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Abstract

We propose a new on-off switching mechanism for oxide
based resistive random access memory (ReRAM) and super-
lattice GeTe/Sb,Te; (GST) phase change memories (PCM)
from the atomistic level. Relative energy stability between
high-resistivity state (HRS) and low-resistivity state (LRS) can
be controlled by injecting carriers into oxide-based ReRAM
and superlattice GST-PCM. This charge injection mechanism
drastically accelerates the structural change between HRS and
LRS and is also suitable for high program/erase (P/E) cycles
endurance.

1. Introduction

In recent years, emerging non-volatile memories such as re-
sistive random access memory (ReRAM), phase change memory
(PCM) attracted significant attention as  next generation
non-volatile memories. However, the physical understandings of
ON-OFF switching mechanism of such emerging memories are
still insufficient especially from atomistic and electronic view-
point.

In case of ReRAM, it is well-known that the formation and
disruption of O vacancy filament is relevant to ON-OFF switching
[1] (Fig.1). In case of superlattice GeTe/Sb,Te; (GST) PCM, on
the other hand, it has been proposed that displacement of Ge atom

in GST is the crucial mechanism for resistive switching [2] (Fig.2).

However, the triggers of the above structural changes have not
been clarified yet.

In this paper, we perform quantum mechanical discussions on
ON-OFF switching mechanism of oxide-based ReRAM and su-
perlattice GST-PCM by using ab initio calculations. We have
found that charge injection/removal can play crucial roles on
structural change from high-resistivity-state (HRS) to
low-resistivity-state (LRS) for both ReRAM [3-6] and superlattice
GST-PCM [7,8].

2. Calculation Method and Calculation Models
Calculation method

We calculated atomic and electronic structures based on den-
sity functional theory including LDA+U with Vienna Ab-initio
Simulation Package [9].

Calculation models

In oxide-based ReRAM calculations, atomistic structures of
the ON (LRS) and OFF (HRS) states in ReRAMSs are constructed
by introducing Vg into rutile TiO,, cubic HfO,, and a-state Al,O3
(Fig.3) [3.4]. In case of superlattice GST-PCM, we prepare hex-
agonal structures of GeTe/Sb,Te; (Fig. 4). This model consists of
hexagonal Sb,Te; layers and cubic structure GeTe layers with
[111] direction. GeTe layers ordering Te-Ge-Ge-Te and
Ge-Te-Te-Ge correspond to HRS and LRS, respectively [7].

3. Result and Discussion

First, we discuss the charge injection effects into oxide based
ReRAM. As shown in Fig. 5, the most stable charged state of
isolated Vg is doubly positive in almost all range of Fermi level in
TiO,, HfO, and Al,O3. Moreover, isolated Vg is structurally more
favorable than filament states when Vg is doubly positive. After
injecting electrons, however, the situation changes drastically. As
described in Fig. 6, filament structure becomes more favorable
when Vg becomes singly positive and neutral after electron injec-
tion. This drastic structural change upon electron injection is
schematically described in Fig. 7. The existence of electrons ena-
bles the formation of bonding states between Vs, which pro-
motes the filament formation. As a result, carrier injec-
tion/removal induces cohesion-isolation phase transition in oxide
based ReRAM, which results in the ON-OFF switching and im-
prove P/E cycles endurance [3-6].

Next, we investigate the carrier injection effects for superlat-
tice GST-PCM. We have found structural change between HRS
and LRS caused by charge injection into superlattice GST-PCM
(Fig. 8). Our calculation clearly shows that electron injection sta-
bilizes 4-fold HRS structure. Whereas, 6-fold LRS structure be-
comes preferable after hole injection. These structural changes
between 4-fold and 6-fold Ge structure govern the operation of
superlattice GST-PCM. Thus, it is also concluded that carrier
injection/removal surely causes structural transition between LRS
and HRS in superlattice GST-PCM as well as oxide based Re-
RAM [7.,8]. Moreover, following conclusion should be derived.
Since carrier injection effects mainly govern the PCM operation
instead of the conventional phase transition triggered by thermal
effects, superlattice GST-PCM should have high P/E endurance.
This is because structural changes triggered by electrons are es-
sentially more reversible than those triggered by thermal effects
[7.8].

Carrier injection/removal effect for oxide-based ReRAM and
superlattice GST-PCM are schematically summarized in Fig. 9.
Carrier injection/removal generally changes the relative stability
between HRS and LRS, by changing atomistic and electronic
structures of memory devices themselves.

4. Summary

We found that carrier injection/removal induces structural
change between HRS and LRS of oxide based ReRAM and su-
perlattice GeTe/Sb,Te; PCM. In general, carrier injection essen-
tially plays crucial roles on device operation through inducing
atomistic and electronic structure changes of memory devices.
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Fig.2: Schematic
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Fig. 1: ON-OFF switching of oxide based ReRAM. O vacancy filament is surly formed in
case of ON state by TEM analysis. However, it is disrupted in case of OFF states. [Ref.1]
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illustration of on-off switching mechanism for superlattice

GeTe/Sb,Te; PCM. Ge short range displacement and Ge coordination number change
between 4-fold and 6-fold induce ON-OFF switching between HRS and LRS. [Ref. 7]
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Fig. 4: Atomic structure of superlattice

GeTe/Sb,Te;. (upper) HRS. (lower) LRS.
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Fig.5: Formation energy diagram for an
isolated V. Doubly positive Vo' is the

[Ref. 8] most stable charge state [Ref. 3].
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Fig.7: Schematic picture of the formation
of bonding and anti-bonding levels in the
Vo-filament. The bonding states are occu-
pied after electron injection, leading to the
large amount of electron energy gain. This
promotes the V-filament formation.
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Fig. 8: Energy diagram of structural tran-
sition induced by electron injection from
LRS (6-fold) to HRS (4-fold) for bulk Ge.
Electron (hole) injection stabilizes HRS
(LRS) in superlattice GST-PCM. [Ref. 7]
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Fig.3: Model structures and partial charge
density for Vo-chain in (a) TiO,, (b) HfO,, and
(c) Al,Os. Conduction paths are formed in all
of three oxides [Ref. 4]
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Fig.6: Cohesive energies of TiO,, HfO,, and
ALO;. All of three materials likely form
Vo-filament in q=0 and q=+1 charge states
after electron injection.
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Fig. 9: Schematic illustration of structural
transition in ReRAM and PCM induced by
relative stability change between LRS and
HRS by electron (hole) injection/removal. This
change can be controlled by applying voltage.



