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Electromigration (EM) behaviors of pristine Ge2Sb2Te5 (GST), nitrogen-doped GST (N-GST) and cerium-
doped GST (Ce-GST) thin-film strips under DC bias are presented. The mean-time-to-failure (MTTF) anal-
ysis based on the Black equation found that the EM failure times at room temperature are 1.2 � 104, 40
and 9.2 � 102 years and the activation energies (Ea) of EM process are 1.07, 0.57 and 0.68 eV for GST,
N-GST and Ce-GST, respectively. Moreover, the calibration of the current density exponent, n, of Black’s
equation found n values are close to 2 for all samples, implying the dominance of grain boundary diffu-
sion during the mass transport of EM process. For doped GSTs, the inferior EM failure lifespans and smal-
ler Ea values were ascribed to the grain refinement effect which increases the number of grain boundaries
in such samples. It consequently promoted the short-circuit diffusion and accelerated the EM failure in
doped GSTs. The Blech-type tests on GSTs found that the threshold product, i.e., the product of current
density and sample length ((j � L)th), is 200 A/cm for GST, 50 A/cm for N-GST and 66.67 A/cm for
Ce-GST. Moreover, the product of diffusivity and effective charge number (i.e., DZ�) for GST, N-GST and
Ce-GST was 2.0 � 10�7, 4.5 � 10�6 and 3.8 � 10�6 cm2/sec, respectively. Analytical results illustrated that
the electrostatic force effect dominates the EM failure in samples with short strip lengths while the
electron-wind force effect dominates the EM failure in samples with long strip lengths. Doping might
alleviate the mass segregation in GST; however, its effect was moderate.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nucleation-dominated chalcogenides, Ge2Sb2Te5 (GST), is the
most common programming material for phase-change random
access memory (PRAM) due to its fast recrystallization rate, high-
density storage capability, long cycleability, scalability, and com-
patibility with complementary metal–oxide–semiconductor
(CMOS) technologies. Under the application of thermal or electrical
power, GST could reversibly switch in between the amorphous and
crystalline states and the corresponding change in reflectivity or
electrical resistivity could be adopted for signal recording [1].
However, the heat generated during the switching process may de-
grade the chalcogenide layer [2–5]. The thermal stresses accompa-
nied with the microstructure change of programming layer are the
reliability concerns of PRAM due to the interfacial failures and
compositional changes in GST [6–9]. In other words, electromigra-
tion (EM) is a crucial issue of PRAM failure.

Compositional change, electric-field-enhanced mass flow (i.e.,
the EM process) [2–4] and thermal diffusion [6] were suggested
in the studies of PRAM failures. The driving forces of EM are
commonly classified into two categories: the electrostatic force
(i.e., direct force of the electrostatic field on the diffusing species)
and the electron-wind force (i.e., momentum exchange between
the moving charge carriers and the diffusing atoms) [10]. In the
case of electrostatic force, the positively-charged ions tend to move
in direction of the applied bias field and thus the mass accumula-
tion is expected to occur at the cathode end of sample. On the other
hand, the constituted elements move to the anode end of sample
when electron-wind force effect dominates since the mass flows
in the direction of the electron flow.

The mean-time-to-failure (MTTF) analysis based on the Black
equation is widely adopted to evaluate the EM behaviors of sam-
ples subjected to electrical bias [11–13]. Black equation correlates
the MTTF with current density (j) and activation energy (Ea) of EM
process in a form of

MTTF ¼ C 0j�n exp
Ea

kT

� �
ð1Þ

where C0 is the geometrical constant, n is the accelerating factor, k is
the Boltzmann’s constant and T is the absolute temperature.

Blech developed the samples with specific geometry for analyz-
ing the EM behaviors [14,15]. By studying the EM process of alumi-
num (Al) strips with various lengths deposited on TiN, Blech
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observed that the chemical gradient resulted from mass accumula-
tion and depletion at the strip ends would cause the EM threshold.
The threshold current density was found to be inversely propor-
tional to the strip length (L) and, accordingly, Blech derived the
threshold product, (j � L)th, as

ðj � LÞth ¼
DrX
eZ�q

ð2Þ

where Dr is the normal stress difference between strip ends, X is
the atomic volume, e is the electron charge, Z� is the effective charge
number of the ions and q is the resistivity. By knowing the value of
(j � L)th corresponding to a certain material type, one can predict the
occurrence of EM failure in the sample with specific geometrical
shape.

Alien-element doping is frequently adopted to modulate the
physical properties of chalcogenides so that they may meet the
requirements of PRAM applications [16–23]. For instance, doping
may effectively improve the thermal stability and reduce the reset
current of PRAM devices. However, the effects of doping on EM
behaviors of chalcogenides are less reported. Further, several stud-
ies applied the pulsed electrical bias to chalcogenide lines and
investigated the atom segregation in the samples at various crys-
talline states [24,25]. In these studies, the concept of hole wind
force was proposed to elucidate the element redistribution in the
samples. Lack of fundamental EM characteristics ignites this study
to prepare the pristine GST, nitrogen-doped GST (N-GST) and cer-
ium-doped GST (Ce-GST) samples in Black- and Blech-structure
forms so as to investigate their EM behaviors under DC bias. For
all samples, the Ea’s of EM process were evaluated by the MTTF
analysis with the aid of the Black’s equation and the values of
(j � L)th were calibrated by examining the EM processes in the Blech
structure samples. The evolutions of microstructure and composi-
tion in chalcogenide samples were also characterized and their cor-
relations to the EM failure under DC bias are discussed as follows.
2. Experiments

The thin-film samples were prepared by using a sputtering system with back-
ground pressure better than 3 � 10�6 torr. The deposition of chalcogenide layers
was carried out at the radio-frequency (RF) gun power of 55 W and working pres-
sure of 3 mtorr with high-purity argon (Ar) as the inlet flow gas. The N-doping was
achieved by adding the N2 gas in the inlet Ar gas during sputtering at a N2/Ar flow
ratio of 2% (in the unit of sccm) [17]. The Ce doping was realized by the target-
attachment sputtering method [18] in which the dopant content of GST was ad-
justed by the amounts of Ce foils mounted on the 3 in. GST target. For the MTTF test
samples, 85-nm thick titanium (Ti) electrode pads with the distance of 150 lm
apart were first deposited on thermally oxidized Si wafer substrates by the di-
rect-current (DC) sputtering method in conjunction with the lift-off method. The
500-nm thick, dumbbell-shaped GST layers, either undoped or doped, were then
formed on the Ti pads with the aid of photolithography process. After annealing
at 300 �C for 1 h in Ar ambient to induce the recrystallization of GST phase, the sam-
ples were transferred to an in situ electrical property measurement system [17] in
Fig. 1. PTEM micrographs of (a) GST, (b) N-GST and (c) Ce-GST samples subjected to an
corner of each micrograph.
which the electric bias was supplied by a Keithley 2400 I–V sourcemeter. The EM
tests at various temperatures (200, 225, 250, 275 and 300 �C) were then performed
under appropriate current stress conditions. Note that the current densities for EM
tests were adjusted in accord with the difference in resistivities of GST samples
(qGST = 8.4 � 10�3 X cm; qN-GST = 5.4 � 10�2 X cm; qCe-GST = 4.8 � 10�2 X cm)
[17,18]. In this study, the current density for GST and N-GST samples was
3.2 � 105 A/cm2 while that for Ce-GST sample was 2 � 104 A/cm2. The resistance
changes as a function of time were monitored until abrupt resistance increments
occurred in samples.

For the preparation of Blech structure samples, TiN electrode pads were first
deposited on Si substrates by reactive sputtering of Ti at the condition of DC gun
power of 100 W, working pressure of 3 m torr and the N2/Ar mixed inlet gas flow
at a ratio of 20% (in the unit of sccm). Afterward, a series of chalcogenide strip sam-
ples, either undoped or doped, with a width of 5 lm, thickness of 150 nm and
lengths ranging from 10 to 45 lm were deposited on TiN layers by RF sputtering
at the condition delineated above. The EM tests of the Blech-structure samples sub-
jected to the current stressing ranging from 3.33 � 104 to 5.33 � 105 A/cm2 were
similarly performed in the in situ electrical property measurement system at the
temperature of 300 �C.

Transmission electron microscopy (TEM; JEOL JEM 2010) was adopted to char-
acterize the microstructures of various GST samples. Evolution of sample morphol-
ogy was examined by scanning electron microscopy (SEM; JEOL JEM 6500F).
Element distributions along the line direction of GST samples prior and posterior
to the EM tests were analyzed by line scan method within an energy dispersive
spectrometer (EDS; OXFORD INSTRUMENTS INCA x-Sight MODEL 7557) attached
to the SEM.
3. Results and discussion

Fig. 1a–c separately present the plan-view TEM (PTEM) micro-
graphs of GST, N-GST and Ce-GST subjected to 300 �C/1 h anneal-
ing. All GST samples possess the polycrystalline structure while
the doped GSTs possess fine grain sizes. The selected area electron
diffraction (SAED) patterns attached at the upper right-hand cor-
ners of TEM micrographs indicate that all the samples are of the
face-centered cubic structure.

Fig. 2a–c present the profiles of resistance change against the
time at various temperatures for GST, N-GST and Ce-GST samples
subjected to the MTTF test. In this work, we define the time corre-
sponding to the abrupt resistance increment as the MTTF of sample
proposed by previous work [26]. Fig. 2d plots the ln(MTTF) against
1/kT and it indicates that the MTTF times of doped GSTs are longer
than that of pristine GST at the same temperature. We note that
the MTTF tests are often performed at elevated temperatures under
current stressing conditions so as to accelerate the EM failure. It is
well known that the doping may effectively improves the thermal
stability of GST [18–20] and, hence, the doped GSTs exhibit better
MTTF time properties at the test temperatures of 200–300 �C. With
the aid of Eq. (1) and the slopes of ln(MTTF) against 1/kT plots
shown in Fig. 2d, the EM failure times at room temperature were
found to be 1.2 � 104, 40 and 9.2 � 102 years for GST, N-GST and
Ce-GST, respectively, as deduced by the linear regression method.
This indicates that doping in fact accelerates the EM failure of
GST under practical operating conditions. Moreover, the slopes of
nealing at 300 �C for 1 h. Corresponding SAED pattern is inserted at the right-hand



Fig. 2. Resistance change against time of (a) GST, (b) N-GST and (c) Ce-GST samples subjected to MTTF test at various temperatures. (d) shows the plots of ln(MTTF) against 1/
kT for GST, Ce-GST and N-GST.
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ln(MTTF) against 1/kT plots indicate that the Ea’s of GST, N-GST and
Ce-GST samples are 1.07, 0.56 and 0.68 eV, respectively. The decre-
ment of Ea’s in doped GSTs indicates doping in fact weakens the
resistance to EM failure although it is well known for the thermal
stability improvement of chalcogenides and the reduction of power
consumption of PRAM devices [16–23].

In order to examine the heating effects on sample failure, a pre-
liminary experiment by heating the GST, N-GST and Ce-GST MTTF
test samples at 200 �C for 240 h (=8.64 � 106 s) in vacuum without
applying the electrical bias was performed. As shown by the SEM
micrographs and EDS line scan profiles in Fig. 3a and b, all samples
remain intact without obvious element loss. Notably, GST is eutec-
tic alloy featured by covalent bonding and the result of Fig. 3 is in
agreement with that of the differential scanning calorimetry
analysis performed by Yamada et al. [27] who reported no phase
separation in GST at temperatures up to its melting point
(Tm = 593 �C). As mentioned previously, we have adjusted the
current densities applied to the samples in order to avoid the
resistivity heating effect. For instance, the current density of
3.2 � 105 A/cm2 resulted in an about 3.3 �C temperature increment
in the sample subjected to MTTF test as revealed by the measure-
ment of the temperature coefficient of resistance (TCR) of samples.
This is negligibly small in comparison with the temperatures of our
MTTF test at 200–300 �C. Analytical results presented above clearly
indicate that the stoichiometry of GST samples remain stable
before the occurrence of EM failure and the resistivity heating is
not the primary cause of failure as depicted by Fig. 2a–c. Resistivity
heating effect might emerge in the late stage of EM process when
the mass depletion at cathode side substantially reduced the
cross-sectional area of sample. It resulted in the increase of sample
resistance and the local heating consequently aggravated the EM
failure. We note that the increase of sample resistance can be
clearly seen in Fig. 2a–c, in particular, in the time duration before
the occurrence of abrupt resistance change in the samples.

Fig. 4a–c present the resistance profiles against the time at var-
ious current densities for chalcogenide samples subjected to the
MTTF test at 200 �C. Fig. 4d plots the ln(MTTF) against ln(j) in terms
of the data presented in Fig. 4a–c. With the aid of Eq. (1), the slopes
of the plots allow the calibration of the current density exponent, n,
of Black’s equation and n of 1.98 for GST, 1.96 for N-GST and 1.80
for Ce-GST are separately identified. Shatzkes and Lloyd employed
the theoretical model based on the vacancy diffusion and void
nucleation processes for elucidating the physical significances in-
volved in the n value of Black’s equation [28]. Their analysis indi-
cated that the n value of 2 implies the dominance of grain
boundary diffusion during the EM process. Moreover, grain bound-
ary diffusion might be the dominant mass transport process when
the temperature is less than 0.6Tm of the sample [29]. The temper-
ature of our MTTF test at 200 �C is about 0.55Tm of GST and, in con-
junction with the n values delineated above, we hence infer that
grain boundary diffusion plays an essential role in the EM failure
of GST samples subjected to the MTTF test. As to the lower Ea values
for doped GST samples presented in Fig. 2d, it is ascribed to the
grain refinement effect that increases the number of grain bound-
aries and amplifies the short-circuit diffusion in such samples.

Fig. 5a presents the SEM micrographs of GST sample prior to the
MTTF test and Fig. 5b–d depict the failed GST samples subjected to
the MTTF test at 200 �C. As shown in Fig. 5b–d, the preferential fail-
ure occurring at the cathode sides of samples indicates the failure
is correlated to the EM process. Voids tended to form at the cath-
ode side as the mass kept on moving from cathode to anode side
due to the electron-wind force effect. The gradual depletion of
mass resulted in the increase of local current density at cathode
side and, hence, the EM failure.

Fig. 6a–d present the EDS line scan profiles along the line direc-
tion of GST samples prior to and subjected to the MTTF test with
j = 3.2 � 105 A/cm2 at 200 �C for 5 h. The EM-induced element seg-
regation can be readily seen, i.e., Ge and Sb segregate toward the
cathode side while Te segregates toward the anode side in the sam-
ples, a result similar to that reported by Yang et al. [2,3]. Neverthe-
less, the EM theory indicates the dominance of electron-wind force
should drive all elements to the anode side. Such a discrepancy can



Fig. 3. (a) SEM micrographs and (b) EDS line scanning profiles for various MTTF test samples subjected to the heating at 200 �C for 240 h (=8.64 � 106 s) in vacuum without
applying electrical bias.
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be explained by the difference in element migration rates and the
relative feature of composition data deduced by EDS analysis.
Among the elements involved in GST, Te has been reported to pos-
sess the highest mobility under the action of electrical force [24].
The relatively fast depletion of Te in anode side would then cause
the enrichment of Ge and Sb in cathode side as the EDS delineates
the composition change in relative manner. This implies the
impression that the elements in GST samples seem to segregate
in different directions of bias field. In Ce-GST, the segregation
directions of Te and Ge are the same as those in GST and N-GST
whereas Sb exhibits a fluctuated distribution without preferential
segregation trend. A comparison of the severity of element segre-
gation depicted in Fig. 6a–d indicates that doping may alleviate
the element segregation in GSTs only in a moderate manner. This
is similarly ascribed to the increase of grain boundaries in doped
GST samples which amplifies the short-circuit diffusion. It neutral-
ized the blocking effects of dopants and, hence, was unable to sup-
press the EM-induced element segregation in doped GSTs in an
obvious manner.

Fig. 7 shows a representative SEM micrograph of Blech-
structure GST strips prior and posterior to the current stressing
at 300 �C for 12 h. The threshold phenomenon predicted by Blech’s
theory was observed in such samples. According to the stressing
current densities and the critical strip lengths of samples as delin-
eated by the rectangles in Fig. 7, the values of (j � L)th were found to
be 200 A/cm for GST (L = 30 lm at j = 6.67 � 104 A/cm2), 50 A/cm
for N-GST (L = 15 lm at j = 3.33 � 104 A/cm2) and 66.7 A/cm for
Ce-GST (L = 20 lm at j = 3.33 � 104 A/cm2). This indicates that, at
a fixed j value, the critical length of doped GST is less than that
of pristine GST. The smaller (j � L)th values for doped GSTs imply
the degradation of EM resistance by doping [30,31], a result similar
to that observed in the MTTF test. It is noted that in this study the
lengths of MTTF samples (L = 150 lm) are longer than those of
Blech-structure strips (L 6 45 lm). The j � L value for GST and
N-GST is 4800 A/cm and that for Ce-GST is 300 A/cm for MTTF
samples, which are much greater than the (j � L)th values of
Blech-structure samples. The electron-wind effect hence domi-
nated the failure of MTTF samples as presented in Fig. 5 since the
chemical composition gradient opposite to the electron-wind
effect is comparatively weak in such samples.

In contrast to the MTTF test results, the mass depletion at anode
side became rather obvious in the Blech-structure strips with rela-
tively short lengths. Such a mass segregation phenomenon is evi-
denced by the enlarged SEM micrographs of Fig. 8a–c which
depict the morphologies of the GST strips with L = 35 lm subjected
to various stressing current densities and times at 300 �C. Note that
the critical current density for the 35 lm GST, N-GST and Ce-GST
Blech-structure strips is separately equal to 5.7 � 104 A/cm2,
1.4 � 104 A/cm2 and 1.9 � 104 A/cm2 according to the (j � L)th

values delineated above. For the Blech-structure strips subjected



Fig. 4. Resistance change against time of (a) GST, (b) N-GST and (c) Ce-GST samples subjected to MTTF test at various current densities at 200 �C. (d) is the data fitting analysis
of density exponent, n, of Black’s equation.

Fig. 5. SEM micrographs of (a) as-prepared GST sample and the failed (b) GST, (c) N-GST and (d) Ce-GST samples subjected to the MTTF test at 200 �C.
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to the current stressing beyond the critical values, mass depletion
at anode side can be readily seen and such an EM failure becomes
pronounced with the increase of stressing current density. For the
Blech-structure samples, the strips with short lengths resulted in
strong chemical composition gradient to suppress the electron-
wind effect and, hence, the mass depletion at cathode side as seen
in MTTF samples was less obvious in such samples. As a matter of
fact, the electron-wind-induced EM failure would be fully sup-
pressed in Blech-structure sample when its length was below the
critical value as illustrated in Fig. 8 [14,15]. The mass depletion
at anode sides of Blech-structure samples with strip lengths
greater than the critical values as depicted by Fig. 8a–c is hence
ascribed to the electrostatic force effect.

Fig. 8a–c also depict a more severe void clustering in doped GST
samples. As mentioned above, grain refinement increases the
number of grain boundary in doped GSTs. In addition to providing
the short-circuit diffusion, grain boundaries might also promote
the void clustering since they are well-known heterogeneous
nucleation sites. They might also serve as the defect sinks to
release the stresses in doped GSTs induced by the difference in
atomic sizes of dopants and elements of GST [32]. With the
progress of void clustering, cross-sectional areas of doped GSTs
reduced in a rate faster than that of pristine GST. This enhanced
the local joule heating and the non-uniformity of current density,
consequently amplifying the atomic flux divergence and shortens
the EM lifespans of doped GSTs.

The EDS line scan profiles corresponding to GST, N-GST and
Ce-GST Blech-structure strips subjected to the current stressing
of 3.33 � 105 A/cm2 in Fig. 8a–c are separately presented in
Fig. 8d–f. It can be seen that the GST and N-GST exhibit a relatively
uniform element distribution whereas moderate element segrega-
tion is observed in Ce-GST. Notably, EDS analysis on Blech-structure
strips found their composition fluctuations are less obvious in compar-
ison with the MTTF samples. This was probably caused by the domi-
nance of electrostatic force in the relatively short Blech-structure
strips and the magnitude of electrostatic force is known to be smaller



Fig. 6. EDS line scan profiles for (a) GST prior to the EM test, (b) GST, (c) N-GST and (d) Ce-GST samples subjected to the MTTF test with j = 3.2 � 105 A/cm2 at 200 �C for 5 h.

Fig. 7. A representative SEM micrograph of Blech-structure GST strips prior and posterior to the current stressing at 300 �C for 12 h. The strips with critical lengths are
delineated by the rectangles.
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than that of electron-wind force [10,33]. In Ce-GST strip with mod-
erate element segregation, Ge tends to accumulate at the cathode
side while Sb and Te segregate toward the anode side as depicted
by Fig. 8f. Yang et al. pointed out that Te segregates toward the an-
ode side regardless of the bias field direction and Ge and Sb move
toward the cathode side when electrostatic force is the dominant
EM mechanism [24]. The Ge and Te segregations are in agreement
with the proposal of Yang et al., supporting the presence of electro-
static force in Blech-structure strips. Nevertheless, ambiguity
arises in Sb as it segregates in the direction same as Te. We note
that the EDS profiles presented in Fig. 8d–f are extracted from
the Blech-structure strips with pronounced EM failure. The analyt-
ical results might not be accurate enough, in particular, in the re-
gimes with severe mass depletion. As a result, the Sb segregation
might requires a further study in order to clarify whether it is
caused by the divergence of composition analysis or indeed an
evidence of electrostatic effect as Sb segregates in the direction
opposite to that observed in MTTF samples dominated by the
electron-wind effect.

Huntington and Grone [10] derived the expression of average
drift velocity (m) of atoms due to the EM process as:

m ¼ DZ�eqj
kT

ð3Þ

where D is the diffusivity. The value of DZ� or, the average migrating
rate of effective charge under an electric bias, is commonly adopted
to depict the EM rate which can be determined by the plot of v ver-
sus j. It is known that the average value of v for atoms in the strip
samples can be obtained by dividing the depletion length with
the stressing time. Fig. 9 plots the v versus j at 300 �C and the linear



Fig. 8. Morphology evolutions of Blech-structure samples (a) GST, (b) N-GST, and (c) Ce-GST with L = 35 lm subjected to various stressing current densities at 300 �C. Note
that the critical current density for 35 lm GST, N-GST and Ce-GST strips is separately equal to 5.7 � 104 A/cm2, 1.4 � 104 A/cm2 and 1.9 � 104 A/cm2. (d–f) are the EDS line
scan profiles corresponding to the Blech-structure samples in (a–c) with the stressing current density of 3.33 � 105 A/cm2.

Fig. 9. Average drift velocity as a function of current density for GST, N-GST and Ce-
GST strip samples at 300 �C.

Table 1
A list of key EM parameters of GST, N-GST and Ce-GST samples calculated in terms of
Blech-structure sample test.

Sample q
(10�2 X cm)a

jc (104 A/cm2) (j � L)th (A/cm) DZ� (10�6 cm2/sec)

GST 0.84 4.50 200 0.2
N-GST 5.4 1.96 50 4.5
Ce-GST 4.8 3.46 66.67 3.8

a Measured at 300 �C.
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relationship for the three GST samples can be seen. The extrapola-
tion of the straight line to the v = 0 corresponds to the critical cur-
rent density (jc) and it allows us to find that the jc is separately equal
to 4.50 � 104 A/cm2 for GST, 1.96 � 104 A/cm2 for N-GST and
3.46 � 104 A/cm2 for Ce-GST. Moreover, the DZ� products for GST,
N-GST and Ce-GST were found to be 2.0 � 10�7, 4.5 � 10�6 and
3.8 � 10�6 cm2/sec, respectively. The DZ� values of doped GSTs are
about 20 times higher than that of pristine GST, indicating doping
accelerates the element migration in GST during EM process. This
might be similarly ascribed to the grain refinement effect in doped
GSTs which, in turn, amplifies the short-circuit diffusion of ele-
ments. Table 1 summarizes the key parameters calculated in terms
of the analytical results of Blech-type test performed in this study. It
should benefit the understanding on the element transport behav-
iors of chalcogenides subjected to the EM test under DC bias.
4. Conclusions

This study presents the EM behaviors of pure GST and doped
GSTs under DC bias. With the aid of Black’s formula, the MTTF anal-
ysis of samples identified the current density exponent, n, is 1.98,
1.96 and 1.80 for GST, N-GST and Ce-GST, respectively. The n values
are about equal to 2 for all GST samples, indicating the dominance
of grain boundary diffusion during the mass transport of EM pro-
cess in GSTs according to the study of Shatzkes and Lloyd [27].
Moreover, the values of Ea of EM process are 1.07, 0.56 and
0.68 eV for GST, N-GST and Ce-GST, respectively. The decrease of
Ea’s in doped GSTs was ascribed to the increase of grain boundaries
due to the grain refinement effect which amplifies the short-circuit
diffusion and consequently accelerates the EM failure. SEM/EDS
analysis revealed that doping may alleviate the element segrega-
tion in GSTs; however, its effects are moderate.

The Blech-structure samples were also prepared to evaluate the
EM behaviors of chalcogenides. Analytical results yielded the
threshold products, (j � L)th are separately equal to 200, 50, and
66.67 A/cm and the DZ� values are 2.0 � 10�7, 4.5 � 10�6 and
3.8 � 10�6 cm2/sec for GST, N-GST and Ce-GST, respectively. The
key EM parameters deduced by the Blech-type test similarly re-
vealed the degradation of EM resistance in doped GSTs. Analytical
results also illustrated that the electrostatic force effect dominates
the EM failure in the samples with short strip lengths while the
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electron-wind force effect dominates the EM failure in the samples
with long strip lengths.
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