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The physical and electrical properties of Si,Sb,Te system materials with various Si contents have
been systemically studied with the aim of finding the most suitable composition for the phase
change random access memory (PCRAM) applications. Si,Sb,Te shows better thermal stability
than Ge,Sb,Tes due to no Te separation under high annealing temperatures. The increase of Si
content can enhance the data retention ability of Si,Sb,Te materials. When the value of x is larger
than 0.44, the 10-year data retention temperature for Si,Sb,Te will exceed 110°C, which meets
the long-term data retention requirement. Furthermore, Si-rich Si,Sb,Te materials exhibit the
improvement on thickness change after annealing compared with Ge,Sb,Tes. In addition, the
PCRAM devices based on Si,Sb,Te (x = 0.31, 0.44) were fabricated and the electrical operations
were carried out. Both of them show the outstanding performances with long-term operations.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693557]

. INTRODUCTION

Phase-change material is solid characterized by an
unconventional combination of properties. On the one hand,
it is used extensively in rewritable optical storage media due
to the significantly different optical properties between the
amorphous and crystalline phases and the ability of being
rapidly switched between two phases.! On the other hand, it
is also considered as one of the most promising candidates
for next-generation non-volatile solid-state memory due to
its outstanding performances, such as nonvolatility, high
scalability, high speed, low power, low cost, and compatibil-
ity with complementary metal-oxide semiconductor (CMOS)
process.>™®

The common phase-change materials applied in phase
change random access memory (PCRAM) are chalcogenide
alloys. Among these, Te based materials show a pronounced
change of electrical properties between amorphous and crys-
talline phase, and the materials based on Sb can transform
between the two phases with considerably rapid speed. In the
past few years, various material systems have been investi-
gated to look for the suitable phase-change materials. GeTe-
Sb,Te; pseudobinary alloys were studied widely.” Sb,Tes
displays a fast phase change speed while GeTe shows a good
thermal stability. Thus, the ternary composition Ge,Sb,Tes
was found out and widely applied in PCRAM devices due to
its outstanding performances including a high speed for
phase change transformation, a good thermal stability, and a
large magnitude of endurance.*'' Furthermore, phase-
change materials with the element substitution in Ge-Sb-Te
system were also investigated in order to improve overall
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performances. Si-Sb-Te phase-change materials with higher
resistances need lower power consumption to be an induced
phase transition.'? Displacing Ge with Sn or Sb with Bi leads
to a higher crystallization speed.'*'* In addition, Se doped
Ge-Sb-Se materials were fabricated to improve the storage
density with multi-level resistant states. '

Sb-Te series materials possess high programming speed
due to their growth dominated crystallization mecha-
nism.'®!'” According to the binary phase diagram of Sb-Te,
Sb,Tes, and Sb,Te are stable phases in their crystalline
states. Compared with Sb,Tes, Sb,Te has a higher crystalli-
zation temperature resulting in a better thermal stability but
also with high phase transition speed. Hence, considering
programming speed in the PCRAM devices, phase-stable
property and thermal stability, Sb,Te is the most suitable
composition selected from Sb-Te alloys. However, pure
Sb,Te cannot reach the requirement of high temperature data
retention in the PCRAM applications. So our study is mainly
focused on the physical and electrical performances by add-
ing the Si atom into Sb,Te material. The influence of Si dose
will be discussed in detail so as to find the best composition
for the PCRAM applications.

Il. EXPERIMENTAL DETAILS

Si doped Sb,Te films have been deposited by co-
sputtering Si and Sb,Te targets on SiO,/Si (100) substrates
at room temperature, and Ge,Sb,Tes film was deposited by
the Ge,Sb,Tes alloy target. The background pressure and Ar
gas pressure were 2.0 x 10~* and 0.18 Pa, respectively. The
thickness of the films was about 150 nm measured by cross-
sectional scanning electron microscope (SEM). Composi-
tions of the films were determined by means of energy
dispersive spectroscopy (EDS). The films for EDS measure-
ment were deposited on Al foil in order to avoid the

© 2012 American Institute of Physics
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influence of Si atoms in the SiO,/Si substrates. In situ tem-
perature dependent sheet resistance (in situ R-T) measure-
ments for all the compositions of Si,Sb,Te and Ge,Sb,Tes
were performed in a vacuum chamber with a heating rate of
20°C/min. These measurements were carried out in discrete
temperature with the step of 2 °C. The following in situ R-T
measurement for Sip44Sb,Te with different heating rates
also employed the same method. The activation energy for
crystallization E, of the films was calculated by Kissinger’s
analysis. Isothermal change of sheet resistance was utilized
to characterize the data retention of amorphous films. The E,
values were also achieved by the Arrhenius equation. Com-
paring the E, results of these two calculation methods, it can
prove the accuracy of them. The films were annealed in
N, atmosphere at various temperatures for 1 min for the
X-ray diffraction (XRD) measurement. XRD patterns were
taken in the 20 range of 20°-65° using Cu/K-o radiation
(A = 1.54056 A) with a scanning step of 0.02°. Bright filed
images and their corresponding selected area electron dif-
fraction (SAED) patterns in transmission electron micros-
copy (TEM) equipped with heating holder were used to
characterize the effects of annealing on phase change materi-
als. The crystallization of Si doped Sb,Te films have been
studied by observation of their microstructure and morphol-
ogy changes during in situ heating process in TEM. The
films were deposited on the TEM sample supporting grids
coated with carbon film. The thickness of the phase-change
materials for TEM measurement was about 40 nm. The
SixSb,Te film thickness changes upon crystallization were
achieved from X-ray reflectometry (XRR) measurement
depositing the film on the Si substrate with the thickness
about 40 nm. T-shaped PCRAM cells based on Si,Sb,Te
materials were fabricated by 0.18 um complementary metal-
oxide-semiconductor (CMOS) technology. They were
employed to test the electrically induced phase change per-
formance of Si,Sb,Te materials. The diameter of the bottom
W electrode was 260 nm. Si,Sb,Te films were deposited on
the W electrode with the thickness about 100 nm. TiN (20
nm) and Al (300 nm) were applied as the top electrodes. The
resistance-voltage (R-V) and endurance measurements were
monitored by using a Keithley 2600 m and AWGS5002B.

lll. RESULTS AND DISCUSSION
A. Temperature dependence of sheet resistance

Figure 1 displays the resistance as a function of tempera-
ture with various compositions of Si,Sb,Te compared with
Ge,Sb,Tes using the heating rate of 20°C/min. As anneal-
ing temperature increases, a continuous decrease of resist-
ance for all the films is observed before reaching their
respective crystallization temperature (7). An abrupt drop
of resistance occurs when the temperature reaches T, s for
Ge,Sb,Tes and Si,Sb,Te films. The decrease of resistance
with temperature increase before the sudden drop indicates a
semiconductor-like behavior.

The temperature dependence for the resistance of semi-
conductor can be expressed by'®

p = poexp(—Eq/kT),
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FIG. 1. (Color online) Resistance as a function of temperature with various
compositions of Si,Sb,Te compared with Ge,Sb,Tes (heating rate dT/dt =
20 K/min).

where p, is a pre-exponential factor and E, is the activation
energy for electrical conduction. Using the above expres-
sion (shown in Fig. 2), the activation energy for electrical
conduction E; of Ge,SbyTes, Sb,Te, Sig3;Sb,Te,
Si0_44Sb2Te, SiO.gIszTe, and Si1_64Sb2Te are ~0.401 eV,
~0.270 eV, ~0.291 eV, ~0.311 eV, ~0.322 eV, and
~0.363 eV, respectively (shown in Table I). Furthermore,
the pinning of the Fermi level in the middle of the bandgap
ensures that the activation energy for electron transport is
given as

E, = E,/2+ AE,

where E,/2 is the distance from the Fermi level to the con-
duction band and AE is the depth of the trap states. Due to
intrinsic conduction in which the number of electrons and
holes with the equal amount, the Fermi level will be situated
at the middle of the bandgap and the activation energy for
electron transport is given simply as half the bandgap energy.
Thus according to the values of E,;, we can estimate the opti-
cal gaps of amorphous Ge,Sb,Tes, Sb,Te, Sip3;Sb,Te,
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FIG. 2. Fitting curves for calculating electrical activation energies of
Ge,Sb,Tes, Sb,Te, and Si,Sb,Te materials.
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TABLE 1. Measured crystallization temperatures and calculated activation energies for electrical conduction, crystallization activation energies, and 10-year

data retention temperatures for Ge,Sb,Tes and Si,Sb,Te films.

T.(°C) E; (eV) E,(eV) 10-year data retention T (°C)

Ge,Sb,Tes 160.7 0.401 = 0.00154 2.866 = 0.0838 82

Sb,Te 151.7 0.270 = 0.00097 e cee

Sig31Sb,Te 172.9 0.291 = 0.00116 2.955 = 0.0491 90.4
Sig.44Sb,Te 198.3 0.311 = 0.00085 3.018 = 0.0504 110.9
Sipg1Sb,Te 211 0.322 = 0.00135 3.326 +£0.0702 124.3
Si; 64Sb,Te 224.1 0.363 = 0.00179 3.432 £0.0588 136.3
Siz 46Sb,Te 238.3 3.560 = 0.0513 148.4

Sig.44Sb,Te, Sigg1Sb,Te, and Sij 4Sb,Te to be ~0.802 eV,
~0.540 eV, ~0.582 eV, ~0.622 eV, ~0.644 eV, and ~0.726
eV, respectively. The calculated value of the bandgap for
Ge,Sb,Tes is a little larger than the experimental result
~0.7 eV measured by optical spectroscopy.'® The deviation
may derive from the different testing methods and the film
thicknesses. Since amorphous Si has a larger bandgap (1.7
eV) compared to amorphous Sb,Te (~0.540 eV), with doping
more Si element, the band gaps of Si,Sb,Te monotonically
will become wider. On the other hand, the band tail of the va-
lence band induced by the localized Te lone pairs or the struc-
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FIG. 3. (Color online) (a) Sheet resistance of Sig 44Sb,Te film as a function
of temperature with various heating rates; (b) corresponding Kissinger’s plot
for E, calculation.

tural defects along the Te-Te chains in the amorphous phase
are supposed to be suppressed or reduced due to the defect
saturation effect caused by Si addition.”*!

According to Fig. 1, as Si content increases, T, of
Si,Sb,Te film goes up. Doping with high glass-transition
temperature (T,) such as Ge (T, = 477°C) added into Sb-
Te materials can effectively enhance T,.?* Compared with
Ge, Si has an even higher T, (~727°C), so it also can help
increase T, of the material when doping it into the Sb-Te
film. In addition, due to larger electronegativity difference
between the Si element and Sb, Te, more Si dopant will
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FIG. 4. (Color online) (a) The plots of normalized resistance vs time at dif-
ferent isothermal annealing temperatures for Sip44Sb,Te film; (b) corre-
sponding Arrhenius fitting plot of failure time vs reciprocal temperature.
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FIG. 5. Arrhenius fitting plots for Ge,Sb,Tes and all compositions of
Si,Sb,Te and the temperatures corresponding to the 10-year data retention
marked.

reduce the atomic diffusivity resulting from the introduced
covalent bonds, which will reinforce the cohesion of the
atom network, leading to the increase of 7.2 T, is identi-
fied as the temperature at which the derivative of (dR/dT)
reaches the minimum value'® and Table I lists the meas-
ured 7. values of Ge,Sb,Tes, Sb,Te, and Si,Sb,Te:
Ge,Sb,Tes ~160.7°C, Sb,Te ~151.7°C, Sip3;Sb,Te
~172.9°C, Sip44SbrTe ~198.3°C, SiggSb,Te ~211°C,
Si1 4SbyTe ~224.1°C, and Siz 46Sb,Te ~238.3°C. These
measured 7, values are a little larger than those we
achieved in the previous work.”* The deviation between
these two measurements may result from the different
methods of fabricating films. Si,Sb,Te films were fabri-
cated by the Si target and Sb,Te alloy target this time,
while the films were fabricated by the Si, Sb, and Te target
before. Larger T, may result in the rise of power consump-
tion in the PCRAM SET operation, while a properly high
T, will also help to improve the thermal stability of the
amorphous film.

Figure 3(a) shows that higher heating rate results in 7,
of Sip44Sb,Te film. Kissinger’s analysis is applied to relate
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FIG. 6. XRD pattern of annealed Sb,Te film at 180 °C for 1 min.
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FIG. 7. (Color online) XRD pattern of annealed Si,Sb,Te films at various
temperatures: (a) Sip3;Sb,Te at 200 °C for 1 min; (b) Sip44Sb,Te at 300 °C
for 1 min; (c) Sigg;Sb,Te at 300 °C for 1 min; (d) Si; ¢4Sb,Te at 400 °C for
1 min; (e) Siz 463b,Te at 400 °C for 1 min.

T., the heating rate dT /dt, and the activation energy for crys-
tallization E, by the following formula:

In[(dT /dt)/T?] = C + (E,/ksT.),

where C is a constant and kg is the Boltzmann constant. To
determine the accuracy of the calculated E, of Si,Sb,Te above,
the composition of Siy44Sb,Te is taken, for example, by Kis-
singer’s analysis. A plot of In[(dT/dt)/T?] against 1/kpT.
yields a straight line with slope E, (~2.863 = 0.102 eV) as
shown in Fig. 3(b).

Figure 4(a) shows the curves of normalized resistance
versus time for Siy 44Sb,Te film at various annealing temper-
atures (170°C, 175°C, 180°C, 185°C, and 190°C). At
higher isothermal annealing temperature, shorter time is
required for sheet resistance to fall to half of its initial mag-
nitude, which denotes a faster grain growth process since
no obvious incubation period is found for all curves.®
Figure 4(b) shows the fitting for failure time versus recipro-
cal temperature 1/kgT by the Arrhenius equation,®

t = texp(E,/ksT),

where ¢ is failure time and t is a proportional time coeffi-
cient. The calculated E, value using Arrhenius equation is
~3.018 £0.0504 eV which is close to the previous one
achieved by Kissinger’s method ~2.863 = 0.102 eV. This
proves that E, values achieved in our work are reasonably
correct. By using the Arrhenius equation, the E, results are
listed in Table 1. On the other hand, the Arrhenius fitting
line estimates that Sip44Sb,Te has a data retention

TABLE II. Gain size for various compositions of annealed Si,Sb,Te films
corresponding to XRD measurement.

Sip31Sb,Te  Sig44SboTe SiggiSboTe Sij 64Sb,Te Siz 46Sb,Te

Grain size
(nm) 44.1 31.9 15.2 9.8 6.3
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FIG. 8. TEM images and SAED patterns of Sig 3;Sb,Te films with in situ heating.

temperature 110.9°C for 10 years. Furthermore, the data
retention temperatures for 10 years of all the compositions
of Si,Sb,Te and Ge,Sb,Tes have been achieved as shown
in Fig. 5 and listed in Table 1. Data retention has already
been considered sufficient to meet the long-term data stor-
age requirement of automotive electronics, at least 120°C
for 10 years.®

B. Crystalline structures of Si,Sb,Te films

Figures 6 and 7 show the XRD patterns of Sb,Te and
Si,Sb,Te after annealing at different temperatures for 1 min:
Sb,Te at 180°C, Sip3;Sb,Te at 200°C, Sip44Sb,Te and
SiO.glssze at 3OOOC, Si1_64Sb2Te and Si3446Sb2Te at 400 OC,
respectively. The peak of Si in the figure denotes Si (400)
Ko /2 which belongs to the substrate. Both in Fig. 6 and Fig.
7, except the Si peak, all the other peaks correspond to Sb,Te.
It shows that with an increase of Si content, there is no change

of the major peaks in the patterns. It demonstrates that when
Si atoms doped into Sb,Te, it does not change the lattice
structure, which belongs to the d-phase rhombohedral crystal-
line structure.” Maybe the Si atom only exists among the
grains, and does not bond with other atoms (Sb and Te).?” The
role of the Si atom is to improve crystallization temperature
and thermal stability of the films. As shown in Fig. 7, the
strength of the diffraction peaks decreases with an increase of
Si content. The composition with lower dose of Si has a small
full width at half maximum (FWHM) value as compared with
the higher dose. The crystalline grain size for the various com-
positions was calculated by means of the Scherrer formula,

d=KA/Bcos8,

where d is the size of the grain, K is the constant of Scherrer,
A is X-ray wavelength (4 = 0.154056 nm), f§ is FWHM, and
0 is angle of diffraction, respectively. The grain size of the

SbzTe (110)
SbaTe (016)
ShzTe (103)

SheTe (023)
SheTe (119)
SheTe (126)

FIG. 9. TEM images and SAED patterns of Sig 44Sb,Te films with in situ heating.
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Si,Sb,Te phase change material decreases with an increase
of Si atomic content as shown in Table II. It implies that
doping of Si restrains the growth of Sb,Te grain size.

Figures 8—10 show TEM bright-field images and their
corresponding SAED patterns of Sig3;SbyTe, Sig44Sb,Te,
and Si 4Sb,Te films with as-deposited and in sifu annealed
states, respectively. Panel (a) in the three figures all show the
TEM bright-field images and their corresponding SAED pat-
terns of the as-deposited samples, revealing that all the sam-
ples have the typical amorphous structure. Figures 8(b)—8(e)
display TEM images and SAED patterns of the Sij3,Sb,Te
film by in situ heating. According to the figure, it shows that
the Sig3;Sb,Te film starts to crystallize when the tempera-
ture reaches 167 °C. Similarly, in Figs. 9(b)-9(f) and Figs.
10(b)—10(h), the crystallization temperatures of Sip44Sb,Te
and Si; g4Sb,Te films are 190°C and 210 °C, respectively.
Through indexing of the last SAED patterns of the three fig-
ures, crystallized Si doped Sb,Te films can be assigned to
pure Sb,Te with the rhombohedral structure. On the other
hand, with an increase of Si atomic content, the grains
become smaller in the crystalline state as shown in the TEM
images. From Fig. 8, it denotes that growth is the dominant

J. Appl. Phys. 111, 054319 (2012)

FIG. 10. TEM images and SAED patterns

SbaTe (110) of Si; 64Sb,Te films with in situ heating.

SbzTe (016)

SbzTe (023)
SbzTe (206)
SbzTe (213)

crystallizing type for Sip3;Sb,Te. But as Si content
increases, the growth of grains are restrained, so there is a
tendency that crystallizing type changes from growth domi-
nation to nucleation domination is shown in Figs. 9 and 10.
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FIG. 11. XRR measurement of Sip3;Sb,Te film in the as-deposited and
annealed states. The inset is the plot of amendatory Bragg fitting curve.
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TABLE III. The thickness reduction between amorphous and crystalline phase for Ge,Sb,Tes and Si,Sb,Te films.

Ge,Sb,Tes Sip31Sb,Te

Si.44Sb,Te Sig 31Sb,Te Si; 64Sb,Te Si3.46Sb,Te

Film thickness reduction (%) 8.2 8.01

6.88 4.52 1.62 0.51

It implies that Si atoms do not enter into the crystal lattice of
Sb,Te, and only exist as amorphous state among grains,
which is similar with Si doped Sb,Te; materials.”” Due to
this, the influence of Si atoms represents two points. One is
to restrain the growth of Sb,Te grains and the other is to
form a cluster. However, it does not change the crystalline
structure of the material corresponding to the XRD
measurement.

C. Film thickness and density reduction upon
crystallization

Phase transition from amorphous to crystalline state
induces stress in the film which results in an observable
thickness change. XRR measurement was employed and the
precise values were achieved by means of a mandatory
Bragg equation®®

@ = 20(4n/2)* + (m + Am)*(2m/d)’,

where m is reflection degree, /A is the wavelength of the X-ray
(A = 0.154056 nm), g,, = 4nsina/A (o is the angle corre-
sponding to the maximum or the minimum of the reflection
curve in the m degree), J is coefficient of scattering, and d is
the thickness of the film. Si,Sb,Te films were prepared in dif-
ferent annealing temperatures to ensure the complete crystal-
lization and avoid the volatility of the materials. Figure 11
shows the XRR measurement of Siy3;Sb,Te film in the as-
deposited and crystalline states and the modified Bragg fitting
curve. Table III lists the calculated values of thickness change
for all compositions of Si,Sb,Te and the reported value of
Ge,Sb,Tes.”’ Comparing the thickness reduction value of
Ge,Sb,Tes, Si,Sb,Te films have lower values, the maximum
for Sip3;Sb,Te ~ 8.01% and the minimum for Sis 46Sb,Te
~0.51%, which implies that the stress accompanying to the
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FIG. 12. (Color online) I-V characteristic curves of PCRAM cells based on
Sig31Sb,Te and Sig 44Sb,Te.

phase transition is smaller for Si,Sb,Te materials than that of
Ge,Sb,Tes. Te segregation to the boundary and surface at
high annealing temperature is responsible for inducing an
extra post-transition stress release.>® Thus, reducing Te con-
tent will be helpful to lower the stress amplitude during phase
transition. In addition, as Si content increases, the thickness
change of Si,Sb,Te will be further restrained.

D. Electrical properties of the PCRAM memory cell
based on Si,Sb,Te

PCRAM cells based on Sip3;Sb,Te and Sig44Sb,Te
materials with a heating electrode of 260 nm in diameter
were fabricated and characterized. These two compositions
possess better 10-year data retention ability than Ge,Sb,Tes,
but also maintain high phase transition speed. Reversible
phase-change process has been observed by SET and RESET
operations. Figure 12 shows current-voltage (I-V) character-
istic curves for the fabricated PCRAM cells for Sip3;Sb,Te
and Sip44Sb,Te. The threshold current (I;) and threshold
voltage (Vy)of Sig3;Sb,Te are 9 puA and 1.27 V, while
12 uA and 1.44 V for Sig 44Sb,Te. During resistance-voltage
(R-V) measurement, SET-RESET operation with the pulse
width of 100 ns was carried out as shown in Fig. 13. The re-
sistance ratio of the high-resistance state (~2 x 10° Q) and
low-resistance state (~5 x 10> Q) is ~100 for Sig3;Sb,Te,
and for Sig 44Sb,Te the resistance ratio of the high-resistance
state (~4 x 10° Q) and low-resistance state (~6 x 10° Q) is
also ~100. Siy3;Sb,Te memory cell needs 0.8 V to trans-
form from RESET state to SET state and 2.9 V voltage value
is provided to induce the cell to amorphize. Nevertheless,
SET operating voltage is 1.0 V and RESET operating volt-
age is 3.2 V for Sig44Sb,Te. The endurance performance of
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FIG. 13. (Color online) SET-RESET window characteristic curves of
PCRAM cells based on Sip3;Sb,Te and Sip 44Sb,Te with the voltage pulse
width of 100 ns.



054319-8 Gu et al.

—=— RESET State
o| —e SET State e

- Sij 4Sb,Te

. RESET Pulse: 3.2V, 100 ns
[ SET Pulse: 2.0V, 1000 ns

106M
r_—o—o—tuom

Resistance (Q)

10 10° 10* 10°
(a) Programming Cycles (n)

—sa— RESET State
o | —e— SET State

' Si 4,Sb,Te

8
10" F RESET Pulse: 3.7 V, 200 ns
3_ SET Pulse: 2.5V, 1000 ns

Resistance (Q)
S

10°
104 oo ————————
10°" : :
10 10° 10* 10°
(b) Programming Cycles (n)

FIG. 14. (Color online) Endurance characteristic curves of PCRAM cells
based on Sip31Sb,Te and Sig 44Sb,Te: (a) Sig31Sb,Te with RESET pulse of
3.2V, 100 ns and SET pulse of 2.0 V 1000 ns; (b) Si44Sb,Te with RESET
pulse of 3.7 V, 200 ns and SET pulse of 2.5 V 1000 ns.

a cell, respectively, based on Siy3;Sb,Te and Sij44Sb,Te
materials is shown in Fig. 14. The Sij3;Sb,Te memory cell
can reach ~3.9 x 10% cycles for reversible phase change
transition and the value for Sip3;Sb,Te memory cell is
~3.6 x 10*. After their respective extreme cycles, their resis-
tances will become disordered.

IV. CONCLUSION

Various compositions of Si,Sb,Te films have been fabri-
cated to study the thermal properties and crystalline struc-
tures. According to the results, Si,Sb,Te materials can
maintain the stable phase after annealing at high tempera-
ture. Increasing the Si content will enhance the 7, and
improve the thermal stability of the materials. Regardless of
the dose of Si in the films, the crystalline structures are all
based on the Sb,Te structure. Si atoms only exist among the
grains, and do not bond with other atoms (Sb and Te). Fur-
thermore, the thickness reduction during phase transition
becomes weak with the increase of Si content. PCRAM cells
based on Sij3;Sb,Te and Sij 44Sb,Te have been prepared in
order to characterize the electrical performances. They both
show stable and long-term reversible operations.
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