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In this study, the amorphous-to-crystalline transitions of oxygen-doped Zn;5Sbgs materials were investigated by in situ film resistance
measurements. After oxygen doping, the thermal stability, resistance and bandgap of the Zn;5Sbgs material increased significantly.
The data retention temperature for 10 years increased from 58°C of pure Zn;5Sbgs to 200°C of oxygen-doped Zn;5Sbgs. The X-ray
diffraction pattern showed that lots of Sb phases existed in O-doped Zn;5Sbgs, which induced the fast phase change. The formation
of some Zn and Sb oxides were confirmed by X-ray photoelectron spectroscopy. The surface morphology observed by atomic force
microscopy demonstrated that oxygen doping refined the grain size and restrained the crystallization. An ultra-short switching time
of 2.40 ns was achieved for oxygen-doped Zn5Sbgs material. The results showed that appropriate oxygen doping could improve the

performance of the Zn;5Sbgs material in phase change memory.
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Nowadays, with the current main-stream flash memory approach-
ing its physical limit, a ot of nonvolatile memories have been proposed
in the world.!” In these emerging candidates, phase change random
access memory (PCRAM) is regarded as the post-flash memory be-
cause of its better superiority in ultrafast speed, low power, good
endurance, high scalability and multilevel storage. At the same time,
the PCRAM is compatible with the manufacture of complementary
metal oxide semiconductor (CMOS) processes.* In PCRAM devices,
data storage is realized by electrical pulse induced reversible phase
transition between high resistivity state (amorphous state) and low
resistivity state (crystalline state). The significant difference in resis-
tivity between the two states can be used as two different logical states
for data storage in PCRAM devices.’

Ge, Sb,Tes (GST) is one of the most widely used phase change ma-
terials because of its existing business application in optical storage.®
However, the poor data retention (85°C for 10 years) and slow switch-
ing speed in SET and RESET operation processes limit its application
in future mass storage. It is reported that the PCRAM device based
on GST material is difficult to have an entire operating window when
the width of the voltage pulse is shorter than 100 ns, which is insuf-
ficient to meet the requirement of dynamic random access memory
(DRAM) (~10 ns).” Recently, oxygen doping has been proved to be a
useful and convenient way to improve thermal stability by hindering
crystallization and reducing consumption, such as O-doped GeTe,®
Sb,Te;° and GegSby,.'® Sb-rich Zn 5sSbgs alloy is a phase change ma-
terial which has an ultrafast phase switching speed due to its growth
dominated crystallization mechanism.!'! In this work, oxygen-doped
Zn;5Sbgs materials were prepared. By analyzing the thermal and elec-
trical characterizations, the potential application of PCRAM were
evaluated.'?

Experimental

The O-doped Zn;sSbgs materials were prepared by means of mag-
netron sputtering. The O concentration was under the control of the
oxygen flow rate. The total flow rate was fixed at 30 SCCM (Standard
Cubic Centimeter per Minute). Through the preliminary screening of
experimental data, we selected five samples for further study with the
oxygen flow rate of 0, 0.5, 1.0, 1.2 and 1.5 SCCM. The symbols of ZS
and ZSOx (x = 0.5, 1, 1.2, 1.5) were used to represent the undoped
and O-doped Zn,5Sbgs materials with the oxygen gas flow of x SCCM,
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respectively. Then, ZSOx materials were deposited by reactive sput-
tering of the Zn;5Sbgs target in an Ar-O, gas mixture. The power for
the sputtering was fixed at 30 W, with the working pressure for Ar
0.4 Pa. The substrate for material deposition was SiO, (300 nm)/Si.
The purity of Zn;5Sbgs target was 99.999% and the thickness of films
were 50 nm controlled by sputtering time.

The samples temperature was measured by a Pt-100 thermocou-
ple located at a heating stage controlled by a TP 94 temperature
controller (Linkam Scientific Instruments Ltd, Surrey, UK). Thermal
stability of amorphous materials was evaluated by isothermal time-
dependent resistance measurements. A near infrared spectroscopy
(NIR) (7100CRT, XINMAO, China) was used to measure the optical
bandgap. The phase structure was investigated by X-ray diffraction
(XRD) (X’Pert Pro, Holland) operated at 40 kV and 40 mA using
a Cu-Ka source with the 26 degrees range from 20° to 60°. The
binding states of the components were examined by X-ray photo-
electron spectroscopy (XPS) (Thermo ESCALAB 250X1, America).
The atomic force microscopy
was used to observe the surface morphology of films. The real-time
reflectivity was measured by a picosecond laser pump-probe system
(EKSPLA PL2143B, Lithuania). The light source used for irradiating
the samples was a frequency-doubled model-locked neodymium yt-
trium aluminum garnet laser with the operating wave-length 532 nm
and pulse duration 30 ps.

Results and Discussion

Fig. 1 showed the R-T curves of ZS and ZSOx materials at a con-
stant heating rate of 20°C/min. From Fig. 1, it could be seen that the
resistance decreased slowly with the temperature elevating from the
start. Then the resistance dropped rapidly to a low and stable value,
indicating the transition of amorphous to crystalline state. The tem-
perature at which the resistance has a significant drop is defined as the
crystallization temperature (7). Before the T, the resistance decrease
was reversible. When the temperature reached the 7., the resistance
dropped rapidly to a low and stable value which indicated the transi-
tion of amorphous to crystalline state. As shown in Fig. 1, the 7, of
Z8S, 750.5, ZS01.0, ZS01.2 and ZSO1.5 were ~145, ~155, ~182,
~218 and ~240°C, respectively. The thermal stability of metastable
amorphous state depended a lot on the 7. It was clear that the injec-
tion of more oxygen atoms improved the thermal stability. Besides,
no obvious crystallization process was observed in the ZSO2 material
when the temperature increased to 280°C. It could be speculated that
the excessive oxygen doping would form too many oxides, resulting
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Figure 1. The temperature dependence of resistance for ZS, ZS.5, ZSO1,
ZS01.2 and ZSO1.5, ZSO2 materials at a heating rate of 20°C/min.
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Figure 2. The Kubelka—Munk function of ZS and ZSO1.2 materials: (a) as-
deposited ZS and ZSO1.2 material; (b) annealed ZS and ZSO1.2 material at
250°C.

in preventing the crystallization. The amorphous resistances of ZS,
7500.5, ZS01.0, ZS01.2, ZSO1.5 were 1.3 x 10°, 2.1 x 10%,6.2 x
10°,2.5 x 10° and 1.1 x 107 , respectively. The crystallization re-
sistance also increased from 3.75 x 10% © of ZS to 1.83 x 10* Q of
ZS01.5. According to the joule heat Q = I? x R x t, a higher crystal-
lization resistance could improve the heating efficiency and decrease
the power consumption.'® Therefore, we could conclude that ZSQ0.5,
7S501.0, ZSO1.2 and ZSO1.5 material had lower SET and RESET
power consumption than ZS. Also, the resistance difference for ZSOx
materials between amorphous and crystalline state was more than one
order of magnitude, which could meet the application for PCRAM.

The bandgap energy (E,) could be determined by extrapolating the
absorption edge onto the energy axis, as shown in the Fig. 2. Where
in the conversion of the reflectivity to absorbance data was obtained
by the Kubelka-Munk function (K-M):!*

K/S=(-R}/(2R) (1]
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Figure 3. (a) The Kissinger plots of In[(dT/dt)/T, 2] vs. 1/T, for the ZSO1.2
thin film. (b) Relationship between logarithm failure time and reciprocal tem-
perature of oxygen-doped ZS and GST materials.

Where R was the reflectivity, K was the absorption coefficient, and S
was the scattering coefficient. Fig. 2a showed that the bandgap energy
of amorphous ZS and ZSO1.2 materials were 0.841 and 0.923 eV,
respectively. After annealed at 250°C for 15 min, the E, of crystalline
7S and ZSO1.2 materials decreased to 0.526 and 0.534 eV, respec-
tively. The difference of E, was related to the carrier concentration.
Because the carrier density inside the semiconductors was propor-

tional to exp(— 2’%).15 A broader bandgap would increase the obstacle
of carrier transition, leading to the reduction of carriers. It made a
major contribution to the increasing of material resistivity after more
O adding. This finding supported the conclusions of resistance curves
in Fig. 1.

In order to further assess the thermal stability of phase change ma-
terials, the isothermal crystallization was carried out. Fig. 3a showed
that the failure time of ZSO1.2 at 213, 208, 203 and 198°C was 75,
389, 1860 and 5546 s, respectively. That is, in a lower isothermal tem-
perature, the phase change material needed more time to accumulate
enough energy for crystallization. The plot of logarithm failure time
versus 1/k, T, exhibited in Fig. 3b, fitted a linear Arrhenius relationship
because of its thermal activation nature. The linear relationship was
described as follows:!*

1 =1oexplE./(ky x T)] (2]

Where ¢, 19, E., ky, and T were failure time, a pre-exponential factor
depending on the material’s properties, the activation energy, Boltz-
mann constant and absolute temperature, respectively.!” The time was
defined as the failure time when the resistance dropped to the half
of its initial value. The data retention temperature (7;9) for 10 years
obtained by extending the fitted line could be used to estimate the
reliability of phase change materials.'* The T}y of GST, ZS, ZS0.5,
7S01.0, ZS01.2 and ZbSbO1.5 were 85, 58, 65, 72, 116 and 200°C,
respectively. By comparing ZSOx and GST, it could be found that the

Downloaded on 2018-09-04 to IP 131.204.73.184 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

P454 ECS Journal of Solid State Science and Technology, 7 (9) P452-P455 (2018)

— —

N

oy -

et & (a)zs

n » »n
Ell v, - WWWMWMM
s , ‘
» W 180°C
S [N I T
o c m m o e i L

as-deposited

10 20 30 40 50 60
20(degrees)
8
Ss T (b)ZSO1.2
rey N
2 i *m J«mw Lo 250°C
s H ! T I L
E‘ | )
@
s 180°C
Sl M TR " 145°C
Liid ol ‘ . 100°C
; J 25°C
"""""" as-deposited ‘
10 20 30 40 50 60

20(degrees)

Figure 4. XRD patterns of (a) ZS, (b) ZSO1.2 materials annealed at different
temperatures for 15 min in Ar atmosphere.

Tjo of ZSO1.2 and ZSO1.5 were higher than GST. That is, O-doped
ZS materials could achieve a better thermal stability.

Fig. 4 showed the X-ray diffraction pattern (XRD) of ZS and
7ZS01.2 materials annealed at different temperatures for 15 min in
Ar gas. There were no diffraction peaks when the annealing tempera-
ture was under 145°C, indicating the amorphous structure for ZS and
7ZS501.2 materials. Meanwhile, new peak (012) belonging to Sb phase
was observed at 180°C, which illustrated the materials began to crys-
tallize. This also manifested the existence of Sb in Sb-rich ZSO1.2
material.'® No peaks of oxide were observed, indicating that the oxide
might exist in amorphous state around the phase change material and
inhibited the crystallization.

In order to study the effects of oxygen doping on the changes of
chemical composition and bonding state, the XPS measurements were

288nm 125 annealed at 250°C 4™

(a)ZS as-deposited

Oonm Oonm

1.12nm
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Figure 6. AFM topographic images of (a) as-deposited ZS(500 nm) material;
(b) annealed ZS(500 nm) material at 250°C; (c) as-deposited ZSO1.2(500 nm)
materials; (d) annealed ZSO1.2 (500nm) materials at 250°C.

applied for researching ZS and ZSO1.2 materials.'” As was shown in
Fig. 5, the peak of the Zn 2p homopolar bond (Zn-Zn) was at the
binding energy of 1021.63 eV for ZS material. After O-doping, the
peak shifted to a bigger value (1022.03 eV), indicating that some
oxygen atoms have bonded with Zn atoms. In Fig. 5b, the two peaks
of the ZS material detected at 527.9 and 537.2 eV corresponded to the
Sb 3d5/2 and Sb 3d3/2 peaks of isotope Sb, respectively, which was
in accord with the Reference 10. Apparently, the peaks of Sb 3d5/2
and Sb 3d3/2 shifted to higher binding energy position after oxygen
doping, speculating the formation of Sb oxide.?’ Fig. 5c showed the
fitted curves of Sb 3d5/2 and Sb 3d3/2 in ZSO1.2 material. The binding
energy at 527.9 and 537.2 eV could be indexed to a typical Sb-Sb
bond, while the binding energy of 530.1 and 539.5 eV for the bond
of Sb-O. The electronegativity of O, Zn and Sb elements are 3.5,
1.6 and 1.9, respectively, which meant the O atoms were inclined to
bond with Zn and Sb atoms to form the oxide. It was reported that
the oxide condensed near grain boundaries and wrapped around the
crystal grains, leading to the smaller grain size and a larger amount of
grain boundaries.'*

The surface roughness of the phase-change materials might af-
fect the quality of the electrode-material interface, which was one
of the factors influencing device performance. In this work, we
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Figure 5. High-resolution XPS spectra of (a) Zn 2p3/2, (b) Sb 3d for ZS and ZSO1.2 materials. (c) Fitted curves of Sb3d for ZSO1.2 material.
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Figure 7. Reflectivity evolution of ZSO1.2 and GST material in the crystal-

lization process: (a) ZSO1.2; (b) GST. The inset in the Figure 7a showed an
enlarged view of the data.

selected the as-deposited and annealed samples for comparison.
Figs. 6a—6d displayed the AFM images of as-deposited and an-
nealed ZS and ZSO1.2 materials. The root-mean-square (RMS) sur-
face roughness were 0.3106 and 0.1993 nm for as-deposited ZS and
ZS01.2, respectively, which meant the surface was smoother for amor-
phous films. After annealing at 250°C for 15 min, the roughness of
ZS and ZSO1.2 materials increased to 0.4628 and 0.2153 nm, respec-
tively. The results showed that the crystallization was restrained by
the adding of oxygen atoms. ZSO1.2 had a smoother surface, which
could contribute to the better contact between the electrode and phase
change layer.”!

The phase change speed of materials was a crucial feature because
it had a great influence on the switching performance of PCRAM
devices. During the phase change, the optical reflectivity also had a
great change except the resistivity.”? The SET operation required lower
power than the RESET one, but it needed a longer time. That is, the
SET speed and RESET power consumption restricted the speed and
power consumption of PCRAM, respectively.?* The abrupt increase
of reflectivity, shown in Fig. 7, was regarded as the amorphous-to-
crystalline phase transition. The insets in Fig. 7a showed the magni-
fied figure for the transform of the amorphous-to-crystalline. Fig. 7
showed the crystallization processes for ZSO1.2 and GST material
induced by the picosecond laser pulses with the same fluence of
11.2 mJ/cm?. By comparing Figs. 7a and 7b, we could see that
7ZS01.2 material had a shorter switching time of 2.40 ns than that
of GST (39 ns). This demonstrated that the phase transition rate of
O-doped ZS was faster than GST and a lower power consumption
could be achieved if the PCRAM device was based on ZnSbO1.2
material.>*

Conclusions

In this work, oxygen doping was used to improve the perfor-
mance of ZS materials. With the increase of oxygen content, the
indexes of thermal stability were improved, including the crystal-
lization temperature, data retention for ten years and activation en-
ergy (ZS: T,~145°C, T,y ~58°C; ZS00.5: T,~155°C, T,y ~65°C;
7ZS01.0: T,~182°C, T,y ~72°C; ZS01.2: T,~218°C, T;p ~116°C;
ZS01.5: T,~240°C, Ty ~200°C). After oxygen doping, the bandgap

was broadened (amorphous ZS 0.44 eV; ZS01.2 0.53 eV). The phase
structure analysis showed that there were rich Sb phases in the O-
doped ZS materials. Some Zn and Sb atoms bonded with O atoms
to form oxide to inhibit the crystallization. A small value of surface
roughness 0.2153 nm for crystalline ZSO1.2 material was observed.
The ZSO1.2 material had an ultrafast phase change speed of 2.40 ns,
which was much faster than GST (39 ns). The results showed that the
O-doped ZS had good thermal stability and fast phase change speed
for PCRAM application.
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