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Abstract

Al, (Ge,Sb,Tes) 00— materials with different Al contents are systemically studied for

applications in phase-change random access memory (PRAM) devices. Al-doped Ge,Sb,Tes
(GST) films show better thermal stability than GST because they do not have phase
transformation from face-centred cubic (fcc) to hexagonal at high annealing temperatures. As
the Al content increases, the resistance in both amorphous and crystalline phases improves and
there is four to five orders of magnitude difference in the resistance between the amorphous
and crystalline phases, all of which are helpful in achieving a higher On/OFF ratio for PRAM.
In addition, the introduction of Al into the GST films can increase the optical band gap that is
favourable to decrease the threshold current of PRAM devices. Raman spectra show that a
significant change in the local bonding arrangement around Sb atoms has occurred due to the
phase transformation from fcc to hexagonal in the GST film but this can be suppressed by Al
addition during the crystallization process. All these results confirm that Al-doped GST films
are suitable for use in PRAM.

(Some figures may appear in colour only in the online journal)

1. Introduction two phases [1].

In recent years, Ge,Sb,Tes (GST) alloys

Phase-change random access memory (PRAM) using phase-
change materials has emerged as a potential candidate for
the next-generation non-volatile memory technology. Its
performance depends critically on the Joule heating for
reversible phase change between amorphous and crystalline
phases of chalcogenide materials. For example, the
applications in rewritable optical media (CD, DVD, Blu-
Ray Disc) and electronic non-volatile memories are based
on the strong optical and electronic contrast between the
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have been proposed for use in PRAM due to their excellent
properties with respect to thermal stability, cyclability and
crystallization speed [2]. However, with increasing need of
low power consumption, good data retention and challenge
of reducing the RESET current for PRAM applications [3],
the performance of the mostly adopted GST still needs to
be improved. In fact, much effort has been made by doping
various elements, such as N [4], O [5], Si [6], SiO, [7], Bi [8],
Ag [9], Sn [10] and so on, into GST in order to modify its
material properties for phase-change applications.

According to recent studies [11-13], Al atoms were
reported to form covalent bonds with Sb or Te and reduce the

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Table 1. Chemical composition of the Al-doped GST films using different GST sputtering powers.

Film GST power (W) Al power (W) Al (at%) Ge (at%) Sb(at%) Te (%) d(nm)
Ge,Sb, Tes 25 0 0 21.56 23.70 54.74 350
Alj443(GST)gss7 75 15 14.43 23.31 19.32 42.94 330
Al 73(GST)7527 50 15 21.73 19.66 18.32 40.28 320
Aly;19(GST)7651 40 15 23.19 16.57 18.60 41.64 350

atomic diffusivity, which could provide sufficient amorphous
stability for phase-change films. If Al atoms can also form
covalent bonds with Sb or Te in Al-doped GST, the stability
of GST will significantly be improved. In fact, this has been
confirmed in [14], which reported that Al doped into a GST film
restricted the fcc-to-hexagonal transition and increased the
crystallization temperature (7.) from amorphous to the fcc
phases. However, contradictory results in [15] show that Al
doping did not cause an increase in the 7. of GST films.
Therefore, further investigation on the structure and various
physical properties is necessary to elucidate the role of Al
doping in GST materials.

In this paper, Al,(Ge;SbyTes) go—x (x = 14.43, 21.73,
23.19 at%) films were prepared by the magnetron co-sputtering
method. The effect of Al doping on the crystallization
behaviours, and structural, thermal, optical and electrical
properties of GST phase-change films were investigated
systematically with the help of x-ray diffraction, Raman
spectra, UV-VIS-NIR spectrophotometry and sheet resistance
versus temperature (R-T).

2. Experimental

Al-doped GST films were deposited on quartz substrates with
size 2 cm x 2 cm by the magnetron co-sputtering method using
separate Al and GST alloy targets, and the base and working
pressures were set to be 1.8 x 10~# Pa and 0.2 Pa, respectively.
The dc power on the Al target of 50 mm diameter was fixed
to be 15 W, while the RF power on the GST target of 50 mm
diameter was tuned in a range from 25 to 75 W in order to
obtain the different Al doping content. Meanwhile, GST thin
films were also prepared for comparison.

The compositions of the as-deposited films, measured by
energy dispersive spectroscopy (EDS), are listed in table 1.
The structures of the as-deposited and annealed thin films
were examined by the x-ray diffraction technique (Bruker
D2 PHASER diffractometer). The sheet resistance of the
as-deposited film as a function of the elevated temperature
(non-isothermal) was in situ measured using a four-point probe
in a homemade vacuum chamber. The optical transmittance
(Top) in the spectral range 300-2500nm was obtained by a
Perkin-Elmer Lambda 950 UV-VIS-NIR spectrophotometer.
The absorption coefficient () was calculated using the general
relation « = —(1/d) In(T,p), where d is the thickness of the
film measured by the surface profiler and listed in table 1.
The optical band gap (Eoy) was also evaluated using the
absorption properties, which were expressed as a(v) - hv =
B(hv — Eop)?, where hv is the energy of the incident photon
and B is a parameter that depends on the electronic transition
probability. Raman scattering spectroscopy was recorded at

room temperature using a backscattering configuration. An Ar
ion laser with a wavelength of 785 nm was used as an excitation
source. The power density on the sample was kept at low levels
(~0.2mW pm~2) in order to avoid any structural deformation
induced by laser radiation.

3. Results and discussion

Figure 1(a) shows the XRD patterns of the undoped and
Al-doped GST films. No diffraction peaks were observed,
indicating the amorphous nature of all the as-deposited films.
However, while the films were annealed at 200°C, a set
of diffraction patterns corresponding to a NaCl-type face-
centred cubic (fcc) structure appeared, as shown in figure 1(b).
Moreover, it was also found that the diffraction intensity in
the Al-doped GST films was weak compared with that in
the undoped GST film, indicating that Al could suppress the
growth of crystalline gains in the films resulting in the decrease
in the diffraction intensity peaks, as shown in figure 1(b).
The smaller grain size may induce more grain boundaries and
more carrier scattering [16, 17], leading to an increase in the
crystalline resistance of the Al-doped GST films and a decrease
in the power consumption of the cell device.

If the annealing temperature is further increased to 400 °C,
the undoped GST film is dominated by the hexagonal phase,
as shown in figure 1(c). It is also interesting to see that the
hexagonal phase begins to disappear in the Al-doped GST films
and only the hexagonal-(1 0 3) peak still exists in the crystalline
Aly443(GST)gs.57 film. With a further increase in Al dopant,
both Al 73(GST)75.27 and Alp3 19(GST)76 81 films are entirely
dominated by the fcc phase, indicating that the Al atoms can
suppress the fcc-to-hexagonal phase transition.

Thermal stability in the amorphous state is one of
the important parameters that determines the performance
of data retention in PRAM devices. Figure 2 shows the
temperature dependence of the sheet resistance R at a
heating rate of 50 Kmin~!. With increase in temperature,
a continuous decrease in resistance is observed for all
the films, and then an abrupt drop in resistance occurs
when the temperature reaches their respective crystallization
temperature (7¢.) for the undoped and Al-doped GST films. The
obtained crystallization temperature increases with increasing
Al concentration, being ~170°C, ~177°C, ~208°C and
~220°C for GST, Ali443(GST)gs.57, Alp1.73(GST)7827 and
Aly3.19(GST)76.81, respectively. The increase in crystallization
temperature could be due to the unique role of Al in the films,
e.g. Al atoms in the films reduce the density of dangling bonds
available for re-engagement during crystallization, which
finally could improve the archival life stability of PRAM
devices [18].
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Figure 1. XRD patterns of (a) as-deposited undoped and Al-doped
GST, (b) 200 °C-annealed undoped and Al-doped GST,
(c) 400 °C-annealed undoped and Al-doped GST.

Itis worthwhile to note that the undoped GST film exhibits
another transition at ~280°C that corresponds to the fcc-
to-hexagonal phase transition, which has not appeared in
Al-doped GST films, as shown in figure 2. This is consistent
with the results of XRD analysis. On the other hand, the

Figure 3 shows the conductivity (s) of the amorphous
films as a function of the reciprocal temperature in the
range 38-120°C for the Al-doped GST films. A similar
linear relationship between the conductivity and temperature
suggests that all the films follow the same conductivity, where
the contribution from thermal activation of carriers in the films
is dominant. In fact, such a mechanism has been found in other
amorphous chalcogenide materials, where the conductivity can
be expressed by an Arrhenius-type relation [20]:

E;
o =opexp| — ; (H
ksT
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where op is a pre-exponential factor depending on the
composition of the films, E, is the electrical conduction
activation energy, kg is the Boltzmann constant and 7 is the
absolute temperature. From the plot of In o versus 103/ T, the
electrical conduction activation energy (E,) can be calculated
from the slope (E, / k) of the plot. The obtained values of E,,
are plotted as a function of the dopant concentration, as shown
in the inset of figure 3. The activation energies for electrical
conduction Ea’ of GST, A1]4'43(GST)85,57, A121'73(GST)78'27
and Aly3 19(GST)76.81 are ~0.35eV [21], ~0.35eV, ~0.36eV
and ~0.38 eV, respectively.

The electrical conduction activation energy also has a
simple relation with the band gap [22]:

E, = E,/2+ AE, 2)

where E,/2 is the distance from the Fermi level to the
conduction band and A E is the depth of the trap states. In the
case of intrinsic conduction with equal number of electrons
and holes, the Fermi level is situated in the middle of the
band gap. Thus, we can roughly estimate the optical band
gaps of amorphous GST, Alj443(GST)ss.s57, Alp;73(GST)78.27
and Aly3 19(GST)76.81 tobe ~0.70eV, ~0.70eV, ~0.72 eV and
~0.76 eV, respectively. The band gap value of amorphous GST
is in good agreement with the experimental result, ~0.697 eV,
measured by optical spectroscopy (see figure 4).

Figure 4(a) shows the plots of (a(v)hv)'/? versus hv
for the amorphous and polycrystalline (annealed at 200
and 400°C) GST films. The investigations show that the
transmission of GST films becomes extremely low (see the
inset of figure 4(a)) and the optical band gap is decreased
continuously after the amorphous—crystalline transformation.
Figure 4(b) shows changes in the optical band gap of the
GST and Al-doped GST films as a function of the annealing
temperature. The optical band gap increases with increasing
Al incorporation for the as-deposited films. This could be
due to the fact that the as-deposited amorphous thin films
always contain a high concentration of unsaturated bonds or
defects that account for the presence of localized states in the
amorphous band gap. The incorporation of Al could reduce the
number of unsaturated bonds, and thus decrease the density of
localized states in the band structure and consequently increase
the optical band gap. The large band gap is favourable to
decrease the threshold current of PRAM devices [23].

When the Al-doped GST films are crystallized from an
amorphous state to a NaCl-type fcc structure, their band gaps
are decreased first and then keep slightly changing even when
the annealing temperature goes up to 400 °C. However, for the
undoped GST film annealed at 400 °C, the optical band gap
further decreases due to the formation of a hexagonal structure.

Figures 5(a), (b) and (c) show the Raman spectra of the
as-deposited, 200 °C-annealed and 400 °C-annealed undoped
and Al-doped GST films, respectively. We have carefully used
appropriate measurement parameters to avoid any structural
modification of the GST layers by the laser beam, and achieved
the spectra with good signal-to-noise ratio that are in contrast
with those in [24-27]. Basically, the Raman spectra consist
of these features: (1) for the as-deposited undoped GST films,
the Raman spectra are dominated by a broad band covering
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Figure 4. (a) Plots of (ochv)'/? versus hv for the GST films; up-left
inset figure is the corresponding Vis—IR transmission spectra.

(b) Changes in the optical band gap of GST and Al-doped GST
films as functions of the amount of incorporated Al and annealing
temperature.

the region 100190 cm™!. Two broad peaks overlap with each
other in this region with one peak at 125cm™' (peak A) and
another at 150cm™! (peak B). Peak A is associated with the
A mode of GeTes_,,Ge,, (n = 0,1,2) tetrahedral modes [28],
while peak B is related to Sb-Te bonds’ vibrations in the
Sb-Te; units [29]. In addition, a weak and broad Raman
band is located at ~220cm™' (peak C), assigned to the F,
mode of GeTey tetrahedra [30]. In the low-frequency region
of the spectra, a peak at ~56cm™! (peak D) can be observed,
which is related to the E mode of GeTes tetrahedra [30].
All Al-doped GST films exhibit similar Raman spectra in
terms of peak position. However, the intensity of the peak
at 150 cm~! decreases with increasing Al content, suggesting
that the addition of Al leads to a higher degree of disorder in the
amorphous phase of the material. In fact, this is in agreement
with the high crystallization temperature of the Al-doped GST
film. In fact, the higher the disorder level of the Al-doped GST
amorphous state, the higher the energy required to arrange it
in an ordered crystalline form [31]. (2) For the films annealed
at 200 °C, the broadening nature of the Raman spectrum is still
preserved, as shown in figure 5(b), but the peaks at ~125 cm™!
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Figure 5. Raman scattering spectra of (a) as-deposited undoped and
Al-doped GST, (c¢) 200 °C-annealed undoped and Al-doped GST,
(d) 400 °C-annealed undoped and Al-doped GST.

(peak A) and ~220cm~' (peak C) in figure 5(a) disappear
(or they are at least suppressed) due to the annealing-induced
crystallization. Instead, a new peak at ~105cm™!(peak E)
appears that is related to the A; mode of GeTe4 corner-sharing

tetrahedra [32]. The results reveal that the GeTe component
of GST alloys is mainly responsible for the phase transition
[32]. On the other hand, although there is a change in the
intensity of peak B at 150cm™' in figure 2(b), its position
seems not to be significantly influenced by the crystallization
process, which is in good agreement with the general consensus
about unchanged local arrangement of atoms around Sb on
crystallization [33]. (3) For the films annealed at 400 °C, Peak
E at 105cm™! remains almost unchanged while peak B at
150 cm~! disappears and a new sharp peak F at ~172cm™!
appears in the undoped GST film annealed at 400 °C, as shown
in figure 5(c). It may be assigned to Te—Te pairs, similar to
glasses in the Ge—Se—Te system [34]. In our opinion, the
evaluation of the peak still needs further investigation. The
new peak F cannot be observed in the Al-doped GST films.
This reveals that a significant change in the local bonding
arrangement around Sb atoms has occurred in the GST film
but the phenomenon can be restrained by Al addition due to
the suppression of phase transformation from fcc to hexagonal.
This is qualitatively confirmed by the Raman spectra shown in
this work.

More interestingly, if we compare the Raman spectra of the
as-deposited and annealed Alyz 19(GST)76 31 films, the peaks at
~125 and ~150cm™! exist in all cases. We argue that these
characterizations reveal that the structure of the film can be
stabilized with proper Al dopant.

4. Conclusions

In this paper, the structural, optical and electrical properties
of Al(GeySbyTes)ipo—x (x = 14.43, 21.73, 23.19at%)
films compared with the GST film are studied systematically.
Adding aluminium into the GST film tends to foster a
very stable one-step phase transition from amorphous —
face-centred cubic (fcc). With increasing Al content, the
Al (GST) g0, films possess a larger set/reset resistance and
wider band gap, which is advantageous to decrease the
threshold current in the related PRAM devices. On the
other hand, the Al-rich GST films also exhibit a higher
crystallization temperature and enhanced the thermal stability
of amorphous phase and ensure good data retention ability.
Raman spectra of the thin films suggest that the local bonding
arrangement around Ge atoms changes and that around Sb
atoms is preserved due to the Al addition even at a high
annealing temperature of 400 °C. All these results confirm that
Al-doped GST films have huge potential applications in future
PRAM devices.
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