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Abstract — We optimize a 90nm-wide CuTe-based 1TIR CBRAM cell
for highly controlled and ultrafast programming by engineering Al,O;
electrolyte and Ti buffer layers of appropriate density and thickness resp.
By means of electrical and ab initio modeling, we demonstrate that
switching is mainly controlled by field-driven motion of Cu" species.
Sub-ns programming is allowed by strong ionic-hopping barrier
reduction over short insulating gap. Complete picture of conductance
and switching phenomenology is shown in the entire operation range.

Introduction — Conductive-Bridging RAM (CBRAM) is based on the
electrochemical formation/disruption of a metal (mostly Cu or Ag)
nanofilament through an insulating electrolyte induced by electrical
pulses. Due to scaling potential and fast switching speed, CBRAM is
considered as a serious candidate for future memory replacement [1].
This promise depends on the detailed microscopic switching
mechanisms, which are however still under debate. In this paper we
optimize a 90nm W\ALO;\Ti\Cuy ¢Tej4-based CBRAM cell stacked on
top of select transistor (1T1R scheme), and we address the switching

and filament characteristics both from electrical and ab initio viewpoints.

Welectrolyte\buffer\Cu,Te stack optimization — We selected the
CugeTegys composition due to optimum switching control and
performances [2]. Different insulators were tested as electrolytes.
Atomic-Layer-Deposited (ALD) amorphous AlLO; layers (a-Al,O3)
showed best functionality (Fig.1a-c). Denser materials like thermally
grown SiO, showed difficult programming of Low-Resistive State
(LRS), which we attribute to the mechanically impeded growth of the
Cu filament through a compact medium (Fig.1d). All screened materials
showed similar relation between forming efficiency and porosity. This
effect may be similar to the reported limited breakdown-induced epitaxy
of Si through SiO, gate diclectrics [3]. Note that different deposition
techniques of SiO, allowed effective CBRAM operation [4].

Due to in-diffusion processes of Cu and Te species through the Al,O3
layer during integration thermal budget (Fig.2a), we inserted a Ti layer
at the interface. Thick Ti layers (6nm) completely suppressed the in-
diffusion processes, which resulted in degraded CBRAM functionality.
An optimum thickness of 3nm turned the Cu-barrier role of the Ti-layer
into Cu-buffer role, allowing controlled Cu injection into Al,Os, and
which resulted in both excellent switching and thermal stability. Fig.3
shows the integrated optimized stack onto 90nm-wide W plug in a
1T1R configuration, and Fig.4 shows the stack chemical integrity after
integration together with the excellent switching control and cycling.

Switching phenomenology and state conductance — In agreement
with SIMS results, ab initio calculation showed similar diffusivity of Te
and Cu in a-Al,O; medium (Fig.5a). However, in the situation of
filament forming (potential decrease in Fig.5b), formation energy of
Cu™ species in a-Al,Os is clearly favored over Te™ species. Moreover,
Cu'* species are the most likely generated cations in the range between
~0.5V (onset of exothermic reaction) and 2.5-3V above which Cu*
species may also be generated (Fig.5b). On the other hand, the bias
required to generate a Cu filament (or LRS state) scales with the a-Al,O3
film thickness (Fig.6a), which would support that set switching is
limited by the field-driven transport of generated Cu'" species. In
agreement, the set voltage V., decreases if the filament is generated
after partial filament erase (Fig.6b). Partial erase is the programming of
intermediate High-Resistance State (HRS) due to the modulation of the
filament dissolution, i.e. tuning of the gap & between the filament tip and
the cathode, which is controlled by the stop voltage V, during reset
voltage ramp. Assuming same critical set field as for fully erased cells, &
may be estimated from cell resistance Ry (Fig.6c). Based on this
relation, Fig.7 shows the switching and filament characteristics in the
whole operation range. The cell may be operated within very-high
resistance range using low transistor-controlled set current I <IpA,

978-1-4673-0847-2/12/$31.00 ©2012 IEEE

inducing partial filament growth and large 8, which in turn controls large
reset voltage Vi~1V (Fig.7a). State conductance (G) showed
significant thermal activation, and may be dominated by hopping
processes, as extrinsic defect states close to Fermi level were evidenced
previously in the ALD-ALO; layer [5] (see also Fig.8a). CBRAM
multilevel cell (MLC) operation is achieved with greater control within
intermediate resistance range (Fig.7b). Various LRS states are
modulated by I variation in the range 5-100uA. For I ~5UA, short &
is formed and excellent control of Rjrg~100kC2 is obtained.
Interestingly, ab initio density-of-states (DOS) calculations in a-
Al,O3 showed the onset of band-like conduction regime as from a
concentration of ~10?' Cu atoms/cm’ (Fig.8b), suggesting possible
electronic wave-function overlaps for 8<Inm. In this range R may
thus show weaker 6 dependence (see Fig.6c¢), which together with the
abrupt local-field decrease associated with this conduction regime
change may account for excellent R;gg control. On the other hand,
for Rppg~10kQ, achieved using I ~100uA, high-resolution voltage
ramps revealed discrete jumps between fixed conductance slopes in
agreement with quantized conduction in a point-contact configuration
[6], which is consistent with the weak temperature dependence of G in
this range (Fig.7b). Finally, larger [>300pnA programs filaments in the
range R;ps<2k€2, which results in fuse-blow type of reset. In that case,
both the filament-temperature extraction using temperature-coefficient
of G and calculation using realistic thermal conductance for Cu
nanowires [7] confirmed thermal-dominated reset switching (Fig.7c).

Fig.9a shows a summary picture of the R.-dependence of Vg, and
Vieser- Note that V., shows a decrease with the increase of R up to
~500kQ, which corresponds to 8~0.8-1nm, and a Vg upturn is
observed above. This may again be related to possible abrupt conduction
decrease (see Fig.6c), associated with temperature decrease and
enhanced field-driven reset. This resistance range R ~500k€2, showing
lowest switching voltages, also exhibits weaker state stability (Fig.9b).
In the larger R field-driven range the reset field is similar to set field
(symmetric traces in Fig.9a).

Voltage-time interplay — Reproducible and gradual state programming
of the 1TIR cells was obtained using sequences of square pulses of
rising amplitudes (Fig. 10). In the low-power operation range with best
retention trade-off, pulse programming showed an exponential relation
between switching time and voltage (Fig. 11a), which we could model
using Mott-Gurney [8] field-induced barrier lowering allowing hopping
of Cu" species. Excellent match was obtained using ab initio diffusion
results and estimated & parameter. The obtained hopping distance
Az~0.3nm could correspond to the spacing between oxygen sites in the
a-Al)O; matrix. Ultrafast <lnsec switching is obtained at >3V due to
drastic barrier lowering combined with large effect of AS on R ;.

Conclusion — We show the critical effect of electrolyte layer density on
CBRAM functionality. By tuning of a 3nm-thick Ti Cu-buffer layer we
integrate a thermally stable 90nm W\ALO;\Ti\Cuy¢Teyps CBRAM cell
showing excellent switching control. We show novel insights into
filament-gap-dependent state conductance and switching mechanism,
demonstrating also that low-power switching is limited by the field-
driven hopping of Cu' species through Al,Os, in close agreement with
ab initio simulation.
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