute (rpm) for the
substrate was used to guarantee a uniform deposition. All the
sputtering operations above were carried out in an Ar atmosphere
with a flow rate of 30 sccm. The specific parameters of sputtering
were shown in Table 1.

The dependence of the resistance on the temperature (ReT) of
themultilayer ZS/SO andmonolayer ZnSbmaterials weremeasured
in situ in a homemade vacuum chamber with a TP 94 temperature
controller (Linkam Scientific Instruments Ltd, Surrey, UK). The data
retention ability of the amorphous state was estimated. Diffuse
reflectance spectra were recorded by a near infrared spectroscopy
(NIR, 7100CRT, XINMAO, China) spectrophotometer in the wave-
length range of 400e2500 nm. The crystalline phase structure was
analyzed by X-ray diffraction (XRD, PANalytical, X'PERT Powder)
with Cu Ka radiation in the 2q range from 20� to 60� performed at
40 kV and 50mA. The surface morphology of the PCM cells was
observed by atomic force microscopy (AFM, FM-Nanoview 1000).
The real-time reflectivity measurement was tested by a picosecond
laser pump-probe system. The light source used for irradiating the
samples was a frequency-doubled model-locked neodymium
yttrium aluminum garnet laser with the operating wave-length
532 nm and pulse duration 30 ps The volume change during the
crystallization process was determined by x-ray reflectivity (XRR).
T-shaped PCM devices were manufactured to confirm the electrical
switching characteristics. The current-voltage (I-V) and resistance-
voltage (R-V) properties were recorded using an arbitrary wave-
form generator (Tektronix AWG5012B) and a digital semiconductor
parameter analyzer (Keithley 2602A).
Table 1
Specific parameters of magnetron sputtering.

Serial Number Sample Composition Zn15Sb85(Target A)

Thickness/nm Sputtering Tim

1 ZS 50 125
2 [ZS(7 nm)SO(3 nm)]5 7 17.5
3 [ZS(5 nm)GS(5 nm)]5 5 12.5
4 [ZS(3 nm)SO(7 nm)]5 3 7.5
3. Results and discussion

Fig. 1 shows R-T curves for multilayer ZS/SO and monolayer ZS
materials at the heating rate of 20 �C/min. The schematic diagram
of ZS/SO multilayer structure was displayed in the inset. The green
and blue squares in the illustration represent thewafer. Meanwhile,
the yellow squares represent the ZnSb film materials and the red
squares represent the SiO2 materials, both of which are prepared by
magnetron sputtering. The resistance of multilayer ZS/SO materials
decreases slowly at the beginning and declines sharply when the
temperature reaches Tc (phase change temperature). The high
resistance before the Tc refers to the disordered amorphous state. In
the contrast, the low resistance state after the Tc is recognized as
the ordered crystalline state. The resistance ratio between amor-
phous and crystalline states for ZS/SO is over one order of magni-
tude, which canmeet the requirement of PCM [18]. As shown in the
Fig. 1, the Tc of ZS is around 185 �C. With the increasing proportion
of SiO2, the Tc for [ZS(7 nm)/SO(3 nm)]5, [ZS(5 nm)/SO(5 nm)]5,
[ZS(3 nm)/SO(7 nm)]5 are 205 �C, 210 �C, 230 �C, respectively.
Compared with GST (170 �C for Tc) [19], the multilayer ZS/SO ma-
terials have obvious advantages. In terms of improving thermal
stability in multilayer materials, the layer with higher Tc plays a
leading role. At the same time, the amorphous resistance for ZS,
[ZS(7 nm)/SO(3 nm)]5, [ZS(5 nm)/SO(5 nm)]5, [ZS(3 nm)/
SO(7 nm)]5 are 6:8� 105, 2:0� 106, 4:5� 106 and 8:2� 106 U,
respectively. According to the formula:

Q ¼ I2 � R� t (1)

A better self-heating efficiency can be achieved with a higher
resistance, which will result in a decrease of power consumption in
current induced resistance switching [19].

Fig. 2 shows the band gap energy (Eg) which can be determined
by extrapolating the absorption edge onto the energy axis. Here the
conversion of the reflectivity to absorbance data is obtained by the
Kubelka-Munk function (K-M) [20]:

K=S ¼ ð1� RÞð1� RÞ2
.
ð2RÞ (2)

where R is the reflectivity, K is the absorption coefficient, and S is
the scattering coefficient. Fig. 2 shows that the Eg decreases after
crystallization for both monolayer ZS and multilayer [ZS(3 nm)/
SO(7 nm)]5 materials. The values of Eg for ZS(amorphous) and
ZS(crystalline) are 2.85 and 2.80 eV, respectively. Similarly, the Eg
for [ZS(3 nm)/SO(7 nm)]5 decreases from 2.86 to 2.84 eV after
annealing. The difference for Eg is related to the carrier concen-
tration in phase change materials. Because the carrier density in-
side the semiconductors is proportional to Ref. exp ð�Eg=2KTÞ [18].
A broad band gap will increase the obstacle of carrier transition,
leading to the increase of resistivity. After the SiO2 layers are added,
the Eg is also broadened. This finding supports the conclusions of
resistance curves in Fig. 1 [21].

The values of slope B and U for the monolayer ZS and the
multilayer [ZS(3 nm)/SO(7 nm)]5 materials were determined from
SiO2(Target B) Aggregate Thickness/nm

e/s Thickness/nm Sputtering Time/s

0 0 50
3 7
5 11
7 16



Fig. 1. The resistance of the monolayer ZS (50 nm) and multilayer [ZS(a)nm/SO(10-a)nm]5 (a¼ 3, 5, 7) materials as a function of temperature with a heating rate of 20 �C/min. Inset
shows the schematic diagram of ZS/SO multilayer structure (Different colors represent different components). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 2. The KubelkaeMunk function of (a) monolayer ZS materials. (b) The multilayer [ZS(3)nm/SO(7)nm]5 materials.
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Fig. 2. The increase for slope B is related to the reduction in
randomness in atomic configuration. Slope B① (~43.8) is larger
than that of Slope B② (~33.6). Obviously, the crystalline structure
has more orderly atomic configuration than that of the amorphous
structure. For the multilayer [ZS(3 nm)/SO(7 nm)]5 materials, the
same trend occurs with the increasing from Slope B④ (~31.4) to
Slope B③ (~32.5). An increase in slope U is caused by the diminu-
tion of the band-tail localized states inside thematerial. The slope U
for ZS (amorphous) and ZS(crystalline) are (slope U②~3.51) and
(slope U①~4.38), respectively. The change in the slope U of ZS in-
dicates that the degree of crystallization of the materials becomes
higher after annealing, and the degree of amorphous state is low-
ered. Likewise, the slope U has a slightly smaller increasing for the
[ZS(3 nm)/SO(7 nm)]5 from (slope U④~3.26) to (slope U③~3.40).
The results illustrate that the degree of amorphous state is reduced
and the crystallization process is suppressed by SiO2 layers [22].

With the intention of further evaluating the thermal stability,
the isothermal crystallization test was carried out. In this work, the
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required time for the resistance decreasing to half of the amor-
phous value is defined as the failure time. For this purpose, all
monolayer and multilayer materials were annealed at different
temperatures. Then, the failure time is fitted to calculate the tem-
perature at which thematerials canwork normally for 10 years. The
plot of logarithm failure time versus 1/kbT, exhibited in Fig. 3 fits a
linear Arrhenius relationship because of its thermal activation na-
ture. The linear relationship is described as follows:

t ¼ t0 exp ½Ec=ðkb � TÞ� (3)

where t, t0, kb, and T are failure time, a pre-exponential factor de-
pends on the material properties, Boltzmann constant and absolute
temperature, respectively [17]. Fig. 3 shows the estimated tem-
peratures of 10-year data retention lifetime for the ZS, [ZS(7 nm)/
SO(3 nm)]5, [ZS(5 nm)/SO(5 nm)]5, [ZS(3 nm)/SO(7 nm)]5 are 113,
141, 151 and 160 �C, respectively. Meanwhile, the activation energy
(Ea) of each material can be acquired from the slope of the straight
line in the corresponding Arrhenius plots [23]. A larger Ea means
that the materials is more difficult to crystallize which indicates
that the thermal stability of the material is excellent as well. As
shown in Fig. 3, the Ea of ZS, [ZS(7 nm)/SO(3 nm)]5, [ZS(5 nm)/
SO(5 nm)]5, [ZS(3 nm)/SO(7 nm)]5 are 3.68, 4.56, 4.83 and 5.73 eV.
By comparing the results of GST (T10~85 �C, E~a2.28 eV), it can be
found that the thermal stability of the ZS/SO is better than GST [24].

The phase structures of ZS and [ZS(3 nm)/SO(7 nm)]5 materials
were examined by XRD. Fig. 4 shows the XRD patterns of the ma-
terials after annealing at different temperatures for 25min. In the
Fig. 4 (a) and (b), no obvious diffraction peaks can be observed
when the annealing temperaturewas under 150 �C. However, when
the temperature rises up to 190 �C, the diffraction peak Sb (012) can
be observed for both ZS and [ZS(3 nm)/SO(7 nm)]5. In the Fig. 4 (a),
as the annealing temperature increases from 190 to 300 �C, stron-
ger diffraction peaks can be observed, indicating that crystallization
of the monolayer materials become more and more obvious.
Meanwhile, a new diffraction peak of Sb (110) is observed until the
temperature rising to 240 �C. On the other hand, the diffraction
Fig. 3. Plot of failure time versus reciprocal temperature of ZS and multilayer [ZS(a)nm/SO(1
Arrhenius plots for Ea.
peaks of [ZS(3 nm)/SO(7 nm)]5 materials do not have obvious
changewith the increase of annealing temperature. It indicates that
the crystallization was inhibited by SiO2 layers. We can calculate
the grain size by using the Scherrer equation:

Dhkl ¼ 0:943l=b cos q (4)

Dhkl is the grain sizes, l is the X-ray wavelength (0.1540 nm), bis
the half-height width of the diffraction peak of the measured
sample, q is the Bragg diffraction angle, and the unit is angle (in
degrees). From the main peak at around 28.5�, the grain sizes of
annealed ZS and [ZS(3 nm)/SO(7 nm)]5 are 21.3 and 18.5 nm,
respectively. The results illustrate that the crystallization of
[ZS(3 nm)/SO(7 nm)] is suppressed and the grains become smaller.
After the recombination, the crystallization of the materials be-
comes more difficult, but the thermal stability of the amorphous
state is also improved.

The surface roughness of the phase change materials has
considerable impacts on the quality of the interface between the
electrode and phase change material layer. Fig. 5 (a)~(d) exhibit the
AFM images of as-deposited and crystallized ZS and [ZS(3 nm)/
SO(7 nm)]5 materials. For as-deposited ZS and [ZS(3 nm)/
SO(7 nm)]5 materials, the surface is relatively smooth, indicating
distinct amorphous structure. After irradiating by high energy laser
beam, a mass of grains can be observed. Compared with ZS in
Fig. 5(b), the grains of [ZS(3 nm)/SO(7 nm)]5 become more compact
and smaller. The root-mean-square (RMS) surface roughness of ZS
increases from 0.35 nm of as-deposited state to 109.5 nm of crys-
talline state. In contrast, the difference of RMS for [ZS(3 nm)/
SO(7 nm)]5 is only 35.65 nm before and after crystallization, which
is much lower than that of ZS (109.15 nm). It can be deduced that
the SiO2 interlayers prevent the further growth of grains and
guarantee the good interface contact, which is conducive to
improve the fatigue performance of the PCM [25].

The phase change speed is an important feature of the PCM
performances because it has a great effect on the switching per-
formance of the PCM device. Accompanied by the phase change
process, the optical reflectivity will have great changes. As shown in
0-a)nm]5 (a¼ 3,5,7) materials, showing the data retention temperature for 10 years and



Fig. 4. (a) XRD patterns of monolayer ZS materials annealed at different temperatures for 25min in Ar atmosphere. (b) XRD patterns of multilayer [ZS(3)nm/SO(7)nm]5 materials
annealed at different temperatures for 25min in Ar atmosphere.

Fig. 5. AFM topographic images of as-deposited (a) ZS and (c) [ZS(3)nm/SO(7)nm]5materials; crystalline (b) ZS and (d) [ZS(3)nm/SO(7)nm]5 materials irradiated by laser beam.
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Fig. 6, a sudden rise in reflectivity is considered to be an
amorphous-crystalline transformation. The crystalline multilayer
materials are in a state with a high reflectivity and the amorphous
multilayer materials are in a low reflectivity. After the irradiation of
laser pulse, the heat generated by the pulse triggers the SET process
of the materials, resulting in the increasing of the reflectivity.
Therefore, we define the abrupt increase in reflectivity as the
amorphous-to-crystalline phase transition. The results show that
the time of ZS and [ZS(3 nm)/SO(7 nm)]5 are 1.65 and 1.3 ns,
respectively. It is reported that the GST material takes about
41 ns [26] to achieve the same switching. This indicates that
[ZS(3 nm)/SO(7 nm)]5 has a faster phase change rate than GST. In
Sb-rich Zn15Sb85 materials, a good deal of Sb phases exist, which
can contribute to improve the crystallization rate due to its growth-
dominated crystallization mechanism. Besides, a lower thermal
conductivity for Zn15Sb85/SiO2 multilayer materials may be another
factor taken into account. So the multilayer Zn15Sb85/SiO2 materials
have good thermal stability as well as ultra-fast phase transition
speed [27].

Fig. 7 (a) is an XRR diagram of the amorphous and crystalline
states for the multilayer [ZS(3 nm)/SO(7 nm)]5 materials. It can be
seen that the Kiessig fringes and the total reflection edge move
toward a higher angle after annealing at 280 �C for 5min, indicating
a decrease in thickness and an increase in mass density. The



Fig. 6. Reflectivity evolutions in the crystallization process for the monolayer ZS and multilayer [ZS(3)nm/SO(7)nm]5 materials.

Fig. 7. (a) XRR patterns of the amorphous and crystalline [ZS(3)nm/SO(7)nm]5; (b) plot of sin2qm versus (m þDm)2 for materials' thickness change.

R. Zhang et al. / Journal of Alloys and Compounds 798 (2019) 342e349 347
thickness can be estimated according to the modified Bragg equa-
tion [28]:

sin 2qm ¼2dþ ðmþ 0:5Þ2 � ðl÷2hÞ2 (5)

Where d, m (m¼ 1, 2, 3 …), l, t, and h are a constant, reflection
series, wavelength of Cu-Ka radiation (0.154 nm), the thickness of
materials, and correction factor, respectively [29]. Fig. 6(b) shows a
plot of sin2qm versus (mþ 0.5)2 for [ZS(3 nm)/SO(7 nm)]5. It is noted
that the value of reflection angle q corresponds to the maximum
intensity of the XRR pattern for each reflection series. The rela-
tionship between h and the slope of the fitted line (k) is given by

h ¼ l

2
ffiffiffi
k

p (6)
The thickness reduction upon crystallization of [ZS(3 nm)/
SO(7 nm)]5 material was calculated to be only 3.3%, which was
obtained from the slope of the modified Bragg fitting curves in
Fig. 6(b). With the comparison of traditional monolayer GST ma-
terials (6.5%) [30], the multilayer [ZS(3 nm)/SO(7 nm)]5 materials
have the smaller thickness reduction. If the volume or density
fluctuates is less, the better the adhesion will be, which avoids
delamination of the phase change layer/electrode interface.
Therefore, it is reasonable that the [ZS(3 nm)/SO(7 nm)]5 has better
reliability and reproducibility in multiple writing and erasing
operations.

As shown in the inset of Fig. 8 (a), the structure of the fabricated
device is a T-shaped mushroom-like PCM cell. The Al bottom
electrode, theW heating electrode and the SiO2 isolation layer were
prepared by 130 nm complementary metal oxide semiconductor



Fig. 8. (a) I-V curve of the PCM cells based on the multilayer [ZS(3)nm/SO(7)nm]5
materials. Inset shows the Schematic diagram of a T-shaped mushroom-structured
PCM cell. (b) R-V curve of the PCM cells based on [ZS(3)nm/SO(7)nm]5.
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technology. A 100 nm phase change layer of ZS/SO materials and a
20 nm TiN material were deposited on a semi-prepared cell by
magnetron sputtering. The 200 nm Al layer was deposited as an
upper electrode by ultra-high vacuum electron evaporation.

The SET operation using the DC scan mode is shown in Fig. 8(a).
As the scan current increases, the voltage suddenly jumps back to a
smaller value, which shows the threshold switching phenomenon
and also indicates the transition of the device from amorphous to
crystalline state [31]. The change in inter-band trap states in the
amorphous phasewith high electric fields had caused the threshold
switching. According to Fig. 8(a), the threshold voltage (Vth) and the
threshold current (i) are 5.17 V and 18.53 mA, respectively.When the
current scan is carried out for the second time, the voltage is lin-
early proportional to the current, indicating the ohmic effect of
resistance.

As seen in Fig. 8(b), the PCM cell can complete the reset oper-
ationwithin 100 ns Also the VRESETof the ZS/SO is 1.3 V. By using the
Joule heating equation ERESET¼ (V2

RESET/RSET)� tRESET, the necessary
energy for RESET operation of the PCM cell is calculated to be about
8.5� 10�13 J with the 100 ns width pulse voltage, which is lower
than the traditional GST cell (9.7� 10�10 J) [32,33]. The lower the
switching energy of the reset operation, the higher the set resis-
tance and the faster the phase change speed. Lower power con-
sumption facilitates the miniaturization and high density of PCM
devices.
4. Conclusions

In this study, multilayer Zn15Sb85/SiO2 materials have been
investigated for PCM application. Among these, Zn15Sb85/SiO2

materials have good thermal stability (Tc~230 �C, T10~160 �C), fast
phase change speed (crystallization time: 1.34 ns), high reliability
(thickness change: 3.3%) and better stability (low surface roughness
change). By comparing with GST, we can find that the [ZS(3 nm)/
SO(7 nm)]5 materials have better thermal stability, rapid switching
speed and better reliability. Also, T-shaped cells based on
[ZS(3 nm)/SO(7 nm)]5 achieves low RESET voltage (VRESET~1.3 V). In
summary, the multilayer Zn15Sb85/SiO2 material is a promising
candidate for PCM application.
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