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Oxygen doping was applied to improve the thermal stability of Sb;¢Sesq
materials. Compared with Sb;¢Sesq film, the O-doped Sb;¢Sesq films exhibited
higher crystallization temperature (~240°C), larger crystallization activation
energy (4.99 eV) and better data retention (176.1°C for 10 years). O-doping
also broadened the band gap and refined the grain size. A faster phase
switching speed was obtained for O-doped SboSeso materials. After O-doping,
the phase change film had a smaller surface roughness (1.35 nm) than
Sb7OSe30.
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INTRODUCTION

In recent years, phase-change memory (PCM) has
attracted more and more attention owing to its
distinctive features such as low power consumption,
cheap cost, fast speed and fabrication compatibility
with the complementary metal-oxide—semiconduc-
tor (CMOS) process.'™ The data storage is realized
by reversible phase transition between the ‘reset’
state (high-resistive amorphous state) and the ‘set’
state (low-resistive crystalline state) induced by
electrical pulses. Due to the dramatic difference of
resistivity between the two states, PCM devices may
be used as practical high-performance memory
elements.

The properties of PCM devices depend primarily
on phase change materials.”® Among many phase
change chalcogenide materials, GeySboTes (GST)
has been widely studied.”® Despite its remarkable
properties, GST has been proved to have a quite low
crystallization temperature (150°C),° poor 10-year

(Received February 5, 2017; accepted August 1, 2017;
published online August 14, 2017)

data retention (85°C),'%!! relatively low crystalliza-
tion speed (100 ns),'? and large density change
(6.5%).'® In addition, in order to achieve higher
storage density, the power consumption of PCM
devices is another important factor that must be
taken into account in practical applications.'*
Recently, benefiting from the growth-dominated
crystallization mechanism of Sb, many Sb-rich
alloys have been developed, such as Sb-Te, Al-Sb,
Zn-Sb, and Ge-Sb.'>'® However, Sb-rich phase
change materials are also faced with a quite low
crystallization temperature which reduces their
thermal stability. Previous works have indicated
that the thermal stability can be improved by
doping. Oxygen doping is a common way to improve
data retention by hindering crystallization and to
lowering consumption by increasing resistivity.'*°

In this work, oxygen-doped Sb;ySes; phase-
change thin films were fabricated by the radio-
frequency (RF) sputtering method. The effect of
oxygen doping on the thermal stability, crystalliza-
tion characteristics, and optical transition of O-
doped Sb;ySe3; phase-change material was investi-
gated in detail.
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EXPERIMENTS

O-doped and undoped Sb;¢Sesq thin films were
deposited on SiOo/Si(100) substrates at room tem-
perature by magnetron sputtering. The purity of
SbroSesq target was 99.999% and thin film thickness
was set to 50 nm through controlling the deposition
time. The sputtering power of the Sb;oSesq target
was set at 30 W. The pressures of the background
and sputtering were 1 x 10 * Pa and 3 x 10 ! Pa,
respectively. O-doped thin film was obtained by
mixing Ar and Og sputtering gas. The doping
content of oxygen was controlled by adjusting the
flow ratio of Oo/Ar, while the total gas flow was fixed
at 30 scem (standard cubic centimeter per minute at
STP). The SbSe and SbSeOx (x = 1, 2, 3) films stand
for undoped and O-doped Sb;oSesq films, respec-
tively. The O concentrations of SbSeO1, SbSeO2
and SbSeO3 films, measured by x-ray photoelectron
spectroscopy (XPS), were 9.3 at.%, 14.7 at.% and
19.2 at.%, respectively.

In situ temperature-dependent resistance (R-T)
measurement was applied to investigate the amor-
phous-to-crystalline transition by using a TP 94
temperature controller (Linkam Scientific Instru-
ments, Tadworth, Surrey, UK) under Ar atmo-
sphere. The diffuse reflectivity spectra of the films
were recorded by the NIR spectrophotometer
(7100CRT; Xinmao, China). The phase structures
of the films annealed at various temperatures were
investigated by x-ray diffraction (XRD). The diffrac-
tion patterns were taken in the 20 range from 20° to
60° using Cu Ka radiation with a scanning step of
0.01°/min. Picosecond laser technology was per-
formed to measure the reflectivity change in real
time during the phase transition process, using a
picosecond frequency-doubled model-locked neody-
mium yttrium aluminum garnet laser operating at
532 nm wavelength with a pulse duration of 30 ps.
The surface morphology of the films was observed
by atomic force microscopy (AFM; FM-Nanoview
1000), which was carried out in the semi-contact
mode.

RESULTS AND DISCUSSION

Figure 1 presents the resistances of pure ShoSesq
and O-doped Sbr;oSesq thin films as a function of
temperature at a fixed heating rate of 10°C/min.
The resistance of all the films was initially in a high-
resistive amorphous state, and it decreased slowly
along with temperature due to thermally assisted
trap-limited conduction as a typical semiconductor.
The temperature at which the amorphous resis-
tance began to decrease abruptly was defined as the
crystallization temperature, T.. Figure 1 illustrates
that the T, of pure Sb;ySesg thin film was about
208°C. With increasing oxygen content in Sb;oSesq
thin films, the T, increased from about 225°C of
the SbSeO1 thin film to about 240°C of the SbSeO3
thin film. Oxygen doping inhibits the crystallization
and increases the crystallization temperature.

Generally, we can roughly consider that the higher
T. means better thermal stability. Therefore, oxy-
gen doping enhances the thermal stability of SbSe
thin films. Good thermal stability of the phase
change materials is very significant in practical
applications, because it can benefit the data reten-
tion and the reliability of the PCM devices. In order
to confirm the crystallization state, the subsequent
cooling process at the same rate was carried out. As
shown in Fig. 1, the resistances were maintained in
low values, indicating the occurrence of amorphous-
to-crystalline phase change. Moreover, the resis-
tances of the amorphous and crystallization states
were increased after oxygen doping, which is helpful
for reducing the RESET current by increasing the
heating power according to the equation (P = I?R).
Therefore, compared with Sb;¢Sesq thin film, the
PCM devices based on O-doped SbrgSesq thin film
will have lower power consumption.

The diffuse reflectivity spectra of undoped and O-
doped SbroSesq thin films were measured by NIR
spectrophotometry in the wavelength range from
400 to 2500 nm at room temperature. The band gap
energy (E,) could be determined by extrapolating
the absorption edge onto the energy axis, as shown
in Fig. 2, in which the conversion of the reflectivity
to absorbance data was obtained by the Kubelka—
Munk function (K-M)*":

K/S = (1-R)*/(2R) (1)

where R is the reflectivity, K is the absorption
coefficient, and S is the scattering coefficient. The
band gap energy of SbSe, SbSeO1l, SbSeO2 and
SbSeO3 thin films were 0.74 eV, 0.90 eV, 0.99 eV,
and 1.11 eV, respectively. With the increase of O
concentration, the E, of amorphous films was
extended. In general, the carrier concentration
inside the semiconductors is proportional to
exp(—E,/2k,T), and the increase of the band gap
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Fig. 1. R-T curves of undoped and O-doped Sb7¢Ses, thin films with
a heating rate of 10°C/min.
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Fig. 2. The Kubelka—Munk function of undoped and O-doped
amorphous Sb+¢Sesg thin films.

will result in the reduction of carriers, which make a
major contribution to the increasing of film resis-
tivity after more O-doping. The findings are in good
agreement with the results from Fig. 1.

The data retention of phase change materials is
an important parameter, especially with regard to
the reliability of PCM. Isothermal change in time-
dependent resistance at different temperatures was
employed to evaluate the data retention of SbSeOx
films. The failure time was defined as the time when
the resistance reached half of its initial value at a
specific isothermal temperature. Figure 3a—d shows
the change of normalized resistance with time for
the undoped and O-doped Sb;ySesy thin films. The
typical inverse S-shaped growth curves can be seen
for the isothermal crystallization, including incuba-
tion period, steady-state nucleation, growth, and
coarsening.””> A lower isothermal temperature will
result in a longer failure time because it needs more
time to accumulate the energy for the nucleation
and grain growth. As shown in Fig. 3d, the failure
time for SbSeO3 thin film was 28 s at the annealing
temperature 240°C. Corresponding to the lower
annealing temperatures, 235°C, 230°C, and 225°C,
the failure time increased to 75 s, 277 s, and 867 s,
respectively. Similar change trends could be
obtained for other films.

The data retention was obtained by evaluating
the failure time upon annealing temperature. The
plot of logarithm failure time versus 1/k,T, shown in
Fig. 3e, fits a linear Arrhenius relationship due to
its thermal activation nature. In our case, the fitted
straight line could be described by Eq. 2%

t = toexp(Eq/ksT) (2)
where kg, 10, t, E;, and T are Boltzmann’s constant,
the pre-exponential factor depending on the mate-
rial’s properties, failure time, crystallization activa-
tion energy and absolute temperature of concern,
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Fig. 3. (a—d) The change of normalized resistance with time for the
undoped and O-doped Sb,Sesq thin films at isothermal annealing
process. (e) Arrhenius plots of data retention showing extrapolated
temperatures of 10-year data retention for the O-doped and undoped

Sb,¢Sesq thin films.
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Fig. 4. XRD patterns of the SbSe and SbSeOx (x = 1, 2, 3) films
annealed at 300°C for 10 min in Ar Atmosphere.
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respectively. As shown in the extrapolated fit lines
of Fig. 3e, the temperatures corresponding to a 10-
year data retention T¢.year Were 145.1°C, 143.8°C,
and 176.1°C for SbSeO1, SbSe0O2, and SbSeO03,
respectively. The undoped Sb;¢Sesq thin films could
maintain a stable amorphous state for 10 years only
when the environment temperature is 141.1°C.
Compared with undoped Sbr;gSe;, thin films,

52.0 mJ/em’ /1 80 ns (a)Amorphization

2
37.5 mJ/cm / 1.80 ns
28.2 mJ/em’ 1.68 ns
»~

Reflectivity Change

-30 20 -10 0 10 20 30 40 ,
(b)Crystallization 18.1mJ/cm

-20 0 20 40 60 80 100
Time (ns)
Fig. 5. Reversible reflectivity evolution of SbSeO2 thin films induced

by consecutive picosecond laser pulses with different fluencies for
(a) amorphization and (b) crystallizaton processes.

O-doped SbrpSes( thin films possess better reliabil-
ity of the resistance state at higher temperatures,
which can satisfy the demands of data-storage
applications at higher temperatures. The activation
energy E, for crystallization is a good estimate of
the archival life stability of an amorphous phase
change material. The E, for SbSe, SbSeO1, SbSe02,
and SbSeO3 thin films, estimated by the slope of the
fitted curves in Fig. 3e, were 3.68 eV, 3.41 eV,
3.15 eV, and 4.99 eV, respectively. In contrast, the
E, of GST is only 2.28 eV.2* Thus, O-doped SbSe
thin films had better data retention.

The crystalline structure of undoped and O-doped
SbroSezg thin films was characterized by XRD.
There were no diffraction peaks in any of the films
at 25°C (not shown here), indicating that the as-
deposited films are in amorphous states. Figure 4
presents the XRD patterns of SbSe and SbSeOx
(x = 1,2,3) films annealed at 300°C for 10 min in Ar
gas. The SiO, diffraction peak in the curve is caused
by the SiO5/Si(100) substrate. For the SbSe films,
the characteristic (230) (211), and (301) of the
SboSes; phase, as well as (012) of the Sb phase,
appeared after annealing. These results demon-
strate that the amorphous-to-crystalline transition
occurred. The diffraction peak (012) of Sb disap-
peared after doping with oxygen. At the same time,
the diffraction peaks (222) belonging to SbyO;
appeared in the SbSeO1, SbSeO2 and SbSeO3 films,
indicating new phases have formed after oxygen
doping. That might be because the electronegativity

(a) SbSe as-deposited
2.86 nm

0.00 nm

2.10 nm

0.00 nm

(b) SbSe annealed at 300 °C
24.66 nm

0.00 nm

10.45 nm

Fig. 6. AFM topographic images of (a) as-deposited SbSe, (b) annealed SbSe at 300°C, (c) as-deposited SbSeO2, and (d) annealed SbSeO2 at

300°C.
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of the Sb and O elements is 1.8 and 3.5, respec-
tively.’® Some Sb atoms in the Sb—Sb bonds are
replaced by oxygen atoms to form Sb-O oxides. The
Sb-O oxides condense near grain boundaries and
wrap around the crystal grains.?®> The atomic
migration could be suppressed, resulting in smaller
grain size and a larger number of grain boundaries.*
The decreased grain size could produce more grain
boundaries, which help to enhance the electron
scattering, thus leading to a higher resistance.?®

In the phase change, the changes of electrical
resistivity are accompanied by optical reflectivity.
In order to investigate the switching speed of the
phase change materials, picosecond laser technol-
ogy was applied. The reset operation needs more
power and shorter time than the set one in the
resistance switching process of PCM devices.
Accordingly, more attention is paid to the reset
power and the set speed.?’ That is to say, the power
consumption and operation speed of PCM are
mainly determined by the reset and set processes,
respectively. In Fig. 5a, the reflectivity dropped,
indicating the crystalline-to-amorphous state tran-
sition. Correspondin% to different irradiation flu-
ences of 28.2 mJ/cm? 37.5 mJ/cm? and 52.0 mJ/
cm?, the amorphization time were 1.68 ns, 1.80 ns
and 1.80 ns, respectively. As shown in Fig. 5b, the
crystallization time was 6.39 ns with the irradiation
fluence of 18.1 mdJ/cm?. It has been reported that the
crystallization time of GST is 23.1 ns.?® Therefore,
the SbSeO2 thin film has the faster phase switching
speed.

Film surface roughness has a significant impact
on device performance because the induced stress
can affect the quality of the electrode—film interface
during the phase change process.?” The microstruc-
ture of the SbSe and SbSeO2 thin films before and
after crystallization has been detected by AFM; the
AFM images are shown in Fig. 6. The surfaces of
the as-deposited SbSe and SbSeO2 thin films were
very smooth, with the root-mean-square surface
roughness 0.26 nm for SbSe and 0.25 nm for
SbSeO2 thin films. After annealing at 300°C for
10 min, the roughness of the SbSe film increased to
2.51 nm due to the grain growth, while the rough-
ness of the annealed SbSeO2 film increased slightly
to 1.35 nm. This indicates that O-doping inhabits
the grain growth, resulting in smaller grain size and
better thermal stability.

CONCLUSION

In summary, O-doped Sb;ySeso materials were
prepared and investigated for potential applications
in PCM. O-doping improved the amorphous thermal
stability of Sb;oSeso materials (SbSeO1: T, 225°C, E,,
3.41 eV; SbSe02: T, 230°C, E, 3.15 eV; SbSe03: T,
240°C, E, 4.99 eV). The resistances of both amor-
phous and crystalline states for O-doped SbroSesq
thin films increased with increasing O concentration,
which will help to reduce the power consumption.

The T10.year of O-doped ShyoSes, materials (SbSeO3:
176.1°C) was higher than that of GST. Moreover, the
band-gap widths were extended after O-doping. The
crystallization was restrained due to oxygen adding
and a new Sb oxide phase formed. The crystallization
time for SbSeO2 material induced by a picosecond
laser pulse was much less than that of GST. In O-
doped Sb;¢Sesy materials, the surface roughness
became smaller (SbSeO2: 1.35 nm). These results
demonstrated that the O-doped Sb;ySeso material is
a promising candidate for good stability and low-
power PCM applications.
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