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We report on the low resistance state (LRS) stability analysis of Ge3Se - based solid electrolyte
nonvolatile memory cells under elevated temperature and bias current stress conditions. The
activation energy was found to be about 1.02 eV, which is comparable to that of an
electromigration-induced failure process. Experimental results also show that there is trade-off
between the LRS stability and the thickness of Ge;Sej; layer. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3103555]

Resistance random access memory (ReRAM) is one of
the competitors for emerging nonvolatile memories such as,
for example, the magnetic random access memory, the
phase-change memory, and the ferroelectric random access
memory.1 ReRAM cells are based on various materials such
as organic compounds,2 transition metal oxides,Bf5 and ion
conducting solid electlrolytes,ﬁ’7 which show resistance
switching phenomena when sandwiched between suitable
metal electrodes. In recent years, resistance switching cells
based on ion conducting solid electrolytes have been exten-
sively studied due to their promising features of low power
consumption, high switching speed, and scalability. Whereas
the switching mechanism of oxide materials is still under
debate, it seems to be reasonably well understood in the case
of ion conducting solid electrolytes assuming electrochemi-
cal growth and rupture of metallic filaments. Endurance of
more than 10'° cycles, high data retention, and switching in
the nanoampere range have already been demonstrated.®’
The integration of these materials in future nonvolatile
ReRAM and logic devices will, however, not only rely on
the excellent electrical properties but also on the reliability.
One of the major reliability issues for ReRAM and logic
devices is data retention, which is defined as the ability of a
memory cell to retain stored data between the time for writ-
ing and subsequent reading of the stored information. Tem-
perature and parasitic current could significantly accelerate
the retention failure process for memory and crossbar array
based logic devices. Surprisingly, very little has been ex-
plored on the reliability of these memory devices under con-
stant current stress conditions. '’

In this letter, we present an investigation on the stability
of the low resistance state (LRS) of Gej3Se;;(Cu) based
memory devices under constant current stress conditions. A
constant current stress was applied to memory cells in the
LRS at room temperature as well as elevated temperatures
and the statistical distribution of the measured time-to-switch
off ¢, was determined in order to get an insight into the
degradation mechanism of the device characteristics. De-
vices with active areas ranging from 2 to 150 um? were
fabricated as single cross-point structures using standard
photolithography techniques. The detailed layer sequence of
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the memory devices as used in this study was the following:
Si/SiO, substrate/5 nm TiO,/30 nm Pt (bottom electrode)/
2-3 nm Si0,/Gej;Seq7/100 nm Cu (top electrode). More
details on the fabrication process of the memory devices and
their resistance switching properties can be found in Ref. 11
and 12. The reliability analysis was performed by monitoring
the voltage change under constant current stress of memory
cells which were initially voltage-programmed to the LRS by
imposing a current compliance of 100 uA. All measure-
ments were done using an Agilent B1500 semiconductor pa-
rameter analyzer.

The memory cell resistances in the LRS were found to
be randomly distributed around 1 k() independent of the
memory cell active area and the thickness of the Geg;Se ;
thin film. Figure 1 shows the resistance versus time charac-
teristic of a memory cell integrated with 70 nm Ge,3Se;
under a constant current stress of =30 A at room tempera-
ture. As the resistances in the LRS exhibited a random dis-
tribution, we act on the assumption that data loss or—more
precisely—the “switch off” events will also obey some sta-
tistics. Furthermore, it can be clearly seen from Fig. 1 that
several small sudden jumps already appear before the final
switch off. We believe that the electrochemical dissolution of
a filament is closely related to classical “weakest-link”
type of problems in solid state physics such as breakdown of
thin oxides and random resistor networks which have been
extensively studied by means of percolation models in
literature.">'*

In order to find out the statistical distribution of the time-
to-switch off 7y, constant current stress at different ampli-
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FIG. 1. Resistance evolution of a memory cell under a current stress of
-30 wA at room temperature.
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FIG. 2. Weibull plots of the cumulative time-to-switch off (z,) distributions
for memory cells with a 70 nm Ge,3Se ; film at different constant current
stresses. The inset shows the MTF (f5,) as a function of current stress to
determine the current exponent 7.

tudes was applied to memory cells with a 70 nm Ge3Se 7
integrated thin film in the LRS. A maximum measurement
time of 10* s was set for all experiments. A resistance in-
crease of one order of magnitude was specified as the failure
criterion throughout the study. Figure 2 shows the cumula-
tive distribution of the measured ¢, for different current
stresses fitted with a Weibull function. Note that the distribu-
tion appears as a straight line in the Weibull plot. The statis-
tical distribution of failure processes which result from
weakest-link type of effects where many small defect sites
compete with each other to be the one that causes the first
failure can typically be described by means of the Weibull
function ™

F(t) =1 —exp[- (t/7*]. (1)

Here, F is the cumulative failure probability, where 7 is the
characteristic failure time for F=0.63 and S the slope param-
eter of the distribution. The slope parameter represents the
slope of a straight line which is obtained by plotting
In[-In(1-F)] for a Weibull distribution against In(r). The
slope parameter is an important factor in reliability analysis.
A low value of the slope parameter indicates a strong reduc-
tion of the retention time. We observed that the slope param-
eter depends on the current stress value and decreases with
increasing current stress: $=2.5, 1.95, 1.7, and 1.5 for —20,
—30, —40, and —-50 wA, respectively. While the physical
reasons for the failure process and its relation to the time-to-
switch off probability distribution are not fully understood at
present, it is likely that under constant current stress different
physical factors such as joule heating effects, electromigra-
tion, local electric field strength, and redox processes at weak
points of the filament could simultaneously play an impor-
tant role. As 8> 1, we conclude that the degradation process
is of intrinsic nature.

To get more insight, the degradation of the LRS with
current density and temperature was studied by using Black’s
equation16 based on the mean time to failure (MTF),

tso(MTF) = Aj ™" exp(E,/kyT). 2)

where A is a constant, j is the current density, n is the current
exponent, E, is the activation energy, kp is the Boltzmann
constant, and 7' is the operating temperature. The value of n
characterizes the role of the current density in the degrada-
tion process and values n>2 have been attributed to joule
heating effects.'”” Within the range of the current stress cho-
sen in our experimental study, we found n~ 1.8, as shown in
the inset of Fig. 2. In principle, our evaluation should be
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FIG. 3. Weibull plots of the cumulative time-to-switch off (z,,,) distributions
for memory cells with a 70 nm Ge;Se, ; thin film at different temperatures
(constant current stress: =20 wA). The inset shows the Arrhenius plot for
the MTF In(z5).

based upon the current density along the conducting filamen-
tary structure which might change during the stressing
experiment. Thus, the local current density might alter in
course of the experiment due to local shrinkage of the effec-
tive filament diameter. We think, however, that the local cur-
rent density will always scale with the total applied current
so that we can rely on the current as the characterizing
parameter.

As has been extensively pointed out in literature, values
of n in the range of 1-2 might indicate electromigration-
induced failure processes.17 Our observation, n<<2, is an-
other evidence that joule heating is not the essential mecha-
nism for the degradation. Joule heating does not seem to play
an essential role as one has to reverse the polarity of the
applied current to disrupt the filament after forming. Never-
theless, a slight increase in temperature which indirectly af-
fects the degradation process cannot be ruled out.

The activation energy in Black’s equation is another im-
portant parameter to verify a possible mass transport elec-
tromigration process. Therefore, we have determined the ¢,
distributions under a constant current stress of —20 uA at
different temperatures for a 70 nm Geg3Se, 7 film integrated
in cross-point structures. The Cu top electrode was covered
with a 30 nm sputtered Pt film to prevent oxidation at higher
temperatures. Figure 3 shows Weibull plots of the cumulative
failure distribution as a function In(z,) for different tempera-
tures. As can be seen, nearly the same slope parameter, 3
=2.5, is found, indicating that the underlying failure process
does not change within the temperature range examined. The
activation energy for the mass transport was calculated from
an Arrhenius plot of the MTF #5,, as shown in the inset of
Fig. 3. The obtained value, £,=1.02 eV, might be associated
with Cu mass transport electromigration-induced failure
processes.'’

The stability of the LRS state of memory cells with dif-
ferent Ge(3Seq; film thicknesses was studied under a con-
stant current stress of —20 wA at room temperature. Figure 4
shows the Weibull plots of the cumulative failure distribution
for Gey3Seq; films with thicknesses ranging from 30 to 70
nm. We cannot find any difference in the slope parameter 8
for different thicknesses under the same constant current
stress. The characteristic failure time 7 increases with in-
creasing thickness which indicates that more extended and
longer filamentary structures are more stable under the same
stress conditions. As mentioned above, the memory cell re-
sistances in the LRS were found to be independent of the
active Ge(3Se( 5 layer thickness 30—70 nm. Recently, Inoue
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FIG. 4. Weibull plots of the cumulative time-to-switch off (z,,,) distributions
for memory cells with different Ge,;Se,; active layer thicknesses at room
temperature (constant current stress: —20 uA).

et al."® proposed a switching model for memory cells made
of various oxides which is based on an “electric faucet” at
the electrode-active layer interface suggesting that resistance
switching is due to opening and closing of the faucet without
a considerable role of the conduction behavior in the bulk. If
that would be the case for our material system, this model
could indeed explain the thickness independent resistances
observed in our study, but then we would not expect such a
clear dependence of the characteristic failure time on the film
thickness.

The best possible explanation from our point of view is
the self sustained growth behavior of the filament (aggrega-
tion and reduction of migrating Cu ions), its fractal
characteristics,]g’20 and submetallic behavior (not presented
here). One has thus to consider the overall extension of the
fractal filamentary structure within the active layer which
will be larger for thicker films; thus resulting in comparable
resistance values. The tip of the filament could be one the
most favorable points for the breakdown and its size may
scale with the filament growth. We think, however, that the
potential distribution across the whole structure (especially at
the dead ends) might take place in such a way that it leads to
nearly the same resistance values in the LRS for different
Geg35¢ey 7 layer thicknesses.”! We cannot exclude, however,
that the resistances in the LRS will show some scaling be-
havior with further increase in thickness.

From the theory of the electromigration processes, one
knows that the diffusion of atoms in the presence of a high
current density arises from the momentum transfer of con-
duction electrons to defects (electron-wind force) and the
direct action of an external electric field on charged defects
(direct force).”? The electron-wind force is proportional to
the local current density and the direct force is proportional
to the electric field strength at the defect sites. Inside the
filamentary structure both forces are expected to decrease
with decreasing the potential drop because the current den-
sity is proportional to the local potential drop.22 Qualita-
tively, local potential drop is likely to decrease with the in-
crease in the filament length thus making it more immune to
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electromigration-induced degradation processes as well as
electrochemical dissolution.

In summary, the stability of the LRS of Ge(3Se,; based
resistance switching memory cells was studied under accel-
erated current and temperature stress conditions within the
framework of the Weibull statistics. The Weibull slope pa-
rameter of the time-to-switch off distributions is controlled
by the current stress but not by the thickness of the integrated
Ge(3Seq; film. We found the Weibull slope parameter to
decrease with an increase in current stress but to remain un-
changed with the Ge(3Se,; thickness variation. The calcu-
lated current exponent n=1.8 and activation energy E,
=1.02 eV suggest that electromigration could be the main
reason for the degradation of the LRS. The small value of the
characteristic failure time for thinner integrated Ge,;Se -,
thin films could be an important issue with respect to the
integration point of view for subnanoscale memory and logic
devices.

The authors would like to thank C. Schindler for helpful
discussions.

'R. Waser and M. Aono, Nature Mater. 6, 833 (2007).

R. S. Potember, T. O. Poehler, and D. O. Cowan, Appl. Phys. Lett. 34,
405 (1979).

D. s. Jeong, H. Schroeder, and R. Waser, Appl. Phys. Lett. 89, 082909
(2006).

“B.J. Choi, D. S. Jeong, S. K. Kim, C. Rohde, S. Choi, J. H. Oh, H. J. Kim,
C. S. Hwang, R. Waser, B. Reichenberg, and S. Tiedke, J. Appl. Phys. 98,
033715 (2005).

JA. Asamitsu, Y. Tomioka, H. Kuwahara, and Y. Tokura, Nature (London)
338, 50 (1997).

°C. Schindler, X. Guo, A. Besmehn, and R. Waser, Z. Phys. Chem. 221,
1496 (2007).

K. Terabe, T. Hasegawa, T. Nakayama, and M. Aono, Nature (London)
433, 47 (2005).

M. N. Kozicki, M. Park, and M. Mitkova, IEEE Trans. Nanotechnol. 4,
331 (2005).

°C. Schindler, M. Meier, M. N. Kozicki, and R. Waser, Proceedings of the
Non-Volatile Memory Technology Symposium, 2007 (unpublished), p. 82.

10p), Kamalanathan, S. Baliga, S. C. P. Thermadam, and M. Kozicki, Pro-
ceedings of the Non-Volatile Memory Technology Symposium, 2007 (un-
published), p. 90.

"R. Soni, M. Meier, A. Riidiger, B. Holldnder, C. Kiigeler, and R. Waser,
Microelectron. Eng. (to be published), doi:10.1016/j.mee.2009.01.010.

2R, Soni, C. Schindler, M. Weides, A. Riidiger, C. Kiigeler, and R. Waser,
Proceedings of the Eighth IEEE conference on Nanotechnology, 2008 (un-
published), Vol. 8, p. 18 (2008).

1), H. Stathis, J. Appl. Phys. 86, 5757 (1999).

g, Kirkpatrick, Rev. Mod. Phys. 45, 574 (1973).

157, Das, R. Degraeve, G. Groeseneken, S. Stein, H. Kohlstedt, G. Borghs,
and J. De Boeck, J. Appl. Phys. 94, 2749 (2003).

tor, Nogami, T. Nemoto, N. Nakano, and Y. Kaneko, Semicond. Sci.
Technol. 10, 391 (1995).

7R, Fantini, J. R. Lloyd, I. De Munari, and A. Scorzoni, Microelectron. Eng.
40, 207 (1998).

B H Inoue, S. Yasuda, H. Akinaga, and H. Takagi, Phys. Rev. B 77,
035105 (2008).

T, Vicsek, I. Phys. A 16, L647 (1983).

°H. Takayasu, Phys. Rev. Lett. 54, 1099 (1985).

2IML AL Dubson, Y. C. Hui, M. B. Weissman, and J. C. Garland, Phys. Rev.
B 39, 6807 (1989).

ZR. S. Sorbello, Phys. Rev. B 39, 4984 (1989).


http://dx.doi.org/10.1038/nmat2023
http://dx.doi.org/10.1063/1.90814
http://dx.doi.org/10.1063/1.2336621
http://dx.doi.org/10.1063/1.2001146
http://dx.doi.org/10.1038/nature03190
http://dx.doi.org/10.1063/1.371590
http://dx.doi.org/10.1103/RevModPhys.45.574
http://dx.doi.org/10.1063/1.1592300
http://dx.doi.org/10.1088/0268-1242/10/4/002
http://dx.doi.org/10.1088/0268-1242/10/4/002
http://dx.doi.org/10.1016/S0167-9317(98)00272-X
http://dx.doi.org/10.1103/PhysRevB.77.035105
http://dx.doi.org/10.1088/0305-4470/16/17/003
http://dx.doi.org/10.1103/PhysRevLett.54.1099
http://dx.doi.org/10.1103/PhysRevB.39.6807
http://dx.doi.org/10.1103/PhysRevB.39.6807
http://dx.doi.org/10.1103/PhysRevB.39.4984

