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SbeTe films with different Ti contents (TiySbaTe) are derived via the target-attachment method by using the
magnetron sputtering technique. The effects of the Ti content on the phase change characteristics and the mi-
crostructures are investigated by x-ray diffraction, x-ray photoelectron spectroscopy, scanning electron microscopy
and atom force microcopy. Resistance-temperature measurements are carried out to reveal the enhanced crystal-
lization temperature of TiySbyTe films, indicating a better thermal stability in such films. Both the activation
energy and the temperature for 10y data retention increase with increasing the concentration of Ti. It indicates
that the crystallization of the amorphous SbyTe film could be suppressed by the introduction of Ti. The im-
provement of crystallization temperature and the thermal stability of the amorphous Sbe Te film results from the
introduction of Ti in Sb-Te bond that decreases the binding energy of Sb 4d and Te 4d.

PACS: 85.35.—p, 68.60.Dv, 81.15.Cd DOI

Phase change memory (PCM) has a broad appli-
cation prospect in the semiconductor market, due to
its excellent characteristics including its faster, lower
cost, denser, and lower power-consumption character-
istic as compared with other non-volatile memories.
The reversible phase transition between the amor-
phous (OFF state-logic 0) and the crystalline (ON
state-logic 1) states, which is controlled by electri-
cal pulses, is the key feature of PCM. The stored
data 0 and 1 are identified by a large resistance ratio.
With numerous advantages, phase change materials
are most commonly studied for the next generation
of nonvolatile memory.l"”] GeySboTes (GST) sets a
significant status in PCM studies due to its promi-
nent electronic character among various chalcogenide
compounds. However, its low crystallization tem-
perature (about 150°C),l”) and poor thermal stability
(85°C for 10y)[*"] has restricted the widespread appli-
cation of GST-based PCM. Recently, various efforts
have been made in pursuit of improved phase change
materials.[®7] Sb-Te binary alloys were proposed as
new phase change materials, showing a higher crys-
tallization speed due to the growth-dominated crys-
tallization mechanism. However, some key issues re-
lating to the crystallization temperature and data re-
tention ability remain to be solved before it could be a
suitable PCM. Introduction of foreign elements in Sh—
Te binary alloys might overcome such imperfection for
PCM applications.

The introduction of Ti into SbyTe films has been
proposed to improve the thermal stability and power
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consumption. The co-sputtered Tip 33SboTe was re-
ported to possess high crystallization temperature and
good data retention.["] Since different doping contents
will lead to the change in phase change character-
istics, the impact of Ti content introduced into the
SbyTe films should be understood. In this work, the
Ti-content determined microstructures and character-
istics of Ti;SbaTe (x = 0.16, 0.27 and 0.64) are stud-
ied.

Electrical properties and microstructures of pris-
tine SboTe and Ti,ShoTe layers are respectively in-
vestigated. The 300-nm-thick films are deposited on
Si and SiO4/Si substrates by using a magnetron sput-
tering system at room temperature. The background
pressure and Ar gas pressure were 7.0 x 1074 Pa and
0.25Pa, respectively. The introduction of Ti into
the SbyTe film was realized via the target-attachment
method,[”) where the doping concentration was deter-
mined by the amounts of Ti foils (purity: 99.99%)
placed on the SbyTe target. The rf sputtering power
for the Ti, SboTe target was 60 W. The thickness of the
films was measured by a scanning electron microscope
(SEM). The film composition is determined by using
an energy dispersive spectrometer (EDS) technique.
The resistance variation of the as-deposited films on
Si04/Si substrates during the heating process is mea-
sured in situ at a heating rate of 30°C/min. Ther-
mal stability of the amorphous films was studied via
time-dependent resistance measurements at various
isothermal annealing temperatures. The as-deposited
films are transformed to crystalline films by using a
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rapid thermal annealing (RTA) process under a nitro-
gen atmosphere at 250°C for 10 min. The as-deposited
and crystal structures of Ti;SboTe films were investi-
gated by x-ray diffraction (XRD) with a Cu K« source
(Rigaku, ultima II). The element binding situation
of crystalline Ti,SbyTe films was confirmed by x-ray
photoelectron spectroscopy (XPS) measurement with
an Al Ka x-ray source. SEM and atomic force micro-
scope (AFM) studies were carried out to observe the
morphology and microstructure.
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Fig.1l. X-ray diffraction spectra of the as-deposited and
annealed Ti,SboTe films.
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Fig.2. AFM images of as-deposited (a) SbaTe, (b)
Tio.16Sb2Te, (c) Tig.27SbaTe and (d) Tip.64Sb2Te films.

Figure 1 shows the XRD patterns of the as-
deposited and annealed Ti,SboTe films. The as-
deposited films are amorphous in nature. After the
films annealed at 250°C for 10 min, SboTe crystalline
phase with some hexagonal diffraction peaks is ob-
served. Some diffraction peaks disappear as more and
more Ti is introduced into the SboTe films. How-
ever, no new phase was found in these Tig 165boTe,
Ti0.27Sb2Te and Ti0‘64Sb2Te films. The foreign ele-

ment Ti might inhibit the crystalline process of ShoTe,
resulting in the change of diffraction peaks.

AFM images of as-deposited Ti,SboTe films are
shown in Fig.2. The higher the Ti content is, the
smoother the surface is. The annealed films (Fig. 3)
show the same manner as the amorphous ones, where
the surface roughness also decreases as more Ti is in-
troduced. The films will be smoother with the in-
creasing Ti content, no matter whether the films are
amorphous or crystalline. SEM images of SboTe,
Ti0_16Sb2Te, Tio.27Sb2Te and Ti0.64Sb2Te films an-
nealed at 250°C for 10 min confirm the AFM results, as
shown in Fig.4. The grain size of Ti,SbyTe film de-
creases clearly with increasing Ti concentration. Ti
may serve as a barrier to block the SboTe crystal
growth. The smaller grain size may induce more grain
boundaries, which could cause the increase of the re-
sistance of crystalline SboTe films. It will be confirmed
by the following resistance results.
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Fig. 3. AFM images of (a) SbaTe, (b) Tig.16Sb2Te, (c)
Tig.27SbaTe and (d) Tip.e4SbaTe films annealed at 250°C
for 10 min.

The resistance and data retention of Ti,SboTe
films were measured by Keithley 2400 source-measure
unit. A dc voltage of 0.1 V was used for the reading op-
eration. Figure 5 shows the temperature dependence
of the resistance for Ti,SbyTe films. The resistance
of the as-deposited SbyTe film is 8.2 x 10° Q at room
temperature, and then falls slowly with the increasing
temperature. When the film turns into crystallization,
the resistance remains to be about 502. The curve
suffers a sudden drop at around 139°C, the so-called
crystallization temperature 7., which is consistent
with the result of research reported earlier.”) After
the addition of Ti, the resistances of both as-deposited
(R.) and crystalline (R,) films increase obviously, so
does the T, of phase change films. The T, temper-
atures of Tio,165b2Te, Tio,27Sb2Te, Tio‘64Sb2Te films
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increase up to 153, 159 and 174°C, respectively. The
higher T, means that the thermal stability of the
amorphous state will be prominently improved. The
increase of R. implies that the power consumption of
crystalline phase decreases.
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Fig.4. SEM micrographs of (a) SboTe, (b) Tig.16Sb2Te,
(¢) Tip.27SbaTe and (d) Tip.eaSbaTe films annealed at
250°C for 10 min.
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Fig.5. The temperature dependence of resistance for

TizSboTe films.

Figure 6(a) shows the 10-year data retention prop-
erty of Ti,SboTe films. The temperature for the 10-
year retention is evaluated according to the change
of the characteristic time with the elevated surround-
ing temperature. The characteristic time is deter-
mined by using a certain crystalline resistance that
is half of the initial resistance during an isothermal
process.!'’] The data retention temperature of SbhyTe,
rI‘i()_16Sb2rI‘e7 Ti0'27Sb2Te and Ti0'64Sb2Te films for
10y is 57, 88, 97 and 120°C, respectively. The data
retention temperature of the GST film for 10y is only
83°C.I'"l The activation energy E, was calculated with
the Arrhenius equation!'?

t = Texp(Ea/kpT), (1)

where ¢, 7 and kg are the characteristic time, a pro-
portional time constant and Boltzmann’s constant, re-
spectively. In Fig.6(b), the activation energies E, of
SbgTe, TighlﬁstTe, Tio.27Sb2Te and Tio.64Sb2Te are
about 1.91, 2.80, 2.97, and 4.01 eV, respectively, com-
parable with 2.67 ¢V for GST.I''! This means that with
the increase in the Ti content, the data retention of
SboTe obtains outstanding improvement.
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Fig. 6. (a) Arrhenius extrapolation of 10-year of data re-
tention for TiySbaTe films; (b) the activation energy E,
for Ti,SboTe films.
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Fig. 7. XPS spectra of SbyTe and TizSboTe films an-
nealed at 250°C.
To further study the effect of the Ti content on the
changes of the chemical bonding state of elements in
the SbyTe films, XPS spectra were also employed to re-
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veal the binding status of the components in all types
of samples. Figure 7 shows the XPS spectra of Ti 2p,
Sb 4d and Te 4d for SbyTe and Ti,SboTe films. The
obtained binding energies of Sb 4ds/3, Sb 4ds/, Te
4d5 /o and Te 4d3/, main peaks are found to be 31.70,
32.86, 39.63 and 41.18eV for SbyTe; 31.62, 32.83,
39.63 and 41.06 €V for Tiy.16SbsTe; 31.62, 32.83, 39.63
and 41.06 eV for Tip.o7SboTe; 31.47, 32.72, 39.33 and
40.80eV for Tip gsShoTe, respectively. It is obvious
that the peak positions of Sb 4d and Te 4d all shift
to a lower binding energy after Ti is introduced. It
indicates that the higher the Ti content, the lower the
binding energies of Sb 4d and Te 4d. Simultaneously,
as more Ti atoms are incorporated, the binding en-
ergy of Ti increases. This implies that Ti atoms bond
to Sb and Te atoms forming Ti—Sb and Ti—Te bonds.
The binding energy of an element is determined by the
electro-negativity of the element that it bonds with.['”]
Since the smaller electro-negativity of Ti (1.54) than
those of Sb (2.05) and Te (2.1), the binding energy val-
ues of Sb and Te decrease as expected once Ti bonds
with Sb and Te elements.®) The change in binding
energy indicates that the Sb and Te atoms in Sb-Te
bonds are partially replaced by Ti atoms, which are
responsible for the improvement of the phase change
characteristics in Ti doped ShyTe films.

In summary, the effects of the Ti content on both
the microstructures and the phase change charac-
teristics of Ti,SboTe films have been investigated.
The incorporation of Ti enhances the crystallization
temperature and the thermal stability of amorphous
SboTe. The activation energy for crystallization in-
creases from 1.90 to 4.01 eV, and the temperature for
10y data retention increases from 57 to 120°C as the
concentration of Ti increases. Sb and Te in Sb-Te
bonds are partially replaced by Ti to decrease the

binding energy of Sb 4d and Te 4d, which is responsi-
ble for the improvement of crystallization temperature
and the thermal stability of the amorphous SbyTe film.
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