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Abstract
The thermal stability was one of the primary obstacles hindering the development of phase-change memory. In this paper, 
Sb/HfO2 multilayer phase-change films were prepared by multilayer composite method. The transition process of Sb/HfO2 
multilayer films from amorphous to crystalline state was studied by in-situ heating. With the decrease of the thickness of Sb 
layer, the crystallization temperature of Sb/HfO2 increased significantly. At the same time, the data retention temperature for 
10 years increased from 14 °C of pure antimony to 147 °C of Sb/HfO2. The bandgap became wider and the surface became 
smoother. The existence of a large number of Sb microcrystals inhibited the phase transformation process. Compared with 
single-layer Sb film, Sb/HfO2 multilayer film had smaller volume change before and after phase transformation. The results 
showed that the addition of  HfO2 interlayer significantly enhanced the amorphous thermal stability of Sb and improved the 
effective contact between the phase-change layer and the electrode. Sb/HfO2 multilayer film was a potential phase-change 
film with high stability and good reliability.

1 Introduction

Phase-change memory (PCM) was a new type of nonvola-
tile memory based on chalcogenide film [1]. Induced by the 
voltage pulses with different widths and heights, the phase-
change materials could be converted between crystalline 
(low resistance) and amorphous (high resistance) states. The 
essence was using electrical energy (joule heat) to achieve 
the storage (SET) and erasure (RESET) of information [2]. 
The Read of information was through measuring the change 
in resistance. With the development of technology, the size 
of PCM unit could easily be reduced due to its low oper-
ating voltage, bitwise operation, faster writing speed than 
flash memory, excellent fatigue characteristics, hundreds of 

millions of cycles, simple manufacturing process and com-
patible with the current mature CMOS (Complementary 
Metal–Oxide–Semiconductor) process [3]. In especial, the 
great progresses were being made on semiconductor and 
micro-nano fabrication technology in recent years. Besides, 
the research foundation of phase-change materials had been 
accumulated in the fields of optical storage and PCM tech-
nology. All of these resulted that PCM was replacing the 
traditional flash memory and having a broader application 
space and better development trend [4].

Phase-change material was the core of phase-change 
memory. As a storage medium, its performance is directly 
related to the quality of PCM device [5]. At present, there 
were many phase-change materials and different classifica-
tion methods. Thereinto, most of phase-change materials 
were made of one, two or three of the three elements (Ge, Sb 
and Te) [6–8].  Ge2Sb2Te5 system is the most mature phase-
change material because of its widely use in optical storage. 
However, the weak amorphous thermal stability limited its 
further application for high density and high speed memory 
[9]. The literature showed that Sb phase-change material 
had a faster crystallization rate due to its growth-dominated 
crystallization mechanism [10]. However, its low phase 
transition temperature also leads to the instability of its 
amorphous state [11]. The traditional doping method could 
improve the thermal stability of Sb and decrease the power 
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consumption while slowing down the phase transition speed 
[12]. The multilayer composite film could improve the ther-
mal stability and maintain low operating power consumption 
due to its low thermal conductivity [7, 13]. Therefore, it had 
received continuous attention from researchers. Hafnium 
dioxide (c) was a common stable oxide of hafnium. It was 
an insulator with a wide bandgap of 5.3 to 5.7 eV, which had 
both a high dielectric constant (K − 25) and a breakdown 
electric field (5 mV/cm) [14]. Therefore, it had good ther-
mal stability. In this paper,  HfO2 was used as an interlayer 
material to composite with Sb through a multilayer stack. 
By studying its thermal, optical and electrical properties, the 
potential value of Sb/HfO2 multilayer film as phase-change 
material is considered comprehensively.

2  Experimental

The Sb/HfO2 multilayer films were prepared at room tem-
perature by alternately sputtering  HfO2 and Sb targets on Si/
SiO2 substrates in a radio frequency (RF) magnetron sput-
tering system. The targets with the purity of 99.999% were 
carefully cleaned to remove the impurities on the surface 
before sputtering. In order to ensure the temperature of sub-
strate, the instrument was cooled by circulating water during 
sputtering. The background pressure of the vacuum chamber 
was lower than 2 ×  10−5 pa with a sputtering gas pressure 
of 4 ×  10−1Pa. The flow rate of high-purity argon (AR) was 
30 sccm (sccm was standard ML/min). The powers of Sb 
and  HfO2 targets were set at 30 and 60 W, respectively. The 
rotary speed of the substrate was 20 rpm to ensure the uni-
formity of deposition. The thickness of each individual layer 
was designed by controlling the sputtering time. The total 
thickness of multilayer Sb/HfO2 and monolayer Sb thin films 
were set to approximately 50 nm.

The crystallization temperature of the film can be 
obtained by measuring the heating process of the sample 
in in-situ resistance temperature (R–T) system with a two-
point-probe setup. An argon protection test chamber was 
introduced to prevent the oxidation of the film in the heating 
process. At the same time, the films were kept at different 
isothermal temperatures for time-dependent resistance meas-
urement to estimate the data retention and activation energy 
for crystallization (Ea). The reflectivity of the film was meas-
ured by a near-infrared spectrophotometer (NIR, 7100 CRT, 
XINMAO, China) in the wave length range of 400–2500 nm 
and the bandgap was obtained by Kubelka–Munk’s law. The 
crystalline phase structure at various temperatures was ana-
lyzed by X-ray diffraction (XRD) with Cu Ka radiation in 
the 2θ range from 20 to  60o performed at 40 kV and 40 mA, 
with a scanning step of 1° per min. The surface morphol-
ogy of the film was observed by atomic force microscopy 
(AFM), which was aimed to analyze the change of roughness 

in annealing. 50-nm-thick samples were prepared for X-ray 
reflectometry (XRR) measurement to estimate the density 
change of film during crystallization.

3  Results and discussion

The crystallization process of Sb/HfO2 multilayer films 
was analyzed by in-situ resistance–temperature measure-
ment. Figure 1 shows the R–T curves of Sb monolayer thin 
films and Sb/HfO2 multilayer composite films measured at 
a fixed heating rate of 30 °C/min. It could be seen from 
Fig. 1 that the resistances of all films decreased slowly at 
first from high resistance, which was called the nucleation 
stage. When the temperature reached a specific value, the 
resistance decreased rapidly. This temperature was defined 
as the crystallization temperature Tc[15]. After Tc, the phase 
transformation process changed from nucleation to growth. 
The resistance ratio between amorphous and crystalline 
states for Sb/HfO2 was over two orders of magnitude, which 
could meet the requirement of PCM. Figure 1 shows that the 
Tc for [Sb(18 nm)/HfO2(1 nm)]3, [Sb(14 nm)/HfO2(1 nm)]3, 
[Sb(12  nm)/HfO2(1  nm)]4, [Sb(11  nm)/HfO2(1  nm)]4, 
[Sb(10 nm)/HfO2(1 nm)]5 and Sb films were 188, 209, 224, 
231, 239 and 154 °C, respectively. Generally, the thermal 
stability could be evaluated by the crystallization tempera-
ture roughly. It revealed that the thermal stability of the Sb/
HfO2 multilayer composite films was improved as a whole 
compared with the monolayer Sb film [16]. Moreover, the 
crystallization temperature of Sb/HfO2 composite films was 
higher than that of GST (− 160 °C) [17]. The key issue of 
GST in commercial application was its relatively low crys-
tallization temperature, which resulted in poor thermal sta-
bility. Furthermore, the crystalline resistances of Sb/HfO2 

Fig. 1  Resistance as a function of temperature for Sb/HfO2 multilayer 
composite thin films with different thickness ratios at a heating rate of 
30 °C/min
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thin films increased with the decrease of period thickness of 
Sb layer. Thus, Sb/HfO2 multilayer thin films also had better 
thermal stability than Sb.

Beyond Tc, the resistances of all films maintained in low 
and stable values, indicating the formation of crystalliza-
tion states and turning into coarsening stage. Furthermore, 
the crystalline resistances of Sb/HfO2 thin films gradually 
increased with the decrease of the thickness of Sb layer. A 
better self-heating efficiency could be achieved with a higher 
resistance according to the joule heat Q = I 2 × R × t [18], 
where Q, I, R, t were joule heat, current, resistance and time, 
respectively. It could reduce the pulse current of the Joule 
heating and contribute to reduce the power consumption in 
the RESET process. In addition, the resistance difference of 
pure Sb film before and after crystallization was smaller than 
that of Sb/HfO2 thin films. It might be ascribed to the partial 
crystallization of Sb during the deposition process due to its 
poor amorphous thermal stability. After compositing with 
 HfO2, the resistance difference became larger, which was 
conducive to keep an enough SNR (Signal-to-Noise Ratio) 
for PCM device [19].

Good thermal stability of the phase-change materials was 
beneficial to and reliability of PCM devices. In this work, the 

crystallization method was applied to evaluate the data reten-
tion. Figure 2a–c shows the normalized resistance as a func-
tion of annealing time at various isothermal temperatures for 
[Sb(10 nm)/HfO2(1 nm)]5, [Sb(14 nm)/HfO2(1 nm)]3 and 
[Sb(20 nm)/HfO2(1 nm)]3 thin films. A lower isothermal 
temperature corresponded to a longer incubation period. 
The failure time was defined as the time when the resistance 
dropped to half of its initial value at isothermal temperatures 
[17]. Figure 2a reveals that the failure time of [Sb(10 nm)/
HfO2(1 nm)]5 thin film at the annealing temperature 234, 
224 and 219 °C were 33, 212 and 397 s, respectively. Sim-
ilarly, the failure time for [Sb(10 nm)/HfO2(1 nm)]5 film 
increased from 66 s of 204 °C to 1320 s of 189 °C. Accord-
ing to the same test method, the failure time of other films 
was also measured (not shown here). The similar tendency 
could be obtained for all other Sb/HfO2 thin films. As was 
known, the phase-change film needed more time to accu-
mulate the energy for the nucleation and grain growth in a 
lower isothermal temperature [20]. Figure 2d is obtained by 
fitting failure time vs. isothermal temperature of different 
films linearly.

The activation energy Ea was another significant index 
for assessing thermal stability. A larger Ea meant a greater 

Fig. 2  a–c The change of normalized resistance with time for [Sb(anm)/HfO2(1 nm)]5 (a = 10, 14, 20) thin films at isothermal annealing pro-
cess; d is the plot of failure time versus reciprocal temperature, showing the data retention temperature for 10 years and Arrhenius plots for Ea 
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crystallization obstacle. The temperature for 10-year data 
retention could be obtained from the extrapolated fitting 
curve based on the Arrhenius equation. The Arrhenius equa-
tion showed the relationship between failure time and activa-
tion energy [21]:

where t, τ, Ea, k and T were failure time, the pre-expo-
nential factor depending on the material’s properties, the 
activation energy of crystallization, Boltzmann’s constant 
and absolute temperature of concern, respectively. Figure 2d 
shows the fitting result of a plot of failure time versus 1/(kT). 
As shown in Fig. 2d, the Ea of [Sb(10 nm)/HfO2(1 nm)]5, 
[Sb(14 nm)/HfO2(1 nm)]3 and [Sb(20 nm)/HfO2(1 nm)]3 
were 5.07, 4.35 and 4.17 eV, respectively. By contrast, the Ea 
of pure Sb thin film was only 1.27 eV [22], which indicated 
that there was a greater crystallization barrier to restrain 
the crystallization of Sb/HfO2 multilayer films. Besides, 
the data retention temperatures for 10 years of [Sb(10 nm)/
HfO2(1 nm)]5, [Sb(14 nm)/HfO2(1 nm)]3 and [Sb(20 nm)/
HfO2(1 nm)]3 thin films were 147, 136 and 127 °C, respec-
tively, which were much higher than that of GST (− 85 °C) 
and pure Sb thin film (− 14 °C) [22]. Compared with GST, 
Sb/HfO2 multilayer films was more appropriate for high-
temperature PCM application, and was selected to investi-
gate its further application for PCM cell. It revealed that the 
data retention ability was greatly enhanced with the decrease 
of the thickness of Sb layer in Sb/HfO2 multilayer films. 
From this perspective, Sb/HfO2 thin films possessed better 
reliability of the amorphous state to meet the application of 
data storage at elevated temperature.

The reflectivity spectra of Sb and Sb/HfO2 films were 
measured by UV–VIS–NIR spectrophotometry in the 
wavelength range of 400 to 2500 nm at room tempera-
ture. Figure 3 shows the plot of the absorbance vs. energy 

(1)t = � exp(E
a
∕kT),

of monolayer Sb and multilayer Sb/HfO2 thin films. The 
Kubelka–Munk function (K–M) was as follows, which was 
used to obtain the conversion of reflectivity to absorbance 
data [23].

where R was the reflectivity, K was the absorption coef-
ficient and S was the scattering coefficient. When free elec-
trons absorbed enough energy, they could jump from valence 
band to conduction band. The width between valence band 
and conduction band was the forbidden band. As shown 
in Fig.  3, the bandgap energy Eg for Sb, [Sb(10  nm)/
HfO2(1  nm)]5, [Sb(11  nm)/HfO2(1  nm)]4, [Sb(12  nm)/
HfO2(1 nm)]4 and [Sb(14nm)/HfO2(1 nm)]3 were 1.18, 
1.63, 1.45, 1.32 and 1.26 eV, respectively. Compared with 
the amorphous Sb thin film, the amorphous Sb/HfO2 thin 
films had a wider bandgap. Besides, with the decrease of 
Sb period thickness, the Eg of Sb/HfO2 amorphous films 
became bigger, which indicated that the thermal stability 
of amorphous state was enhanced. In general, the carrier 
concentration inside the semiconductors was proportional to 
exp(− Eg/2kT) [24]. An increase in the bandgap would lead 
to the decrease of carriers, which made a major contribution 
to the increase of resistivity for amorphous film. This finding 
was in accordance with the result of R–T curves in Fig. 1.

The crystallization behavior of [Sb(11 nm)/HfO2(1 nm)]4 
thin film was examined by XRD patterns. Figure 4 shows the 
XRD patterns of the materials after annealing at different 
temperatures for 22 min. No diffraction peaks were observed 
in the as-deposited and 170  °C annealed [Sb(11  nm)/
HfO2(1 nm)]4 thin films, indicating an amorphous nature. 
With the increase of annealing temperature to 231 °C, the 
obvious diffraction peak of (003), (012) and (006) began 
to appear, which belonged to Sb phase [25]. It indicated 

(2)K∕S =
(

1 − R
2
)

∕(2R),

Fig. 3  The Kubelka–Munk function of monolayer Sb and multilayer 
Sb/HfO2 thin films

Fig. 4  XRD patterns of [Sb(11  nm)/HfO2(1  nm)]4 multilayer thin 
films annealed at different temperatures for 22 min in Ar atmosphere
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that the crystallization had occurred in the material. With 
the further increase of annealing temperature to 240 and 
251 °C, these Sb diffraction peaks continued to exist. Pure 
Sb material had been proved to have ultrafast phase-change 
speed due to its growth-dominated crystallization mode [26]. 
The existence of a large number of Sb phases in [Sb(11 nm)/
HfO2(1 nm)]4 thin film could quicken the crystallization pro-
cess and reduce the operation power consumption. Besides, 
no diffraction peaks belonging to  HfO2 were observed in 
the XRD curves, indicating the existence of  HfO2 in amor-
phous state. The crystallization of Sb in Sb/HfO2 materials 
was restrained by amorphous  HfO2 layers due to the holding 
effect of interfaces in the [Sb(11 nm)/HfO2(1 nm)]4 multi-
layer thin films. It was conducive to improve the stability of 
Sb materials. The  HfO2 interlayers played an important role 
in improving the crystallization temperature and the thermal 
stability of Sb films, which was beneficial to the reliability 
of the PCM device. We could calculate the grain size of 
multilayers by using the Scherrer equation [27]:

where Dhklwas Grain size, λ was wavelength of the X-ray 
(0.154 nm), β was the full-width at-half-maximum (FWHM), 
and θ was the diffraction angle. The average grain size of 
[Sb(11 nm)/HfO2(1 nm)]4 was 5.2 nm, which belonged to 
microcrystalline. Moreover, it was much less than that of 
GST (40.3 nm) [28]. The small microcrystalline further 
proved that the crystallization was inhibited, resulting in 
more crystal boundaries and a higher resistance. This was 
beneficial to decrease the volume change before and after 
crystallization and improve the reliability of PCM device.

The surface roughness of film was of great significance 
for the device performance by influencing the quality of 
the electrode-film interface during the phase-change pro-
cess. The change of surface morphology of the film was 
related to the internal stress [29]. Figure 5 shows the evo-
lution of surface images for the multilayer [Sb(11 nm)/

(3)D
hkl

= 0.943�∕(�cos�),

Fig. 5  a–d AFM topographic images of [Sb(11 nm)/HfO2(1 nm)]4 multilayer thin films annealed at 170, 200, 231 and 251 °C
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HfO2(1 nm)]4 thin film annealed at different temperatures 
through the AFM measurement. The surface of the film 
became rougher after annealing due to the internal stress 
produced by endothermic transformation, which indicated 
that the films began to change from amorphous to crys-
talline state. For the [Sb(11 nm)/HfO2(1 nm)]4 thin film 
annealed at 170 °C in Fig. 5a, the surface was smooth with 
the root-mean-square surface roughness (RMS) of 0.276 nm. 
After annealed at 200, 231 and 251 °C, the RMS increased 
slightly to 0.667, 0.742 and 0.893 nm, respectively. With 
the increase of annealing temperature, the crystallization of 
[Sb(11 nm)/HfO2(1 nm)]4 film became more obvious. The 
surface became rougher and the grains tended denser. In 
addition, the RMS of pure Sb thin film was 2.3097 nm [22]. 
It implied that the strain in [Sb(11 nm)/HfO2(1 nm)]4 film 
was much smaller than that of pure Sb film, which was ben-
eficial to increase the effective contact between electrode 
and film. Also, it could be deduced that PCM devices based 
on multilayer [Sb(11 nm)/HfO2(1 nm)]4 would have better 
cycle reliability.

In order to quantitatively study the change of film thick-
ness in the crystallization process, the XRR spectra of sin-
gle-layer Sb and multilayer [Sb(11 nm)/HfO2(1 nm)]17 films 
were measured. Figure 6a and c shows the XRR patterns of 
Sb (200 nm) and [Sb(11 nm)/HfO2(1 nm)]17 films, respec-
tively. It could be found that all the reflection peak of the two 
thin films moved toward a higher angle after crystallization, 
which indicated that crystalline thin film had a higher den-
sity than the amorphous one. The modified Bragg equation 
was used to determine the density change before and after 
crystallization [30]:

where θm,� , � , m (m = 1, 2, 3…) in m + Δm , and t were 
reflection coefficient, a constant, wavelength of Cu–Ka radia-
tion (0.154 nm), correction and the thickness of materials, 
respectively. The value of Δm is 0.5, which corresponds to the 
smallest or largest intensity of XRR pattern for every reflection 

(4)sin
2�

m
= 2� + (m + Δm)2 ⋅ (�∕2t)2,

Fig. 6  XRR patterns of a Sb and c [Sb(11 nm)/HfO2(1 nm)]4 films; Plots of  sin2θm versus (m + Δm)2 for b Sb and d [Sb(11 nm)/HfO2(1 nm)]4 
films
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series. Figure 6b and d exhibits the plots of sin2 �
m
 versus 

(m + Δm)2 . The relationship between the thickness variation 
of the film was calculated as [31]

From this, the thickness change of monolayer Sb thin film 
and multilayer [Sb(11 nm)/HfO2(1 nm)]17 films before and 
after crystallization were calculated as 1.48% and 1.22%, 
respectively. The results were much smaller than the conven-
tional GST film (− 6.8%) [32]. It revealed that the existence 
of  HfO2 interlayers leads to a smaller thickness change, which 
was beneficial to the effective contact between the phase-
change layer and the electrode and improved the reliability of 
the device. It was in accord with the results of XRD and AFM 
measurements.

4  Conclusions

In summary, the phase transformation properties of multilayer 
Sb/HfO2 thin films were studied. With the decrease of the 
period thickness of Sb layer in Sb/HfO2, the Tcincreased from 
154 °C of pure Sb to 239 °C of [Sb(10 nm)/HfO2(1 nm)]5. 
And the data retention temperature of 10 years increased from 
127 °C of [Sb(20 nm)/HfO2(1 nm)]3 to 147 °C of [Sb(10 nm)/
HfO2(1 nm)]5. In addition, the amorphous film with a relative 
thicker  HfO2 interlayer had a wider bandgap. XRD patterns 
revealed that  HfO2 layer could inhibit the crystallization of 
Sb making it to have a smaller grain size (5.2 nm). The RMS 
of [Sb(11 nm)/HfO2(1 nm)]4 film annealed at 251 °C was 
0.893 nm, which was much smaller than the pure Sb. The Sb/
HfO2 film had a smaller thickness change (− 1.22%) before 
and after crystallization than pure Sb film (− 1.48%). These 
results showed that  HfO2 interlayers could effectively inhibit 
the crystallization of Sb and improve the thermal stability of 
the composite film. Meanwhile, the smaller thickness change 
was beneficial to the effective contact between the phase-
change layer and the electrode and improved the reliability 
of the device. These results demonstrated that the Sb/HfO2 
multilayer thin film was a promising phase-change material 
with high stability and reliability in PCM application.
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