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The contradictory between switching speed and thermal stability has long been a huge challenge for phase-
change memory applications. For providing a feasible solution, the rapid-phase-transition material— pure anti-
mony, was incorporatedwith silicon carbide to complement their advantages. The characterization results eluci-
date that dopants situated in the grain boundary inhibit the crystal growth and enhance the stability of the
temperature-sensitive amorphous state. Convincingly for devices, an ultrafast speed of 7 ns, an operational volt-
age requirement of only 1.0 V, a high endurance ofmore than 200 K and a long data retention are all demonstrat-
ed to be realizable and repeatable.

© 2016 Acta Materialia Inc. Elsevier Ltd. All rights reserved.
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1. Introduction

Along with the coming era of the Internet of Things and Big Data,
Phase-Change Memory (PCM) is one of the best candidates for new
class memory that is capable to store the exponential growth data.
Being the most matured device of the emerging memory solutions, it
combines the characteristics of high density due to excellent scalability,
good reliability attributed to long life time, and high speed owing to fast
crystallizationmechanism [1–3]. Nevertheless, PCM is still placed on the
midst of DRAM and NAND for its deficiencies on operation speed and
power consumption compared to DRAM [4]. Therefore, material im-
provements and new cell designs have been devoted many efforts to
achieve complete replacement in recent years.

As iswell known, antimony is a rapid-phase-transitionmaterialwith
a growth-dominated crystallization mechanism. Besides, this kind of
Te-free phase change material is the environmental friendly material
comparedwith other alloys containing Te. However, it has high crystal-
lization rates but low archival life stability [5], which is very sensitive to
the factors, such as deposition rate and time, residual gas pressure,

substrate temperature, etc. [6] Thus the initially deposited antimony
thin film is usually the crystalline state as seen in most relevant litera-
tures [7,8]. In view of the fact that SiC dopingwas previously used to en-
hance the thermal stability and boost the operation speed of Sb3Te
material [9]. Here it was proposed and expected to be an effective dop-
ant to improve the high temperature stability of this single element
matter.

2. Experimental

Different groups with the increased SiC content were prepared by
co-sputtering method using Sb and SiC targets. The concentration of
SiC in Sb was varied by changing the radio frequency sputtering
power and evaluated by energy dispersive spectroscopy (EDS). Here
the low, medium and high doping concentration denote the materials
of (SiC)3.0Sb94, (SiC)4.5Sb91 and (SiC)6.0Sb88, respectively in the follow-
ing sections. The resistance as a function of temperature was in situ
measured in a homemade chamber. Then themicrostructurewas inves-
tigated by transmission electronmicroscopy (TEM) and the bonding sit-
uation was explored by X-ray photoelectron spectroscopy (XPS).
Finally, T-shaped PCM cells were prepared for device testing and oper-
ating demonstration, of which have a bottom-up construction of
190 nm bottom electrodes array and 60 nm phase-change layer, as
well as 10 nm TiN and 300 nm Al, serving as the adherent layer and
top electrode, respectively.
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3. Results and discussion

Fig. 1(a) shows the resistance evolution as a function of temperature
for the deposited films. The resistance-temperature (R-T) curves exhibit
a precipitous drop at 196.8 °C, 235.7 °C and 250.6 °C for (SiC)3.0Sb94
(LD), (SiC)4.5Sb91 (MD) and (SiC)6.0Sb88 (HD), respectively. It precisely
mirrors the phase transformation from the amorphous state to the hex-
agonal crystalline phase. In addition, the value of high resistance state
(HRS) becomes larger simultaneously with a higher doping level,
which is helpful to improve the amorphous thermal stability. Generally,
the pure Sb film is low resistance state (LRS) of crystallization under the
same treatment conditions, while light SiC doping significantly im-
proves the situation. More noticeably, the amorphous-state Sb films
were prepared for convenient comparison by controlling deposition
time at the same growth rate as shown in Fig. 1(c), indicating ultrafast
amorphous-crystalline phase transition occurs at a relatively low tem-
perature. And then the activation energy of crystallization (Ea) and the
temperature for 10-year data retention (T10-yr) can be calculated ac-
cording to the Arrhenius equation,

t ¼ τ exp
Ea
kBT

� �

where t is the time to failure, τ is a proportional time constant and kB is
Boltzmann's constant. Here in Fig. 1(b), the failure time is defined as the
time when the resistance decreases to a half of its initial value at the
specific temperature. It is observed that the T10-yr of low SiC-doped Sb
is 89.6 °C approaching that of Ge2Sb2Te5 [10]. And the lifetime goes up
with a higher doping concentration rooting from larger activation ener-
gy. Additionally, the calculated Ea values are in good agreementwith the

data determined by Kissinger's method [11],

ln
dT=dt

T2
c

 !
¼ C þ Ea

kBTc

where dT/dt is the heating rate, Tc is the crystallization temperature and
C is a constant. There is a clear increasing trend on the absolute value of
the fitting lines' slope in Fig. 1(d), i.e. Ea. So it also provides a visual con-
trast to the doped films on activation energy. This convincingly illus-
trates the argument that SiC improves the lifetime of data by
enhancing the stability of pure antimony with a larger energy barrier.

The TEM bright-field images with corresponding high-resolution
TEM (HRTEM) and the associated selected area electron diffraction
(SAED) patterns for two different doping levels are presented in Fig. 2.
All the samples were annealed at the temperature of 300 °C for 3 min.
The obvious decrease on the grain size can be clearly seen from Figs.
2(a) and (d). And in Figs. 2(b) and (e), the medium SiC-doped Sb ex-
hibits about 20 nm-scale grain size, while high SiC-doped is mostly
less than 10 nm. Also from both HRTEM images, we can see that the ad-
ditional Si or C atoms that situated in the grain boundary lead to the in-
crease of local disorder degree. It has the maximum possibility to cause
a striking reduction of grain size. Like Si [12], C [13] or N [14] doping, the
disorder phase remarkably inhibits the grain growth and supposedly
changes the crystallization mechanism through extending the incuba-
tion time of the critical nucleus's formation. Meanwhile, the larger frac-
tion of grain boundaries in SiC-doped Sb is themain reasonwhy thefilm
with higher doping concentration has larger resistance that arises from
the scattering effect of defects. Further in Figs. 2(c) and (f), the restrain
tendency of grain growth can also be confirmed by SAED patterns. And
the diffraction rings of two samples can be identified as hexagonal

Fig. 1. (a) The resistance versus temperature measurements for as-deposited SiC-doped Sb films. The heating rate was 20 °C/min. (b) The corresponding Arrhenius extrapolation plots of
failure time versus 1/kBT. (c) Temperature dependence of the resistancemeasuredwith various heating rates. (d) Kissinger plots for Ea calculationwith regard to pure Sb and doped films.
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