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Mo, as a dopant, is doped into SbTe to improve its thermal stability. It is shown in this paper that the Mo-doped Sb, Tes
(Mog 26Sby Tes, MST) material possesses phase change memory (PCM) applications. MST has better thermal stability than
Sb, Tes(ST) and will crystallize only when the annealing temperature is higher than 250 °C. With the good thermal stability,
MST-based PCM cells have a fast crystallization time of 6 ns. Furthermore, endurance up to 4 x 10° cycles with a resistance

ratio of more than one order of magnitude makes MST a promising candidate for PCM applications.

Keywords: phase-change memory, SbyTes, thin films, nanocomposites

PACS: 68.35.bd, 68.37.Yz, 68.60.Dv

1. Introduction

As one of the most potential alternatives for next-
generation non-volatile memory (NVM),[!:2l phase change
memory (PCM) has the advantages of fast programming
speed, high scalability, and non-volatility. - By phase transi-
tion between amorphous state (high-resistance) and crystalline
state (low-resistance), information is stored in PCM. 0] Ow-
ing to its fast switching speed between amorphous state and
crystalline state, SbTe is one of the most widely studied phase
change materials and has been applied to high speed phase
change storage.!”"'!l However, the poor thermal stability re-
stricts the further application of SbTe. Therefore, some impu-
rities, such as Si,['21 N,[131 and AL are doped into the pure
SbTe system to improve its performance. But these doping im-
purities bring some adverse effects to PCM. For example, Si

doping results in phase separation in Si;Sb,Teg,!!?!

nitrogen
atoms combine and escape from NSb,Tes,[!3] and Al oxida-
tion in AlSbsTe reduce their usefulness in practical applica-
tions of PCM. !4l

In our previous work, we have studied Mo-doped
Sbl,gTe,[ls] whose speed and thermal stability are better
than those of Ge,Sb,Tes.
is large (> 3.5 V). Here, we propose a Mo-doped Sb,Tes
(Mog 26Sby Tes, MST) material. It is found that the MST based

PCM device has an operation time of 6 ns, which is faster than

However, the operation voltage

the operation time of Mo-doped Sby gTe (10 ns). More impor-
tantly, the operation voltage of MST (2.5 V@20 ns) is much
lower than that of Mo-doped Sbj gTe (4.5 V@20 ns), indi-
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cating a much lower power consumption. Furthermore, MST
can maintain its amorphous state at room temperature until the
annealing temperature reaches higher than 250 °C. The resis-
tance contrast between amorphous state and crystalline state is
largely increased, offering a larger sensing margin for applica-
tions.

2. Experiments

The SbyTe; and Mo-doped SbrTes (ST) samples were
deposited on a SiO,/Si(100) substrate by magnetron co-
sputtering using Mo and Sb,Te; targets at ambient temper-
ature, where the background pressure and working pressure
were set to be 2 x 10~ Pa and 0.21 Pa, respectively. The con-
centration was evaluated by energy dispersion x-ray spectrom-
etry (EDS; Oxford INCA Energy equipped in Hitachi S4700
scanning electron microscope). Sheet resistance as a func-
tion of temperature (R-7') was studied by Linkam LMP 95 hot
stage. The XRD measurements in a 26 range of 10°-60° were
employed to characterize the structures of the films, which
were annealed for 3 min under pure N, atmosphere at temper-
atures of 150 °C, 200 °C, and 250 °C, respectively. T-shaped
test cells with 190-nm-diameter W electrodes have been fab-
ricated using 0.13-um CMOS technology. Then ~ 100-nm
MST film was deposited on the W electrodes, followed by de-
positing a 10-nm-thick TiN adhesion layer and 200-nm-thick
Al on the top electrode. The electrical properties of MST-
based PCM were measured by Keithley 2400C and Tektronix
AWGS5002B pulse generator. Besides, ~ 15-nm-thick ST and
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MST films were deposited directly on supporting grids coated
with carbon film and then annealed under pure N, atmo-
sphere at 250 °C for 3 min to investigate their microstructure
by using the transmission electron microscopy(TEM), high-
resolution TEM (HRTEM), and selected area electron diffrac-
tion (SAED).

3. Results and discussion

We first measure the sheet resistance as a function of tem-
perature (R-T) for each of ST and MST, and the results are
shown in Fig. 1(a). The resistance of as-deposited undoped
ST film is ~ 3 x 10* Q, and after having been Mo-doped, the
resistance of as-deposited film increases by an order of mag-
nitude, which can contribute to reducing the power consump-
tion. But the increase in the resistance of crystalline state is
not so significant, indicating a larger sensing margin for appli-
cations.

Figures 1(b) and 1(c) show the XRD patterns of ST and
MST, which are annealed at different temperatures. Most of
the diffraction peaks correspond to FCC and HEX phase of

Sb,Tes, and no other diffraction peaks corresponding to Mo
or Te are found. It can be found that diffraction peaks ap-
pear in the as-deposited ST film, while diffraction peaks ap-
pear in the MST film only when the annealing temperature is
higher than 200 °C, reflecting the fact that the as-deposited
state of ST is polycrystalline while the as-deposited state of
MST is amorphous, and MST crystallize only when annealing
temperature is higher than 200 °C, indicating a big boost in
thermal stability by Mo doping. This also corresponds to the
fact that as-deposited state of ST is composed of polycrystals.
When annealing temperature is higher than 150 °C, the phase
of ST turns from FCC to HEX, while FCC phase appears in
MST only when annealing temperature is 200 °C and disap-
pears when temperature is higher than 250 °C. The full width
at half maximum of MST is much wider than that of ST at the
same annealing temperature, which means that the grain size
of MST is much smaller than that of ST when being annealed
at the same temperature. The shrinking of the size of Mo-
doped grain implies that the Mo atoms suppress the growth of
crystal grains of ST.
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Fig. 1. (a) The R-T curves of ST film and MST film at heating rate of 20 °C/min, XRD patterns of (b) ST and (c) MST annealed at different temperatures.

In order to further obtain the information about the crys-
tal structure of ST and MST, the TEM, HRTEM, and SAED
are carried out for investigation. The final crystal structures
of ST and MST films after annealing at 250 °C for 3 min
are shown in Fig. 2. The comparison between Fig. 2(a) and
Fig. 2(d) reveals that the grain size of ST is ~ 100 nm, how-
ever, by Mo doping, the grain size of MST decreases to only
several nanometers. As the grain size decreases, the surface-
to-volume ratioincreases, increasing the electron scattering at
grain boundaries, thus increasing the electrical resistivity. 6]
By comparing our measured interplanar crystal spacing and
the angle between them with their corresponding standard val-
ues, we can conclude that both ST and MST have the same
crystal structure as HEX Sb,Tes, without other phase appear-
ing, in correspondence with the results of XRD.

Figure 3(a) shows the T-shaped test cells with 190-nm-
diameter W electrodes: the Al bottom electrode, SiO; iso-
lation layer, and W heating electrode are prepared by using
the 0.13-pm CMOS technology. Then ~ 100-nm MST film
is deposited on the W electrode, followed by by depositing a

10-nm-thick TiN adhesion layer and 200-nm-thick Al top elec-
trode. Figure 3(b) shows that with the current increasing, the
voltage increases gradually, but sharply drops when the volt-
age is 2.6 V and the current is 2 pA. This is because under
this voltage, the device changes from amorphous to crystalline
state, and the resistance decreases sharply, which reflects the
sudden drop of voltage. After this threshold switch, with the
gradual increase of current, the voltage also maintains a linear
increase. This means that the resistance is maintained at a sta-
ble value. Figure 3(c) shows the curve of resistance changing
with the pulse height under different pulse widths: the resis-
tance changes from high to low and then to high with pulse
voltage increasing, indicating that SET operation and RESET
operation can be realized under these pulse widths. When the
pulse width decreases from 100 ns to 6 ns, the SET and RE-
SET voltages increase gradually. Because the energy is con-
sumed certainly, when the pulse width decreases, the height of
the pulse must be increased accordingly. It is worth mention-
ing that the SET operation and the RESET operation can be re-
alized under 6-ns pulse width, which is about an order of mag-
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nitude faster than that of Ge;SbyTes (GST) (~ 50 ns) and it is
also faster than that of the Mo-doped Sby gTe (10 ns). The re-
set voltage in Fig. 3(c) is 2.5 V@20 ns and 3.2 V@6 ns, which
is lower than that of the Mo-doped Sb gTe (4.5 V@20 ns).
The result in Fig. 3(d) shows that ~ 4 x 10° stable reversible
switch between high resistance and low resistance can be re-

S5 nm

alized with an operating voltage of 2.4 V and a pulse width of
50 ns for the SET operation, and an operating voltage of 4 V
and a pulse width of 20 ns for the RESET operation. These re-
sults indicate that the MST is a promising candidate for high-
speed phase change memory applications with good thermal

stability.
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Fig. 2. (a) TEM image, (b) HRTEM image, and (c) SAED pattern of MST, (d) TEM image, (¢) HRTEM image, and (f) SAED pattern of ST.
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Fig. 3. (a) The cross-sectional structure of PCM cell, (b) I-V curves, (c) R-V characteristics, and (d) durability of cells based on MST.

4. Conclusions

In this study, Mo doping is a promising way of improv-
ing the thermal stability of ST. The MST can be maintained
in amorphous state at room temperature, thus greatly improv-

ing the potential applications of ST. With Mo-doped, MST
has smaller grain size and higher electrical resistivity without
changing crystal structure. Moreover, a high speed PCM cell is

made from MST and exhibits a 6-ns phase change, low opera-
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tion voltage, and ~ 4 x 10° successful cycles. These outstand-

ing properties confirm that Mo dopant is an excellent method

of improving the phase change performance of ST.
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