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Phase transition kinetics and microstructures of AgInSbTe (AIST) and AIST-SiO, nanocomposite applied to phase-change memo-
ries (PCMs) are investigated. In situ electrical property measurement found that the incorporation of SiO, escalates the recrystal-
lization temperature (7,) of nanocomposite. Both X-ray diffraction and transmission electron microscopy showed grain refinement
in the nanocomposite which, in turn, results in an increase of the activation energy (E,) of phase transition, as indicated by
subsequent Kissinger’s analysis. Increase of 7, and E, in the nanocomposite was ascribed to AIST grain refinement and hindrance
to grain growth due to dispersed SiO, particles in the sample matrix. Johnson—-Mehl-Avrami analysis revealed the decrease of
Avrami exponent in nanocomposite, implying that the dispersed SiO, particles promote the heterogeneous phase transition. Static
I-V characteristics and reversible binary switching behavior of PCM devices not only confirmed the results of microstructure
characterizations but also illustrated the feasibility of the AIST and its nanocomposite layer for PCM fabrication.
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Phase-change memory (PCM) has been recognized as next-
generation nonvolatile memory device due to its advantages, includ-
ing good scalability, high operation speed, low Power consumption,
high recording density, signal endurance, etc. ~ Instead of using
laser beam as the heating source in optical data storage, PCM de-
vices utilize a current pulse to heat the phase-change programming
layer embedded in devices for signal recording. In order to reduce
operating current of PCM devices, various methods have been pro-
posed. One is to define a smaller programming volume by modify-
ing the PCM cell structure, while the other is to modify the physical
properties of phase-change materials by, for instance, increasing the
resistivity of the phase-change layer in the crystallme state by dop-
ing a small amount of nitrogen (N),"* oxygen (0),** silicon (Si),
silicon oxide (SrOx), < etc.

In contrast to the nucleation-dominated GeSbTe (GST) alloys,
binary Sb,Te alloys are termed as the growth-dominated
chalcogenides.1 In practice, Sb,Te alloys are usually doped with
desired elements for physical property improvement. ! The Sb,Te
alloys doped with silver (Ag) and indium (In), i.e., the quaternary
AgInSbTe (AIST), are known to possess better cycling stability of
amorphous phase and higher crystalhzatron sensitivity in compari-
son with other phase-change materials. 1213 Eurther, the study on
digital versatile disk containing AIST illustrated that the drsk pos-
sesses high recording density and data-transfer rate features.'* Good
optical properties imply that AIST might also be a promising mate-
rial for PCM application. However, the electrical properties of AIST
are less reported and a further study to identify its feasibility to PCM
is required.

Previous studies reported that incorporating SiO, in GST may
effectively improve the stabillty of amorphous GST and reduce the
reset current of PCM devices.”” Recent studies relating to optical
data storage reported that the AIST-SiO, nanocomposrte layer can
be easily fabricated by the target attachment method" or using a
composite sputtering target, 15 and the presence of SiO, particles is
found to hinder the grain growth of AIST. This implies that the
formation of nanocomposite is a viable way to modify the micro-
structure and hence the phase-change behaviors of AIST. This work
performs an electrical study on the AIST-SiO, nanocomposite layer
in order to gain an understanding on its PCM applicability.

In situ electrical property measurement, X-ray diffraction (XRD),
and transmission electron microscopy (TEM) are the main tools
adopted in this work to study the electrical properties and micro-
structure changes of AIST as well as AIST-SiO, nanocomposite
layers, so as to explore their phase-change kinetics in terms of the
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fundamental nucleation and growth theories. Meanwhile, the cross-
point-type PCM devices with 160-pwm contact hole containing AIST
and its nanocomposite layer as the programming layers were pre-
pared, and the current-voltage (/-V) characteristics on static mode
and binary switching behavior were presented as follows.

Experimental

Quaternary AIST alloy with stoichiometric ratio Ag,In;Sbg,Tey;
was adopted for subsequent sample preparation. The pristine AIST
and the nanocomposite layer containing 85 wt % AIST and 15 wt%
Si0, (termed 85A15S hereafter) were prepared in accord with the
method reported prevrously > The thin-film samples with various
thicknesses were deposited on the thermally oxidized Si wafers by a
sputtering system at a background pressure better than 1
X 1076 Torr. Microstructure changes corresponding to the
amorphous-to-crystallization transition of above samples were
evaluated by using an in situ heating XRD facility equipped with a
Mar 345 image plate detector at (Marresearch GmbH, Germany)
Beamline BLO1C2 of National Synchrotron Radiation Research
Center (NSRRC) at Hsinchu, Taiwan, R.O.C. The specimens were
installed in a controlled-ambient chamber filled with purified Ar gas
and heated at a rate of 1°C/min. The XRD characterizations were
carried out in grazing incident manner with a fixed incident angle
= 1°, diffraction angle (26) up to 45°, and X-ray wavelength
= 0.1033 nm. In the meantime, a JEOL JEM 2100FX TEM (JEOL
Ltd., Japan) was adopted to observe the microstructure changes of
samples subjected to annealing treatment.

The resistivity (p) changes of thin-film samples during heating
were recorded by using an in situ electrical property measurement
system Exothermal experiment in conjunction with the Kissinger
theory and isothermal experrment in conjunction with Johnson—
Mehl-Avrami (JMA) theory were separately performed. The
data obtained were analyzed to secure the key parameters relating to
phase transition, including recrystallization temperature (T,), activa-
tion energy (E,), Avrami exponent (n), and appropriate activation
energy (AH).

Cross-point-type devices containing AIST or 85A15S nanocom-
posite as the programming layers were fabricated in order to evalu-
ate their feasibility for PCM. On the thermal oxidized Si wafer, a
100-nm-thick W/Ti film was first deposited and patterned to form
the bottom electrode. A 150-nm-thick SiO, layer was then deposited
by plasma-enhanced chemical vapor deposition (PECVD) process.
Afterward, photolithography and reactive ion etching (RIE,
SAMCO Inc., Japan, RIE-10NR) processes were carried out to pat-
tern the circular contact holes (i.e., the via hole) with the
diameter = 160pm. The 150-nm-thick AIST or 85A15S nanocom-
posite layer and 100-nm-thick W/Ti top electrode layers were se-
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PECVD Si oxide (150 nm) quentially deposited on by sputtering and followed by a liftoff pro-
cess to from desired device pattern. The cross-sectional view of

bottom electrode (100 nm) PCM device is schematically shown in Fig. 1. Static /-V character-

programming layer (150 nm) istics were measured by an HP4156B semiconductor parameter ana-
top electrode (100 nm)

lyzer (Agilent Technologies) at dc mode.

Results and Discussion

Figure 2 shows the typical p and corresponding derivatives
(dp/dT) profiles for 150-nm-thick AIST and 85A15S layers as a
K function of temperature measured at a heating rate of 1°C/min. It
thermal oxide (150 nm) can be seen that the p profile shifts upward when SiO, is added in
AIST. The escalation of sample resistance should result from the
incorporation of high-resistive SiO, phase, emergence of
Si (100) chalcogenide/SiO, interfaces, and the refinement of AIST grains, as

revealed by subsequent microstructure analyses. Figure 2 also shows
that the incorporation of SiO, in 85A15S nanocomposite does not
alter the differences of p in between amorphous and crystalline
states such that the resistance ratios remain similar at about 10*
times for pristine and nanocomposite samples. In particular, Fig. 2
depicts a mild drop prior to the obvious drop in p profile for the
pristine AIST, indicating that its phase transition seems to proceed in

Figure 1. Cross-sectional view and dimensions of PCM device fabricated
for static I-V test.

5;

10 a two-step manner. Such a phenomenon was observed in all pristine
10°4 - AIST samples prepared in this work regardless of their thicknesses,
, and its correlation to possible microstructure change will be dis-
1oy cussed later. It is also noted that this phenomenon is missed in
g 10°4 . previous studies regarding Sb,Te alloys and its nanocomposites us-
A gt =) ing either optical™ or calorimetry methods.” *** This illustrates that
- 1 = electrical property measurement is a valuable tool with better sensi-
2 104 = tivity for characterizing the phase-change behaviors of thin-film
> o . . .
B 1074 a chalcogenide samples. Further, according to the dp/dT profiles
7 R —@—85A15S [ = shown in Fig. 2, the values of T, are determined as 187 and 222°C
& 1071 for the pristine AIST and 85A15S samples, respectively. The incre-
1074 ment of 7, has been attributed to the restriction of surface atomic
10* motion on AIST nanocrystals caused by coherent bonding with the
0 0 100 150 200 250 300 surrounding atoms at the interface.”>?* Nevertheless, from a struc-
Temperature (°C) ture point of view, the dispersed SiO, particles form structure dis-

continuities in AIST, which impede the growth and coalescence of
AIST during recrystallization. The retardation increases the thermal

Figure 2. Typical p and corresponding dp/dT profiles as a function of tem- . . .
resistance of nanocomposite sample due to the generation of numer-

perature for 150nm thick AIST and 85A15S layers measured at the heating
rate of 1°C/min.
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Figure 4. PTEM micrographs of (a) AIST and (b) 85A15S samples sub-
jected to annealing at 250°C for 1 h. The left-hand part is the bright field
(BF) image while the right-hand part is the dark field (DF) image. Corre-
sponding SAED pattern is inserted at the right-hand corner of each micro-

graph.

ous interfacial defects inside, implying the superheat effect that
causes the rise of T, and hence the stabilization of amorphous AIST.
This argument is further supported by the Kissinger’s analysis and
microstructure characterizations presented as follows.

In situ heating XRD was carried out in order to clarify the struc-
ture changes and the ambiguities observed in p profiles. Figures 3a
and b separately present the XRD spectra for AIST and 85A15S
obtained at different temperatures. It can be seen that in both
samples AIST transforms from initially amorphous structure to hex-
agonal crystal structure (PDF #801722) structure during heating.
Specific attention was paid to the temperature range corresponding
to the mild drops in p profiles during XRD experiment; however, the
diffraction patterns remained fuzzy, broad profiles without the pres-
ence of characteristic peaks. This implied the absence of transition
or intermediate phase during the amorphous-to—crystalline transi-
tion. Crystalline defects such as vacancies and interstitial atoms are
known to be effective scattering centers of charge carriers; the mild
drop in p profile is hence attributed to the structure recovery in AIST
which ehmmates these point defects prior to the occurrence of
recrystalhzatlon 3 Further, it is believed that subgrains should have
emerged in AIST at the temperature when the mild drop in p occurs
(i.e., about 150°C). Rearrangement and/or annihilation of linear and
planar defects, e.g., dislocations and grain boundaries, may also con-
tribute the decrement of p in the sample. 2326 A5 to 85A15S sample,
the JMA analysis presented below indicates that its phase transition
likely proceeds in heterogeneous manner. This promotes the steady-
state nucleation rate and hence smears out the mild drop appearing
in p profile for 85A15S sample.

Figure 3c presents the integrated intensities and corresponding
full-width-half-maximum (fwhm) of (103) XRD peaks as a function
of temperature for AIST and 85A15S layers. Derivatives of inte-
grated intensity profiles with respect to temperature delineate the
onsets of recrystallization for AIST and 85A15S at around 189 and
223°C, respectively. Disregarding the temperature detection errors,
there is good agreement with the results deduced by electrical prop-
erty measurement. Further, Fig. 3c depicts that nanocomposite
sample possesses a larger fwhm of characteristic XRD peak, imply-
ing that the incorporation of SiO, causes the AIST grain refinement.
This is further confirmed by TEM characterization presented below.

Figures 4a and b, respectively, present the plan-view transmis-
sion electron microscopy (PTEM) micrographs and corresponding
selected area electron diffraction (SAED) patterns (attached at the
lower right-hand corners of TEM micrographs) for AIST and
85A15S samples subjected to an annealing treatment at 250°C for
1 h. Polycrystalline grain structure and a reduction of AIST grain
size due to the SiO, addition in nanocomposite sample can be
readily seen from the structure evolution depicted by Fig. 4a and b.
Further, the indexing of SAED patterns indicates that both samples
possess the hexagonal crystal structure, confirming the results of

Table 1. A list of 7, and E, for AIST and 85A15S samples calcu-
lated in terms of Kissinger’s theory.

Sample thickness AIST 85A15S

(nm) T,(°C)* E,(eV)’ T,(°C* E, (V)
30 199 2.5 253 32
50 195 22 237 2.5
100 195 2.1 234 23
150 193 2.1 226 2.3

* Representative T,’s were measured at heating rate = 5°C/min.
b Kissinger’s analysis was performed at various heating rates = 1, 2.5,
5, 7.5, 10 and 12.5°C/min for the determination of E,.

XRD analysis presented above. The attached SAED patterns also
reveal a texturelike structure in the pristine AIST, and the dispersed
SiO, indeed randomizes the spatial orientation of AIST grains in
85A15S sample.

Table I summarizes the representative values of 7', obtained by
electrical measurement and E, calculated from the Kissinger plots
(i.e., the plots of ln(cp/T)zc) vs 1/T, where ¢ = the heating rate)'’ for
pristine AIST and 85A15S layers at various sample thicknesses. As
shown in Table I, the values of 7, and E, for both samples increase
with the decrease of film thickness. This is mainly ascribed to the
restraint of sample dimension on the progress of grain growth during
recrystalhzatlon Further, heat propagation in the sample becomes
difficult when the film thickness decreases; restriction on energy
supply might also cause the delay of phase transition. As to the
samples at the same thickness, the addition of SiO, in nanocompos-
ite increases the Values of T, and E,. Argument% relating to the
chemical react1v1ty, degree of nucleatlon and stress status at
the chalcogenide/SiO, interface” have been proposed to explain the
increase of E,. From a structure point of view, hindrance to grain
growth during recrystallization due to the incorporation of SiO, is
the main cause for the increase of 7, and E, in the nanocomposite.
Further, as revealed by electrical measurements, increase of thermal
resistance in 85A15S sample may also affect the values of T, and
E,. Refinement of AIST grains and dispersed SiO, particles in
sample matrix are known to interrupt the lattice periodicity. The
lattice discontinuities, e.g., grain boundaries in AIST as well as the
newly formed AIST/SiO, interfaces, would retard phonon propaga-
tion and thus degrade thermal conduction in the nanocomposite.
Figure 2 depicts an overall increase of p in 85A15S sample, indi-
cating that the incorporation of SiO, upsets charge carrier transport
in nanocomposite regardless of the crystallinity of AIST. Electronic
contribution to thermal conduction in elemental semiconductors is
negligibly small due to the low carrier concentrations (e.g., about
1010 cm™ for Si).** However, SbTe-series chalcogenides are known
to be p-type semiconductors with comparatively high carrier con-
centrations (10'°-10% cm™3), 3132 56 that the electronic contribution
to thermal conduction should not be ruled out. In other words, sup-
pression of thermal conduction in the nanocomposite can also be
inferred from the increment of p, as revealed by Fig. 2. As a result,
the 85A15S sample would experience a higher thermal resistance
and consequently discourage the heat propagation. This results in a
delay of phase transition and hence an increase of 7', and E, occurs
in the nanocomposite sample.

For JMA analysis, the data obtained by isothermally soaking the
samples at various temperatures below 7, were first transformed to
the crystallization fraction x(r) according to the expression x(r)
= (po — p(2))/(pa — pe), where p, and p, denote the values of p for
completely amorphous and crystalline films observed during the ex-
periment, respectively. The S-shaped x(#) vs ¢ profiles for the pris-
tine AIST and 85A15S samples are shown in Fig. 5a and b, respec-
tively, and they can be related to the JMA equation, x(7) =1
— exp(—«k#"), where n is the Avrami exponent and k is an effective
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rate constant. By analyzing the slope of In{—In[1 — x(#)]} vs In ¢
plot (i.e., the JIMA plot), the value of n can be determined. We note
that when performing JMA analysis, the starting point of phase tran-
sition has to be determined in a manner consistent with the phase
transition principles in order to secure reasonable values of p 181933
Classical theory of nucleation and growth divides the phase transi-
tion into four stages, i.e., incubation period, steady-state nucleation,
growth, and coarsening. "~ At incubation period, phase transition is
time-dependent which violates one of the assumptions of JMA
theory, and hence this part of data has to be expelled from JMA
analysis. To fulfill this requirement, extrapolation of x(7) was first
performed to determine the incubation time span (1), as illustrated
in Fig. 5. The starting point of phase transition was then defined at
t = 7, and the data obtained at ¢+ > 7 were extracted for JMA analy-
sis. A careful examination of Fig. 5a and b found that the value of T
for the 85A15S sample is comparatively larger than that for the
pristine AIST at the same testing condition, indicating that the SiO,
addition in the nanocomposite sample indeed delays the phase tran-
sition due to the suppression of thermal conduction.”** Further, in
steady-state nucleation regime, the extrapolating line for determin-
ing the value of T was found to exhibit a steeper slope in the case of
85A15S sample, as shown in Fig. 5b. This indicates that although
the crystalline AIST embryos take more time to become stable nu-
clei in incubation period due to the restriction on heat transfer, the
number of stable AIST crystallites in the 85A15S sample increases
in a faster rate once the phase transition proceeds to the steady-state
nucleation stage. This is ascribed to the embedded SiO, particles
which provide numerous sites for the formation of crystalline AIST
phase in the 85A15S samgple. This supports the heterogeneous con-
cept of phase transition'*?® that would accelerate the steady-state
nucleation rate of AIST in 85A15S sample during recrystallization,
as illustrated in Fig. 5b.

Table II lists the values of n calculated in terms of the data
handling method described above. According to JMA theory, n can
be correlated to the progress mode of phase transition, e.g., 2 < n
=< 3 implies the two-dimensional mode, while 3 < n < 4 implies
the three-dimensional mode. It can be seen that the value of n de-
creases with the decrease of film thickness for both sample types,

Table II. A list of » and AH for AIST and 85A15S samples cal-
culated in terms of JMA theory.

Sample thickness AIST 85A15S
(nm) n* AH (eV) n* AH (eV)
30 2.9 3.7 2.5 3.9
50 29 44 2.6 4.8
100 32 4.5 2.8 52
150 33 4.9 29 53

*We added 1 to the values of n to compensate the dimension effect
. . . 9
since the data were acquired from thin-film samples.”

iterating the sample dimension effects on phase transition. The re-
duction of film thickness limits the spatial freedoms when new
phase advances in the sample. Hence, the phase transition switches
from the three-dimensional mode in thick sample to the two-
dimensional mode in thin sample. Further, as shown in Table II, at
the same sample thickness the nanocomposite sample possesses the
lower value of n. Decrease of n’s is in agreement with the results
reported previouslyl6’35 that the dispersed SiO, particles provide
additional nucleation sites and thus promote the heterogeneous
phase transition'®?® in nanocomposite sample. It is believed that the
chalcogenide/SiO, interfaces may serve as the preferential sites ig-
niting the nucleation, and recrystallization is expected to proceed in
two-dimensional manner since grain boundaries are well-known pla-
nar defects.”® The dispersed SiO, further imposes spatial constraint
on growth path, which would limit the progress of phase transition
in lower dimensional modes. Finally, some phase transition text-
books list definite phase transition mechanisms in terms of the val-
ues of n."” We however decline a proposal on detailed mechanism
due to the lack of direct microstructure evidence as well as the
presence of uncertainties, such as nonuniform seeding,36 finite size
effects,’®*” surface, and interface crystallization3 8 in the samples,
which will also affect the phase transition process.

Table II also lists the values of AH calculated in terms of the
knowledge of k (i.e., the intercepts of JMA plots at In ¢+ — 0) in
conjunction with the expression k = kg exp(—AH/kgT) in which
kp = Boltzmann’s constant. It has been showed that AH is correlated
to n by the equation AH=E,+ (n—-1)E, in which E,
= activation energy for nucleation process and E, = activation en-
ergy for growth process.3 ° In the same sample type, the increase of
AH with the increase of sample thickness is mainly ascribed to the
increase of n or the increase of dimensionality of phase transition
mode in thick samples. At the same sample thickness, the 85A15S
exhibits a higher value of AH in comparison with the pristine AIST.
Since heterogeneous phase transition in 85A15S mainly contributes
to the decrease of E,, hence the increase of AH is resulted from the
dramatic increase of E, due to the growth barrier effect of SiO, in
nancomposite sample.

Figure 6a presents the static /-V characteristics of PCM devices
containing pristine AIST and 85A15S programming layers. The
presence of switching threshold behavior illustrates that these chal-
cogenide layers are indeed feasible to PCM fabrication. Further, it
can be seen that the switching voltage (Vy,) of device containing
85A15S layer (Vy, = 1.65 V) is higher than that of the device con-
taining pristine AIST (Vy, = 1.10 V). We note that the occurrence of
Vi indicates the onset of amorphous-to-crystalline transition in pro-
gramming layer of PCM devices. The high Vy, for 85A15S sample
can thus be ascribed to the incorporation of SiO, which hinders the
growth of AIST crystallites during the recrystallization of amor-
phous AIST in nanocomposite. This also means nanocomposite con-
taining amorphous AIST is able to sustain a higher electromotive
force when serving as the programming layer of PCM devices. This
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illustrates that utilization of nanocomposite would benefit the ther-
mal stability of the programming layer in amorphous state.

Dynamic resistance is defined as the resistance measured in the
programming region. According to Fig. 6a, the dynamic resistances
of the device corresponding to the pristine AIST and 85A15S layers
are found to be about 80 and 120 (), respectively. Increase of dy-
namic resistance may thus lead to the reduction of writing current.
This is in agreement with previous studies on GST-SiO, PCM (Ref.
9 and 34), and a reduction of power consumption can be expected in
the PCM containing chalcogenide nanocomposite as the program-
ming layers. Though the SiO, incorporation for the improvement of
PCM device performance has been demonstrated,”** the influences
of interface geometry on the thermal conduction of nanocomposite
layers and relating PCM device properties are not quantitatively
discussed. Since interfaces are considered as the carrier scattering
centers, it is reasonable to infer that the thermal conductivity of the
nanocomposite layer can be manipulated by varying the amount and
morphology of chalcogenide—SiO, interfaces. This would lead to a
device performance modification of PCMs containing nanocompos-
ites as the programming layers and thus a better understanding on
the relevance of microstructure change and physical properties.

Figure 6b depicts a typical reversible binary switching behavior
between lower resistance (LR) and high resistance (HR) states. The
presence of HR and LR levels for binary switching of 85A15S
samples implies that the addition of SiO, does not degrade the
phase-change reversibility of AIST, and the result iterates the feasi-
bility of AIST nanocomposite layers for PCM applications.

Conclusions

The phase transition kinetics and microstructure changes of the
AIST and its nanocomposite layers were investigated. In situ elec-
trical property measurement found that the incorporation of SiO,
increases both the levels of p for amorphous and crystalline states of
nanocomposite sample; however, it does not alter the difference in p
which remains at about 10* times. In situ heating XRD analysis
revealed that the structure transition of all samples proceeds in a
one-step, amorphous-to-crystalline manner. Electrical property mea-
surement in conjunction with XRD and TEM characterizations also
illustrated that the SiO, embedment is able to stabilize the amor-
phous state of sample and causes the grain refinement in AIST dur-
ing recrystallization.

Kissinger analysis showed that SiO, addition causes the increase
of T, and E, for the nanocomposite layer, implying the retardation
of grain growth in AIST in such a sample. From a structure point of
view, incorporation of SiO, is the main cause for the increase of 7',
and E,. Further, refinement of AIST grains and the emergence of
numerous chalcogenide/SiO, interfaces escalate the thermal resis-
tance of nanocomposite sample. Restriction of heat supply hence
delays the phase transition in nanocomposite and causes the rise of
T, and E,. Isothermal experiment in conjunction with JMA analysis
revealed that the formation of nanocomposite results in the decrease
of Avrami exponent (n), indicating that the recrystallization of AIST

Switching counts

in nanocomposite is prone to heterogeneous manner. Calculation of
appropriate activation energy (AH) implied a dramatic increase of
activation energy for growth process, evidencing that the dispersed
SiO, indeed serves as the obstacles of grain growth during recrys-
tallization.

The static /-V characteristics of PCM devices containing various
programming layers illustrated not only the feasibility of these chal-
cogenide layers to PCM fabrication but also the escalation of the
switching V;, from 1.10 V for the AIST device to 1.65 V for the
85A15S device. Incorporation of SiO, caused the increase of dy-
namic resistance and hence the reduction of programming current,
which would benefit the power efficiency for device operation. Bi-
nary switching test showed no degradation on phase-change revers-
ibility of AIST in the nanocomposite layer.
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