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Abstract

Chalcogenide materials have gained tremendous attentions since early
report by S. Ovshinksy due to its unique electrical switching characteristics
including volatile switching often referred as Ovonic Threshold Switching
(OTS), non-volatile switching involving phase change also known as memory
switching, and electrochemical metallization (ECM) where chalcogenide is
utilized as solid electrolyte based on its high ion conductivity, which establish
themselves as key materials for optical storage as well as next-generation non-

volatile memory application.

In this study, detailed studies and application of electrical switching
behavior of chalcogenide thin films are presented. First, the mechanism of
bipolar resistive switching (BRS) of amorphous Ge,Sb,Tes (GST) thin film
sandwiched between inert electrodes (Ti and Pt) was examined. Typical bipolar
resistive switching behavior with a high resistance ratio (~10°) and reliable
switching characteristics was achieved. High-resolution transmission electron
microscopy revealed the presence of conductive Te-filament bridging between
the top and bottom electrodes through an amorphous GST matrix. The
conduction mechanism analysis showed that the low-resistance state was
semiconducting and dominated by band transport, whereas Poole-Frenkel
conduction governed the carrier transport in the high-resistance state. Thus, the

BRS behavior can be attributed to the formation and rupture of the
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semiconducting Te bridge through the migration of the Te ions in the
amorphous GST matrix under a high electric field. The Te ions are provided by

the thin (~5nm) Te-rich layer formed at the bottom electrode interface.

Second, atomic layer deposition (ALD) of Ge-Sb-Te ternary and Ge-Sb-Se-
Te quaternary thin films are studied for its possible application to selection
device, especially for 3D vertical device utilizing high step coverage
capability of ALD. The binary film of Ge-Te, Sb-Te and Sb-Se and its
pseudo-binary and pseudo-ternary compounds, namely ternary Ge-Sb-
Te and quaternary Ge-Sb-Se-Te films were deposited using Ge(OEt)a,
Sb(OEt)3, (MesSi)Te and (MesSi)2Se precursors and their self-limited
saturation behavior were examined. The composition of pseudo-binary
and pseudo-ternary compounds was confirmed to be consist of
stoichiometric binary GeTez, SbyTes and SbzSe;. The various
composition were tested by two-terminal MIM structure device to
examine the effect of composition of each elements on switching
parameter such as threshold field (Fw) as well as reliability
characteristics such as cycling endurance. It was found that variation in
Ge : Sb ratio leads to modulation of threshold field while cycling
endurance was scarcely improved. On the other hands, increasing Se
concentration resulted in great improvement in cycling endurance up to

10° cycle while threshold field was almost unaffected.



Third, the phase change behavior in multiple layer of the ultrathin GST
film and consequent optical contrast and its application are presented. The
multiple color appearance is basically based on large optical shift originated
from the phase transition of multiple ultrathin GST films separated by the
dielectric oxide barrier layer. The stacking of multiple layer of GST film
and selective phase transition of each layer results in the modification of the
strong interference effect and concomitant variable color appearance. It is
shown that the reflective static color optical coating whose color can be
switched is realized by stacking of more than one layer of ultrathin (< 10nm)
GST on the colored substrate. The gradual shift in reflectance spectral
position is resulted from the selective phase transition of GST layers and
confirmed by optical transfer matrix simulation. Also, the feasibility of
nanoscale image recording by static color switching is demonstrated by

conductive atomic force microscopy.

Keywords: Chalcogenide materials, Electrical switching behavior, GeSbTe,
Atomic layer deposition
Student Number: 2014-30213
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1. Introduction

1.1. Electrical switching behavior in chalcogenide

Chalcogenide materials are compounds consisting of at least one chalcogen
element and one or more electropositive elements. Chalcogenide, which
commonly refers sulfides, selenides, and tellurides rather than oxides,
covalently bonded with other elements such as Ge, As, Sb in multicomponent
systems are actively studied because of their prominent optical and electrical

properties for various application.

The characteristic feature of chalcogenide mostly comes from its electronic
configuration of chalcogen elements. The number of valence electrons in these
atoms is 6 with a common outer electron configuration of s*p*. In the s’p*
configuration, the energy of the p-state is higher than the energy of the s-state,
so the p-state is responsible of chemical bond. According to the Hund rule, the
four electrons in the p state produce one filling orbital (p,) and two half-filled
orbitals (px and py). The paired p, electrons, oftenly referred as lone pair
electrons, form top of the valence band. Its non-bonding p electron feature
designate the chalcogenide as a lone-pair electron semiconductor. Thus, its
electronic structure is markedly different from that in the conventional sp?
semiconductor such as Si or Ge. Also, the electrons in px and py orbitals produce

covalent bonds with neighboring atoms. As a results, chalcogen atoms can form



Structune Electron Energy level
distribution atorm solid
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Fig 1-1. Comparison of Se and Si in amorphous structures (left), electron
distributions of the atoms in solids (center), and energy levels in the isolated

atoms and solids (right)[1].
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twofold bonding with neighboring atoms, which follows 8-N rule[2] where

N=6 in this case.

Chalcogenide materials exhibit various kind of resistive switching behavior.
Since S. Ovshinsky first reported reversible resistance switching phenomenon
in chalcogenide materials in 1968[3], extensive study regarding the nature of
electrical switching and its application to rewritable storage such as optical
discs and electronic nonvolatile random access memories have been
conducted[4-6]. Most widely known electrical switching phenomenon in
chalcogenide is memory switching, which facilitate the application of
chalcogenide to optically rewritable storage or non-volatile memory. These
device application rely on the reversible change in the resistance and the optical
reflectivity that results from the transition between crystalline and amorphous
phase. The reversible changes could be rapidly and repeatedly induced by either
an electrical pulse or a laser pulse. Rapid and precise phase change is the most
crucial feature of this material class, making them focused for their application

in the high-density electronic and optical memory fields in the past decades.

Among these applications, phase change random access memory (PCRAM)
appears to be a highly promising non-volatile type of random access memory,
which is the highly required feature of the next-generation computer system.

The most extensively studied material for PCRAM application is the undoped
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Fig 1-2. Typical current-voltage curve of a phase-change material[4].



or doped (with nitrogen, oxygen, silicon, etc.) Ge,Sb,Tes compound[6], the
resistance of which could be switched via its amorphization and crystallization,
mainly due to the Joule heating effect when intense/short and mild/long

electrical pulses, respectively, are applied to it.

Resistance switching random access memory (ReRAM) is another class of
feasible non-volatile random access memory, where the resistance switching
(RS) effect of which could be mostly ascribed to the repeated formation and
rupture of the local conduction path, typically called the conducting filament
(CF)[7-8]. Modulation of the interfacial Schottky barrier according to the defect
accumulation and depletion near one of the electrodes in a metal/insulator/metal
(MIM) system could be another representative RS mechanism[9]. The CFs in
many RS systems are usually composed of percolated defect paths, a distinctive
conducting phase[10], or a metal bridge[11]. In the case of a nanoscale metal
bridge that connects the two metal electrodes in the MIM system, the bridge is
composed of an active metal, such as Cu and Ag, which comprises one of the
two electrodes, whereas the other is an inert metal. This type of ReRAM is
conventionally called an electrochemical metallization (ECM) cell[7].
Chalcogenides also play an important role as the electrolytes in the ECM cell.
The binary sulfides and selenides as well as ternary glassy chalcogenide
including telluride commonly adopted as fast transport channels. Because the
operation of the ECM cell does not depend on the (local) melting and

subsequent amorphization of the chalcogenides, it does not require an
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excessively high reset (switching from a low-resistance state (LRS) to a high-
resistance state (HRS)) current, which was the most significant problem in

PCRAM.

Ovonic Threshold Switching (OTS) is another characteristic feature of
chalcogenide glasses. It is an electric field-driven, repeatable and non-
destructive resistive switching phenomenon that disappears when applied field
is removed[12]. The current-voltage curve of OTS device measured with
current sweep mode is generally S shaped switching rapidly from an initial high
resistance OFF state into highly conductive dynaminc ON state once the
applied voltage exceeds the threshold voltage, Va[13]. OTS is essential for
operation of PCRAM since it allows high current flow and subsequent Joule
heating by reducing its resistance in amorphous (RESET) state. Also, strong
non-linear and volatile current-voltage characteristic with simple two terminal
structure makes it for an ideal access device for 1S1R crossbar array, commonly

combined with oxide-based ReRAM or chalcogenide-based PCRAM[14].

In this thesis, three kind of electrical resistive switching behaviors of
chalcogenide, especially for Ge-Sb-Te ternary based material system, are
studied. First, based on detailed observation and characterization of polarity-
dependent electrolyte switching behavior in Ge,Sb,Tes ternary system, new
model that can account for the switching, different from conventional phase

change mechanism or active metal ion migration, is established. Second, the



effect of compositional variation on the switching characteristics, especially for
critical threshold field and cycling endurance characteristics was intensively
studied for GeTe,-Sb,Tes;-Sb,Se; pseudo-ternary system. Finally, phase change
induced by electric field and consequent switching in optical properties and its

application are presented.



1.1.1. Phase change behavior

Alloy of chalcogenide features good glass-forming ability and fast
crystallization simultaneously, leading to rapid phase transition induced by
heating and melt-quenching. The phase transition accompanies large change in
optical and electrical properties. Owing to this fast phase transition,
chalcogenide compounds are often called phase change materials (PCM) and
have long been used as key materials in optical storage media (CD-ROM, DVD,
Blu-ray disks). First material adopted is tellurium-based GesTess doped with
Sb, S, and P. After, material systems with fast crystallization and distinc contrast
between optical and electrical properties such as GeTe, GeiiTesoSnsAuys are
discovered, which leads to the discovery of pseudobinary lying on tie line of
GeTe-SbyTe; such as GeiSbsTe;, GeSboTes, GeSb,Tes. Another materials
system known to exhibit fast phase transition is doped Sb.Te where Ag, In, Ge
are chosen as dopant. The most widely known material among doped Sb2Te is
AgsInsSbsoTeso (AIST), which is employed as rewritable optical storage such
as DVD-RW. Aforementioned material systems as well as various kind of

commercialized chalcogenide compounds are shown in Fig 1-3.

Among these phase change mateirals, compounds lying on tie line of GeTe-
Sb,Te; such as Ge;Sb,Tes and Ge,Sb,Tes, also known as GST, has attracted
wide attention since its characteristics is suitable for next-generation
nonvolatile memory such as PCRAM. For pseudobinary of GeTe and Sb>Tes,

increasing GeTe contents leads to enhanced stability of amorphous phase and
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Ge(In,Ag,Sn)

1990 First product (PCR: 500 GB)

1994 Powerful phase-change disk (PD:650MB)

1998 DVD-RAM ver.1 (2.6 GB)
2000 DVD-RAM ver.2 (4.7 GB)

2004 Single layer Blu-ray disk (BD:23.3GB)

GeTe

N\

1997 CD-RW (650 MB)
1999 DVD-RW (4.7 GB)

2003 Single/dual layer Blu-ray disk (BD:23.3 GB)

1971 y,
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TegGe, 19 /y AgInShTe Ge,5Shgs
/
Te /«\
AuTe, Sh,Te, ShopTeq,

Sh(Bi,Au,As)

Fig 1-3. Ternary phase diagram depicting different phase-change alloys, their

year of discovery as a phase-change alloy and their use in different optical

storage products[4].



resultant slower crystallization speed while increasing Sb,Tes contents
results in faster crystallization speed and reduced amorphous stability, which
results in spontaneous crystallization of amorphous phase. Thus, Ge,Sb,Tes,
which lies on the center of tie line, is considered the most suitable material for
non-volatile memory application with its moderate and sufficient crystallization

and amorphous stability.

The phase transition is usually induced by heating from laser irradiation in
optical storage or applying electric pulse in non-volatile memory. Fig 1-4 shows
typical procedure of phase transition. For the transition to amorphous phase ,
intense, short pulse is applied for melting and rapid cooling at rates higher than
10° K s!. To obtain crystal phase, long pulse with intermediate power is applied

so that local heating raises the temperature above crystallization temperature.

The FCC structure of crystalline phase is depicted in Fig 1-5. GST has rock-
salt structure where Te occupies one lattice while Ge and Sb occupies another
lattice. In case of freuquently used phase change material such as Ge;Sb,Tes or
Ge,Sb,Tes, the ratio of Ge+Sb : Te is not unity so that Te lattice is fully occupied
while Ge and Sb lattice inevitably has vacancy site. In ideal rock-salt structure
each atoms must have sixfold bonding and hence they should have six valence
electron. Since Ge has four valence electron and Sb has five, insufficient

electrons are provided by afformentioned Te orbital facing towards
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Fig 1-4. Typical schemes for phase transition of phase change materials in

optical storage or non-volatile electronic memory[4].
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Fig 1-5. Schematic image of the crystal structure of the rocksalt-like phase

of, for example, Ge2Sb2Te5 or GelSb2Te4. Local distortions are not

depicted[4].
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vacancy site. From this point of view, the vacancy site in GST is considered
to be inherent and essential. This is confirmed by first-principle calculation[15]
shown in Fig 1-6 claiming that a certain level of vacancy concentration rather
lowers the formation energy level down to negative value and stabilize the

structure.

Along with high concentration of vacancy, considerable distortion in crystal
lattice is another feature of GST. Extended X-ray Absorption Fine Structure
(EXAFS) reveals that the crystal structure of GST has considerable local
distortion as well as the difference in atomic arrangement between crystalline

and amorphous phase[16].

Amorphous phase is characterized by the lack of long-range periodical
orderness while short-range ordering maintain similar arrangement with
crystalline phase. According to EXAFS by Kolobov et al[17], Ge atom forms
tetrahedral bonding in amorphous phase while it forms octahedral bonding in
crystalline phase as shown in Fig 1-7. The transition of atomic bonding between
amorphous and crystalline is named ‘umbrella flip’ and the fast transition of
phase change material can be attributed to this transition of atomic bonding
which achieve structural change effectively without breaking strong covalent
bonding. However, it is still controversial whether four-fold Ge environment in
amorphous phase is tetrahedral or distorted octahedral (four-fold coordinated)

configuration due to disagreement between various research regarding
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Fig 1-7. Fragments of the local structure of GST around Ge atoms in the

crystalline (left) and amorphous (right) states[17].
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modelling simulation. While, average number of neighboring atoms of Sb
and Te are still in debate concerning the coordination number is how close to

8-N rule.
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1.1.2. Solid electrolytic switching behavior

Electric field polarity-dependent resistance switching, which is differ from
phase change mechanism that is induced by polarity-independent Joule heating,
has been reported in some chalcogenide[18-23]. The solid electrolyte
characteristics of chalcogenide and high ionic conductivity enabled this kind of
switching, which is called ion / electrolytic switching. The resistance switching
is originated from forming a filamentary conduction path between the
electrodes in the chalcogenide medium by one polarity and rupture of
previously formed conductive filament by reverse polarity. Various materials
systems including Ag-saturated chalcogenide containing Ag - S, [18-19] Ag -
Ge-Se, [11,20] Ag-Ge -Te[22],, Ag - In - Sb - Te[23] has been demonstrated.
This kind of switching is more appealing for memory applications than phase
change-dependent switching by the following points. Firstly it requires lower
voltage for switching and secondly it does not accompany significant change
of structure and the effects such as compsitional separation or void formations
can be prohibited, providing enhanced reliability. Recent study by Pandian et
al. reported polarity-dependent switching in Ag- or Cu-free Ge-Sb-Te
system[24-25]. The switching was attributed to the formation and rupture of Sb
filament under application of voltage in Ge,Sba+xTes having excss Sb with
respect to the stoichiometric composition Ge,SboTes. It was shown that
nonuniform distribution of elements, excess Sb in this case, plays a crucial role

for this kind of switching. Similar switching behaviors in non-doped Ge,Sb,Tes
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in inert electrode system were also reported by Woo et al., which also can be
attributed to formation and rupture of filament that is originated from
segregation of excess elements[26]. Recent study by Ciocchini et al. reported
the polarity-dependent switching in amorphous GST with stoichiometric
composition, which can be attributed to local depletion of chemical species by
ion migration in the solid state induced by elevated temperature and high

electric field[27].
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1.1.3. Ovonic threshold switching behavior

Ovonic threshold switching refers increase in conductivity when high field
is applied observed for many chalcogenide materials in their amorphous phase
showing negative differential resistance (NDR) behvaior. Various theoretical
models are suggested to explain the threshold switching phenomeon. Thermally
induced instabilities[28], impact ionization and Shockely-Hall-Read
recombination[29-30], polaron instabilities[31] and field induced
crystallization[32-33] have been proposed. Recently, lelmini el al. suggested
that threshold switching can be attributed to an instability of voltage-current
due to non-equilibrium distribution of electron excited by high fields
application[34]. The noneqilibrium condition and resulting threshold switching
can be explained by modified Poole-Frenkel conduction, or oftenly referred as
trap-limited conduction[12], schematically shown in Fig 1-8. As applied field
increases, barrier height for electron hopping decreases, which results in
dramatically increases conductivity. This model has successfully expalined
threshold switching behavior in accordance with experimentally observed

current-voltage characteristics.

Current density J in amorphous chalcogenide can be expressed by so-called

thermally assisted hopping or trap-limited conduction mechanism

E1.—Epg qFAz
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Fig 1-8. Schematics for the energy distribution of electrons in the amorphous
chalcogenide film (a) at equilibrium (no applied electric field) and (b) under

off-equilibrium conditions at high electric field[34].
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where q is the elementary charge, Nt (cm?) is the density of traps between

Ero and E’c and Az is the average distance between localized states.

Nonequillibrium condition of electron distribution can be expressed by the
average excess energy for electrons at one point z along the transport direction
and it can be given by the difference between the quasi-Fermi level, Er. The
balance between energy gain and loss by electric field and inelastic scattering,

respectively, can be expressed by

dEr qnr Er — Erg
—— =gqF -——2
dz ] Trel

where Er and Ero is quasi-Fermi level and equilibrium Fermi level, respectively
and nr is the trapped electron concentration where it is assumed that the trap

distribution Nr is uniform in energy.

Combining two equations by replacing the equilibrium Fermi level Egy in
first equation by quasi-Fermi level Er allows to describe nonequilibrium
condutions at threshold switching. By this model, threshold switching can be
explained by the collaps of the elctric field as a result of non-equilibrium, high-

energy distribution of trapped electrons.
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1.2. Objective and Chapter Overview

The objective of this dissertation is focused on the analysis of electrical
switching behavior of chalcogenide films including Ge and Sb and its

application.

Chapter 2 covers bipolar resistive switching behavior without obvious phase
change in amorphous Ge,Sb,Tes thin film, which also known as conventional

material for Phase Change Memory (PCM).

Chapter 3 covers Ovonic Threshold Switching behavior of Ge-Sb-Te ternary
and Ge-Sb-Se-Te quaternary films. The effect of composition on switching

parameter and reliability are analyzed.

Chapter 4 covers electrically-induced phase change behavior in ultrathin
(<10 nm) Ge»Sb,Tes films and change in reflection spectrum as well as its

application on optical storage and nanoscale display is examined.

Finally, in chapter 5, the conclusion of the dissertation is presented.
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2. Bipolar resistive switching behavior of

Ge:Sh:Tes thin films without phase change

2.1. Introduction

Alloys and compounds composed of Ge, Sb, and Te are the major materials
of phase-change random access memory (PCRAM) and optically rewritable
discs [1]. These device applications rely on the reversible change in the
resistance and the optical reflectivity, respectively, of the chalcogenides,
depending on the phases of the material, i.e., crystalline or amorphous [2-4].
The reversible changes could be rapidly and repeatedly induced by either an
electrical pulse, for PCRAM, or a laser pulse, for optical discs. Rapid and
precise phase change is the most crucial feature of this material class, making
them focused for their application in the high-density electronic and optical
memory fields in the past decades. Among these applications, PCRAM appears
to be a highly promising non-volatile type of random access memory, which is
the highly required feature of the next-generation computer system. The most
extensively studied material for PCRAM application is the undoped or doped
(with nitrogen, oxygen, silicon, etc.) Ge,Sb,Tes compound, the resistance of
which could be switched via its amorphization and crystallization, mainly due
to the Joule heating effect when intense/short and mild/long electrical pulses,
respectively, are applied to it [5]. The resistivity of an amorphous material is

103-10* times higher than that of a crystalline material. However, the mass-
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production of PCRAM using the Ge,Sb,Tes compound as the active memory
element has been deterred mainly due to the too high current needed to
amorphize the material, which is higher than the current handling capability of

the cell selector (transistor or diode) [6].

Resistance switching random access memory (ReRAM) is another class of
feasible non-volatile random access memory, where the resistance switching
(RS) effect of which could be mostly ascribed to the repeated formation and
rupture of the local conduction path, typically called the conducting filament
(CF) [7-9]. Modulation of the interfacial Schottky barrier according to the
defect accumulation and depletion near one of the electrodes in a
metal/insulator/metal (MIM) system could be another representative RS
mechanism [10]. The CFs in many RS systems are usually composed of
percolated defect paths, a distinctive conducting phasell, or a metal bridge [12].
In the case of a nanoscale metal bridge that connects the two metal electrodes
in the MIM system, the bridge is composed of an active metal, such as Cu and
Ag, which comprises one of the two electrodes, whereas the other is an inert
metal. This type of ReRAM is conventionally called an electrochemical
metallization (ECM) cell [8]. Chalcogenides also play an important role as the
electrolytes in the ECM cell. Because the operation of the ECM cell does not
depend on the (local) melting and subsequent amorphization of the
chalcogenides, it does not require an excessively high reset (switching from a

low-resistance state (LRS) to a high-resistance state (HRS)) current, which was
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the most significant problem in PCRAM. Nevertheless, the adoption of Ag or
Cu as the active metallic element could pose a problem with contamination
control in mass-production lines for semiconductor device fabrication, although
Cu wiring in the back-end-of-the-line process is already in mass production.
However, in the case of Cu metallization, the electric-field-induced Cu
migration is completely suppressed. Adoption of actively migrating metallic
species is always a concern for high reliability. According to this concern,
recent studies reported on the chalcogenide-based ReRAM cell, wherein the
formation and rupture of the Sb-based CF formed inside the Sb-rich crystalline
Ge-Sb-Te alloys are responsible for the repeated switching [13-16]. Sb is a
cation-like species in Ge-Sb-Te alloys, so it can be ionized and migrated
according to the electric field under a sufficiently high electric bias condition,
which is in a similar fashion as ECM. However, the problem of the high
consumption of switching power persisted in this case, which could be ascribed

to the relatively inactive migration of Sb.

Meanwhile, it is considered that Te could be similarly utilized with
opposite polarity according to the bias direction, because Te is an anion-like
species in the same material. Te has a much lower melting point than Sb
(449.5°C vs. 630.6°C, respectively), and Te also has semiconducting properties,
so CF formation of Te could be considered another viable method of
introducing the fast and low-power-consuming ReRAM from the Ge-Sb-Te

alloy system. Another critical aspect of the Ge-Sb-Te alloy system is its
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amorphousness when it is as-prepared using the ca. sputtering process, as in
this study, which could be a critical way to ensure the uniformity of the
switching parameters, due to the structural homogeneity in the atomic scale,
unlike in a poly-crystalline material. The structural stability of the
chalcogenides adopted in the ReRAM cell is another critical aspect, because
the material is under serious thermal, electrical, and even mechanical stresses
during the device fabrication and repeated switching operation. The
thermochemical studies of the Ge-Sb-Te alloy system with various chemical
compositions revealed that the stoichiometric compound without vacancy sites
in the structure (such as Ge>Sb,Tes in the rock-salt structure) is energetically
unstable with respect to the Ge,Sb,Tes compound, wherein 20% of the cation
sites is occupied with vacancy, which is normally very unstable in other
materials [17]. GeiSb,Tes is another example of a material with such chemical
stability and with a very high vacancy concentration. In contrast, a material with
an excessively high vacancy concentration, such as Ge,Sb,Tes, the cation site
vacancy concentration of which is as high as 40%, is also unstable, and may be
decomposed to Ge,Sb,Tes and Te during the device fabrication or repeated
operation. The significant segregation of Te might be detrimental to its stable

reset operation.

Therefore, this study carefully examined the RS behavior, in crossbar
geometry, of an amorphous Ge,SboTes (GST) thin film deposited via the

sputtering process at room temperature to ensure its amorphous structure. All

30 1] ©



the subsequent processes for the crossbar pattern fabrication were carefully
controlled to prevent the crystallization of the GST layer. The two different
types of inert electrode materials (Ti and Pt) were adopted to ensure that the RS
effect in these memory cells would not be related to the ECM effect, but to the
Te filament formation and rupture. Detailed structural and electrical
characterizations were performed to confirm that the RS mechanism is related
to the Te CF formation and rupture, and not to the overall structural change
between the amorphous and crystalline phases of the GST material, nor to the
electrode metal migration. It was found that the interface region between GST
film and bottom Pt interface region became enriched with Te, which provided
the system with electrochemical asymmetry and Te source for Te CF formation.
When the sample was tested using a pulse switching method to induce the usual
PCRAM-type switching, it was not possible. This can be understood from the
much higher required current (75 A, calculated from the reported reset current
density value [18] for a device with a similar geometry) than the maximum
current of the pulse switching setup (~1 A) for the reset of crystalline Ge,Sb,Tes
even with the smallest electrode area in this work (16 um?). This also suggests
that the usual phase change mechanism cannot account for the RS phenomenon

observed in this case.
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2.2. Experimental Procedures

MIM-structured crossbar-type devices with various junction areas (4x4, 6X6,
8x8, and 10x10 um?) were fabricated on a wet oxidized Si substrate. A 50nm-
thick Pt bottom electrode was deposited using the electron beam evaporation
method and patterned into the line patterns via conventional photolithography
and the lift-off process. A Ge>Sb,Tes film was deposited via DC sputtering from
a stoichiometric Ge,Sb,Tes target. After the GST film deposition, a 40nm-thick
top electrode was fabricated using the same process as that for the bottom
electrodes. Two different metals (Ti and Pt) were used for the top electrode. A
Pt layer was deposited on the Ti top electrode in a single batch without breaking
the vacuum to prevent surface oxidation of Ti. The Ti/Ge,Sb,Tes/Pt (denoted as
Ti/GST/Pt) and Pt/Ge,Sb,Tes/Pt (denoted as Pt/GST/Pt) structures were used to
measure the electrical characteristics. During the entire fabrication process,
each step was carefully controlled to avoid any heating or chemical
damaging/etching effect on the GST film to prevent the crystallization and any
other form of unintended manipulation of the as-deposited phase of the film.
Fig 2-1 (a) and (b), and the inset of (b), show the schematic of the device
structure, the scanning electron microscopy (SEM, Hitachi, S-4800) image of
the fabricated crossbar-type devices, and the magnified image of the active area,
respectively. The structural characterization of the GST layer using X-ray
diffraction (XRD, PANalytical, X’Pert PRO MPD) revealed the amorphous

nature of the GST film, as shown in Fig 2-1 (c). The film composition was
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Fig 2-1. (a) Schematic diagram of the device structure and measurement

setup. (b) SEM image of the crossbar structure, with the inset showing a

magnified image of the juction area. (¢) XRD spectra clearly showing the

amorphous nature of the deposited GST.
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confirmed to be close to Ge:Sb:Te = 2:2:5 (Ge, 22.2 %; Sb, 23.9%; and Te,
53.9%), using X-ray fluorescence spectroscopy (XRF, Thermo Scientific, ALR
Quant’X EDXRF). The electrical characterization was performed with a
semiconductor parameter analyzer (SPA, Hewlett-Packard, HP 4145B) in the
DC current - voltage (I-V) sweep mode. During the electrical measurement, the
electric bias was applied to the top electrode, and the bottom electrode was
grounded. Also, the current was limited by the compliance current of the control
circuit to prevent the crystallization of the GST matrix. A 200kV transmission
electron microscope (TEM, JEOL, and JEM-2100F) was used for high-
resolution transmission electron microscopy (HRTEM) / scanning transmission
electron microscopy (STEM) imaging, and energy-dispersive spectroscopy
(EDS) was used for the chemical characterization of the pristine and conducting
filament region. The TEM sample was fabricated with a focused ion beam (FIB,

FEI Helios 650) from the repeatedly switched cell.

Fig 2-2 (a) and (b) show the bright-field TEM images of the pristine regions
near bottom electrode of Ti/GST/Pt and Pt/GST/Pt, respectively. A thin, bright
layer is located between the GST and the bottom electrode in both samples. An
EDS line scan along the yellow arrow in Fig 2-2 (b) confirmed this as the Te-
rich layer [denoted with red dash lines in Fig 2-2 (c¢)]. This Te-rich layer plays
a critical role for the overall asymmetric bipolar resistive switching (BRS)

behavior by providing the active ionic species, Te anion in this case.
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Fig 2-2. Bright-field TEM images of the Te-rich layer formed at the bottom

electrode interface for (a) Ti/GST/Pt and (b) Pt/GST/Pt, repectively. (c) EDS

line scan of the area marked with a yellow arrow in (b) clearly showing the

presence of a Te-rich layer.
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Note that a sharp, narrow Ge peak was observed between the Te-rich layer
and the Pt electrode [denoted with a black dashed circle in Fig 2-2 (c)]. One
possible scenario for the formation of the Te-rich layer involves the intermixing
of Ge with Pt to leave a Te-rich (Ge-deficient) layer behind, possibly due to the
difference between the standard free energy of formation of Pt-Ge (-101.07
kJ/mol[19, 20]) and that of Pt-Te (-75.21 kJ/mol[21]). The formation of the Pt-
Ge compound is deemed unlikely under the GST film deposition at room
temperature. However, the bombardment of highly energetic sputtered atoms
can supply enough energy to overcome the high energy barrier during the
deposition, and the formation of this compound can be reasonably expected.
Therefore, the Te-rich layer could be initiated near the bottom Pt electrode. In
contrast, the formation of such layer between GST and the top electrode is
highly unlikely because evaporated Pt atoms are much less energetic than
sputtered atoms. The formation of the Te-rich layer at the bottom electrode
interface during the fabrication process leads to the asymmetry of the structure
of the system, which could induce asymmetric switching behavior for such

nominally symmetrical structure as Pt/GST/Pt.
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2.3. Results and Discussions

The typical BRS behaviors of the two samples are shown in Fig 2-3 (a),
which were obtained from the memory cells with a 4x4um? area. The pristine
sample showed highly insulating behavior, so the sample required an electro-
formation step to allow observation of the BRS behavior. After the initial
positive sweep up to the electroforming voltage (denoted with Arrow 1), the
current suddenly increased to the compliance value, and the device was
switched to the low-resistance state (LRS). At this state, the device maintains
its resistance during the backward sweep, so it shows a high current value under
both positive and negative biases (denoted with Arrow 2). The subsequent
negative sweep switched the device into the high-resistance state (HRS), and
the current suddenly dropped to a very low value (RESET, denoted with Arrow
3). The current level of the HRS was identical to that of the pristine state, which
remained low during the forward sweep until the voltage reached a certain value.
At this voltage, the device was switched again to the LRS (SET) (denoted with
Arrow 4). The set current level (0.5 mA) is much higher than other ECM cells
based on the migration of Ag or Cu (~25 pA) [8]. This could be due to the
generally larger conducting filament diameter (could be as large as ~10 — 20
nm, see Fig 2-5) compared with the much smaller value of general ECM
involving Ag or Cu (<~ 5 nm), which could be attributed to the relatively long
application of set bias during the set sweep as can be seen in Fig 2-3 (a). In the

inset in Fig 2-3 (a), the LRS current shows a linear increase with respect to the
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Fig 2-3. (a) BRS I-V characteristics of the Pt/GST/Pt and Ti/GST/Pt samples.
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compliance current increase. This can be used to achieve multi-level
resistance values by adjusting the compliance current. Notably, the RESET
behavior in this case is far from the conventional switching behavior of GST
that involves phase change, where RESET is induced by amorphization via
melt-quenching. This can be achieved only by an extremely short electric
current pulse for fast melting and subsequent quenching, with a sufficiently
high current density (~107 A cm?) [18]. Since the -current-voltage
characteristics were obtained in the DC sweep mode with a much lower current

density, the RESET process obviously does not involve amorphization.

It is noteworthy that the SET (and electroforming) process was possible only
under a positive bias, whereas the RESET process was possible only under a
negative bias for both samples. Any attempt to yield a negative SET or a
positive RESET failed to switch the resistance state. Especially, the
electroforming process was never successfully implemented under the negative
bias even after several attempts, which means this switching behavior is
polarity-dependent. This polarity dependence can also prove that resistive
switching does not involve phase change, since phase change is achieved by
the Joule heating effect, and, thus, should be polarity-independent. As shown in
Fig 2-2, such polarity-dependent BRS behavior was originated from the
difference between the top and bottom electrode interfaces that resulted from
the sputter-deposition of the GST layer on the Pt bottom electrode for both

samples. In other words, nominally symmetrical MIM structure (GST
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sandwiched by Pt deposited using the same deposition method) is actually not
symmetric due to the unexpected effect was induced during the fabrication,

which caused the asymmetry of the structure.

Fig 2-3 (b) shows the resistance change in both the high- and low-resistance
states with respect to the active electrode junction area for the two samples. The
HRS current shows linear dependence on the active electrode area, whereas the
LRS current remained almost constant over the entire electrode area range for
both types of samples. When the resistive switching has a filamentary nature,
the magnitude of the LRS current should be independent of the device area [8].
This suggests that the bipolar switching behavior of the Pt/GST/Pt system is
due to the formation and rupture of the localized conducting filament.
Accordingly, the LRS current increase with respect to the compliance current
increase shown in the inset of Fig 2-3 (a) can be understood in the filamentary
switching model. That is, a stronger and less resistive filament is formed, or
more filaments are formed, by a higher compliance current. Also, further
reduction of the electrode area will further improve the ON/OFF ratio, since

Rorr is proportional to the active area, but Roy is not.

The reliability characteristics were examined for both the Ti/GST/Pt and
Pt/GST/Pt samples. Since the two samples show almost identical reliability
characteristics, the results for Pt/GST/Pt were selected and discussed in detail.

As can be seen in Fig 2-4 (a), stable switching endurance in the DC sweep mode
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with at least 100 cycles was achieved. The resistance ratio of the HRS to the
LRS was more than 100. The resistance of the HRS showed excellent
uniformity, whereas the resistance of the LRS showed a slight fluctuation from
10° Q to 10* Q as shown in Fig 2-4 (b). Fig 2-4 (¢) shows stable retention
characteristics up to 10* s at 85°C, without considerable resistance degradation.
To test the ultimate retention time of the LRS, the retention time (the time when
the resistance ratio decreased to 10) was measured at higher temperatures (130-
150°C), and the results were plotted according to the Arrhenius form (Fig 2-4
(d)). The best-linear-fitting of the data according to the general Arrhenius
equation revealed an activation energy of 1.07 eV, which is high enough to
withstand the thermal disturbance effect in the operating temperature range.
The extrapolation of the best-linear-fitted graph shows an excellent retention

time, which guarantees data retention up to 10 years at 85°C.

The polarity-dependent and filamentary nature of the switching is the
characteristic feature of the ECM effect. Actually, binary or ternary glasses of
chalcogenides, such as selenides or tellurides, are the frequently adopted solid
electrolytes for the ECM cells, because they could be generally fast ion
conductors due to their relatively open structures [22]. However, most
chalcogenides in ECM cells are accompanied by an electrochemically active
electrode, e.g., Ag or Cu, or doped with those metals. Since both electrodes

consist of Pt or Ti, which are generally considered ‘inert electrode’ materials
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[23], and because the GST layer in this case contains no metallic dopant at all,

there might be no active metallic species involved.

TEM observation of both the Pt/GST/Pt and Ti/GST/Pt sample was carried
out for the LRS cell after several resistive switching cycles to identify the
structural and chemical properties of the conducting filament and the
surrounding matrix. Due to the localized nature of the possible CFs in the
relatively large memory cell, an extensive search for the region where a
distinctive feature could be found was made. Fig 2-5 (a) shows the cross-
sectional bright-field STEM (BF-STEM) image of the Pt/GST/Pt cell showing
the vicinity of the characteristic features, which appeared to be crystalline
among the other parts that remained amorphous in the bright-field image (the
diffraction contrast). In the BF-STEM image, a bright region was found to have
been extended between the top and bottom electrodes. This region was believed
to be coincident with the conducting filament in this LRS cell. To confirm the
local composition, EDS spectra were taken from the area near the filament.
According to the EDS results, the composition of the filament region was
confirmed to be Te-rich (Ge:Sb:Te ~ 6:9:85), whereas the amorphous matrix far
from the filament region remained almost stoichiometric (Ge:Sb:Te ~ 22:21:57).
HRTEM and Fast Fourier Transformed (FFT) micrographs of the HRTEM for
the nearby region were examined extensively to determine the crystallographic
structure of the filaments and the remaining part of the GST films. Fig 2-5 (b)

shows the crystalline nature of the filament, which connects the top and bottom
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electrodes and is surrounded by the amorphous matrix. The crystal structure
of the filament is confirmed from the fast-Fourier transformation (FFT) image
from this region, as shown in Fig 2-5 (¢), which coincides very nicely with the
simulated [101] zone axis diffraction pattern of tellurium [P3121 space group,
see Fig 2-5 (d)]. The measured d-spacing of each diffraction spot is also very
consistent with the reported d-spacing value of each plane of tellurium. The
presence and shape of crystalline Te filament bridging top and bottom electrode
can be confirmed by the Inverse Fast Fourier Transformed micrographs (IFFT)
of Te as shown in Fig 2-5 (e). The IFFT image showed that the Te-filament is
actually an aggregation of smaller Te particles. In the nearby area, other
crystalline Te particles could be seen, suggesting that these Te-particles are the
embryos for Te-filament formation. This is consistent with the observation
shown in Fig 2-6 (b) below. Thus, it can be concluded that the formation of the
filament (electroforming and SET) is achieved by the electric-field-driven
migration and recrystallization of tellurium in the amorphous GST matrix that
bridges the top and bottom electrodes. This tellurium filament can also be
observed in the Ti/GST/Pt sample. Fig 2-6 (a) shows the cross-section bright-
field TEM image of the Ti/GST/Pt sample, where the distinctive region in the
amorphous matrix was observed. This observation also required extensive
search over a large area of the TEM specimen due to the localized nature of

these regions. The electron diffraction pattern obtained from this region (inset
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Fig 2-6. (a) Cross-sectional bright-field TEM image and (b) dark-field TEM
image of the vicinity of the filament region for Ti/GST/Pt. The inset of (b)

shows the selected area diffraction pattern of the filament region.
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of Fig 2-6 (b)) showed a diffraction spot with a d-space of 0.32 nm (marked
with a circle), which corresponds to the (101) plane of tellurium. The dark-field
image from this spot is shown in Fig 2-6 (b). The agglomerated tellurium phase
that bridges the top and bottom electrodes is also clearly shown. Also, the broad
amorphous ring pattern shown in the electron diffraction pattern indicates that
the surrounding GST matrix remains in the amorphous phase after switching
many times. The EDS analysis in mapping mode, however, failed to detect the
Te filament because of the involvement of the matrix phase over or below the
region of interest, of which composition must be Te-deficient. Another
interesting finding from the dark-field image is that numerous small particles
are embedded in the apparently amorphous matrix, which are also believed to
be Te clusters. These Te-clusters appear to be the embryos or nuclei of the Te
CFs. Therefore, it was revealed that the bipolar resistive switching for the two
devices can be attributed to the same mechanism, i.e., the formation and rupture
of the tellurium filament. The formation of the Te-clusters might be attributed
to the local chemical modification due to sufficiently large voltage (~2V) of the
electroforming step, which can facilitate the subsequent filament formation.

This result in the reduced voltage for the afterward SET process.

For further investigation of the nature of the conducting filament and the
surrounding matrix, the electrical conduction mechanisms for each resistance
state were analyzed in the Pt/GST/Pt sample. To achieve this, the I-V

characteristics of each state were measured at the temperature range of 307-357
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K, and the results were analyzed by fitting them into the various electrical
conduction mechanisms. Fig 2-7 (a) shows the log-log plot of the I-V curves
for both the LRS cell and the HRS cell. The LRS curve shows Ohmic-like
behavior with a slight resistance decrease (current increase) as the temperature
increases, as shown in Fig 2-7 (b). This negative temperature coefficient of
resistance (TCR) implies that the conducting filament of the LRS is made of
semiconducting elements, unlike the metallic nature of the conduction filament
(Cu or Ag) in a general ECM system. The TEM analysis showed that the
electrical conduction in the LRS was most probably due to the conduction
through the Te filament. Tellurium is a well-known p-type semiconductor with
much higher conductivity than amorphous GST [24]. Due to the nanoscale
nature and possible involvement of various structural and compositional defects,
quantitative comparison of the TCR estimated in Fig 2-7 (a) and the bulk TCR
value of Te is improbable. Nevertheless, the coinciding of the electrical
conduction behavior, which could be ascribed to the semiconducting material,
with the Te-CF confirmed in the TEM strongly suggests that the BRS in these
cases is due to the Te formation and rupture of the Te-CFs, depending on the
bias polarity. The I-V curves of the HRS show non-Ohmic behavior with a
marked resistance decrease as the temperature increased, as shown in Fig 2-7
(c) and (d). This result could be well-fitted into the Poole-Frenkel conduction
mechanism, as shown in Fig 2-7 (c). The estimated dielectric constant value

obtained via the fitting (30.6 at 273 K) coincided well with the reported value
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of the optical dielectric constant of the amorphous GST (28.8) [25], which
confirms the validity of the fitting. Considering the reports from many studies
that the conduction of amorphous GST follows the Poole-Frenkel mechanism
under a sufficiently high electric field, it is reasonable to assume that the HRS
current flows through the amorphous GST matrix, across the entire electrode
area [26-28]. This assumption can be supported by the calculated activation
energy (0.29-0.30 eV) of conduction shown in the inset of Fig 2-7 (c¢), which is
consistent with the reported value for the Poole-Frenkel conduction in the

amorphous GST [26].

Through the movement of the Te- ion from the Te-rich layer and the Te
filament, the entire switching process can be accounted for by a mechanism
very similar to the classical ECM switching mechanism, as schematically
shown in Fig 2-8. The only differences are reduction of Te at the active Te
electrode, while in cation-based ECM, there is oxidation of Ag or Cu at the
active electrode, and reverse moving direction of electrons through the external
wire. Here, electrons move from the inert to active electrode, while in cation-
based ECM, they move from active to inert electrode. Fig 2-8 (a) presents the
pristine state. There is a Te-rich layer between the amorphous (as-deposited)
GST layer and the Pt bottom electrode (the thickness of the Te-rich layer is
exaggerated in this schematic diagram). When a positive (negative) bias is
applied to the top (bottom) electrode [Fig 2-8 (b)], the electrons are injected

into the Te-rich layer from the bottom electrode, which causes the ionization of
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Te. These negatively charged Te ions could migrate to the positive-biased top
electrode under a high electric field, and form a filament. When the growing
filament reaches the bottom electrode, the cell switches to the LRS [Fig 2-8 (c)].
When the bias polarity is reversed, the filament starts to resolve [Fig 2-8 (d)],

and finally, the cell switches back into the HRS [Fig 2-8 (e)].

From this point of view, it can be understood that the Te-rich layer
formed at the bottom interface plays a crucial role as an active electrode in the
switching, whereas the top electrode should play the role of an inert electrode.
As shown above, the sample with different top electrodes, i.e., Ti and Pt,
showed almost identical electrical behavior, such as I-V characteristics,
electrode area dependence, and order of magnitude of the resistance in both
states, despite the marked difference in the work functions of the two metals
(4.33 eV for Ti and 5.64 eV for Pt). This strongly indicates that the formation
and rupture of Te-CFs are closely related to the bottom interface. From these
experiments the following electrochemical reaction could be asserted to be

responsible for the set and reset transitions.

For the set process;

Te (Te) + e- — Te- (in GST) at Te electrode

Te- (in GST) — Te (Pt) + e- at Pt electrode

For the reset process;
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Te (Pt) + e- — Te- (in GST) at Pt electrode
Te- (in GST) — Te (Te) + e- at Te electrode

Such reactions are suggested based on the references on the counter charges

and counter electrode reactions by Valov [29], and Tappertzhofen et al. [30].

The feasibility of switching via Te migration can be also confirmed by the
diffusion coefficeint of Te in GST which reflects how mobile Te ion is in GST
matrix. According to study regarding atomic migration in line structure GST
cell by Yang et al., [31] the average value of diffusion coefficient of Te in GST
is ~4x103 cm’s!. Although this value was assumed to be in molten state
migration, it is more reasonable to postulate that only partial region was melt
while rest remained as amorphous phase considering large dimension (~20pum)
of the tested cell and relatively low value of applied field (3650V/cm) in the
study and hence the migration behavior in this case somewhat reflect the
migration in amorphous phase. This can be supported by the diffusion
coefficient calculated by molecular dynamics (MD) simulation in amorphous
GeTe, which shares most of the properties with GST [32]. Comparable self-
diffusion coefficient in amorphous phase to that in super-cooled liquid phase
up to ~10° cm? s™! at 500K was reported, implying similar order of magnitude
of diffusion coefficient of Te in GST. Considering that the diffusion coefficient
of Cu ion in SiO,, well-known Cu:SiO, ECM system, is almost 1071°~101? ¢cm?

s'l at room temperature [33], it can be deduced that Te ion in GST is sufficiently
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mobile for validity of proposed switching mechanism via formation and rupture

of conductive filament by Te migration.
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2.4. Summary

The bipolar switching behavior of amorphous GST was examined. The
observed bipolar switching involves the polarity-dependent formation and
rupture of a localized conducting filament, which can be attributed to the
migration and recrystallization of tellurium ionized under a high electric field.
The entire switching mechanism can be explained well by a model based on the
typical ECM theory that the Te-rich layer is near the bottom Pt electrode
interface and Te CFs are involved. Although the Te-rich layer near the bottom
Pt electrode is supposed to have originated from the ion bombardment effect
during the sputtering of GST on Pt, such thin Te layer can be alternatively
formed by ca. deliberate deposition. The BRS performance required smaller
reset power than the typical PCRAM operation with non-interacting TiN
electrodes. In addition, the device performance as a feasible ReRAM was
highly promising in terms of its resistance ratio, switching uniformity, and
retention. This study surfaced not only new possibilities for the application of
chalcogenide materials as next-generation non-volatile memory devices, but
also for further understanding of the solid electrolytic resistive switching

behavior of chalcogenide materials.
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3. Ovonic threshold switching behavior of Ge-Sb-
Se-Te thin films deposited by Atomic layer

deposition

3.1. Introduction

Passive matrix cross-bar array (CBA) have been considered as a leading
candidate due to the high degree of cell integration as well as cost-effectiveness
enabled by implementation of a resistive layer consist of simple two-terminal
metal-insulator-metal (MIM) structure and consequent effective cell dimension
of 4F? [1-4]. However, significant leakage problem from unselected cell of low-
resistance state often referred as ‘sneak current’, causing reading / writing
disturbance during operation, has been considered as primary obstacle for the
application of CBA [3-4]. The selector device, which exhibits strong non-linear
current-voltage characteristics, has been proposed to solve the sneak current
problem by suppress the current flow through unselected cell [5]. Volatile
resistive switching with high selectivity and two-terminal simple structure is
the key properties of the selector device and various type of switching satisfying
this condition such as diode [6-10], Metal-Insulator Transition (MIT) [11-13],
Mixed Ion-Electron Conductor (MIEC) [14-15], Field Assisted Super-linear
Threshold (FAST) [16-17] has been studied for the selector device application.

Among them, Ovonic threshold switching (OTS) has been considered as the
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ideal candidate for selector device application due to its polarity-independent,
highly non-linear current-voltage characteristics as well as two-terminal simple

MIM structure [18-21].

Ovonic threshold switching is characterized by sudden transition to low
resistance state at a critical voltage called threshold voltage with negative
differential resistance (NDR) behavior, retaining its low resistance state until
applied voltage is maintained even at the level far less than threshold voltage,
so called minimum holding voltage [22]. When the applied voltage is reduced
below minimum holding voltage, recovery transition to its original high
resistance state occurs. It should be distinguished from commonly occurred
high field electrical breakdown in terms of its repeatable and non-destructive
nature. The current-voltage characteristic observed in current sweep mode
generally exhibits S-shaped NDR behavior, so called voltage snapback

phenomena [5].

Since the original work by S. Ovshinsky reported first threshold switching in
chalcogenide glass containing Si, Ge, As, and Te [23], most of the researches
regarding threshold switching behavior is focused on chalcogenide materials,
particularly for selenide and telluride [18, 20, 24]. Threshold switching
behavior is enabled by the characteristic feature of amorphous chalcogenide,
namely small bandgap width and high density of localized state near 10! cm™,

which distinguish itself from conventional semiconductor such as Si [25].
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For the application as a selector device, it is essential to suppress any long-
range structural rearrangement such as crystallization. The group IV and V
elements are usually incorporated, acting as cross-linking elements that
stabilize the amorphous phase. The stability of amorphous phase is directly
related to the cycling endurance, which is one of the key requirement for
selector device. The most frequently used elements for amorphous stabilization
is Si, Ge in group IV and As in group V [18, 21, 23]. While As is considered to
have the strongest glass-forming ability, its pronounced toxicity make it
inappropriate for the device fabrication, requiring the alternative environment-

friendly glass-former.

Deposition of chalcogenide thin films for either selector or conventional
phase change materials are usually conducted by physical vapor deposition
(PVD) such as sputtering or chemical vapor deposition (CVD) [26]. Recent
researches have been reported atomic layer deposition (ALD) of chalcogenide
[27-29], mostly focused on the deposition of Ge-Sb-Te ternary materials for
phase change application. Due to excellent step coverage as well as precise
controllability of thickness and composition, atomic layer deposition has great
benefits for selector device as well, particularly for vertical structure 3D 1S1R

(1 Selector, 1 Resistor) device with high aspect ratio.

In this study, ovonic threshold switching behavior and the composition effect

on its switching parameter and cycling endurance is evaluated in Ge-Sb based
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chalcogenide films deposited by atomic layer deposition. Based on GeTe: :
Sb,Te; pseudo-binary film deposition process reported by author’s group [27],
SbySes deposited from novel Se precursors is incorporated. The binary ratio
effect in GeTe; : Sb,Tes pseudo-binary and GeTe; : Sb.Tes : SbaSes; pseudo-

ternary was examined.
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3.2. Experimental

Ge-Sb-Te and Ge-Sb-Se-Te films were deposited by a ALD reactor with 12-
inch-diametered shower head and 8-inch-wafer scale compatible substrate
heater (CN-1, Plus-200). Fig 3-1 shows the schematic diagram of ALD system.
Four precursors were used for deposition. The Ge precursor was Ge(OC,Hs)a,
the Sb precursor was Sb(Oc2Hs)s, the Te precursor was [(CH3);Si],Te, and the
Se precursor was [(CHz3)3Si].Se. Ge, Sb, and Te precursors were heated to 40°C
while Se precursors were heated to 30°C due to its high vapor pressure. The
precursors were carried to the process module by Ar carrier gas at a flow rate
of 50 sccm. For purge process, 200 sccm of Ar gas was used. Additional 150
sccm Ar gas was injected to process chamber during the precursor injection step
to compensate for the difference of Ar gas flow rate between precursor injection
and purge step. The working pressure of process chamber was maintained in a
range of 3.010.2 Torr during deposition. Detailed conditions for the deposition
process are summarized in Table 3-1. Overall deposition cycle configuration is
shown in Fig 3-2. Precursor injection pulse and purge pulse comprises
precursor sub-cycle. Combination of two precursor sub-cycles, Ge — Te, Sb —
Te, Sb — Se in this case, constitutes one binary cycle. Blending those binary
cycles in arbitrary ratio compose super-cycle. Repeating this super-cycle results

in the deposition of ternary, or quaternary films.
X-ray fluorescence spectroscopy (XRF, Thermo Scientific, ALR Quant’X
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Fig 3-1. Schematics of ALD apparatus utilized in the experiments.
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Sub Canister Temp (°C) Carrier | Purge
ub.
Gas Gas Pres.
Temp | Ge- | Sb- | MeSi- | MeSi- (Ar. (Ar, | (Torr)
(C) | OEt | OEt | Te Se scem) | scem)
50 —
40 40 40 30 50 200 3.5
100

Table 3-1. Detailed deposition conditions for the deposition process.
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Precursor sub-cycle
injection / purge, no reduction gas

Precursor pulse

. Purge pulse

~ Reduction gas pulse

Binary thin film cycle
ligand exchange reaction btw precursors

Ge-Te cycle
Ge
=
Sb-Ch cycle
Sb
Ch

Pseudobinary thin film super-cycle
combination of two binary films cycle

1 Super cycle

m Ge-Te cycle

n Sh-Ch cycle

<

Ge

Te

Sb
Ch

Fig 3-2. Cycle configurations of the deposition process where Ch denotes

chalcogenide precursors, namely [(CH3)3Si].Te and [(CH3)3Si]»Se.
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EDXRF) was used to measure the composition and layer density of deposited
films. X-ray diffraction (XRD, PANalytical, X’pert PRO MPD) was used to
confirm the crystallization of films annealed at various temperature to verify
the crystallization temperature. Spectroscopic Ellipsometer (SE, J.A.Woollam,
ESM-300) was used to measure optical constant to determine optical band gap
by drawing Tauc plot. Electric pulse application and the observation of response
were achieved by Pulse generator (Agilent, 81110A) and Oscilloscope

(Tektronix, TDS 684C) using measurement setup depicted in Fig 3-3.

Ge-Sb-Te and Ge-Sb-Se-Te films for XRD and SE measurement were
deposited on thermally oxidized Si substrate. The samples for electrical
characterization is fabricated on single hole-patterned substrate by
photolithography using process step shown in Table 3-2. The structure of
fabricated sample is schematically depicted in Fig 3-4. The diameter of hole-

patterned bottom electrode was 2um.
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Tektronix, TDS 684C
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Vosc, ch
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5
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5]
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Ros%f’OQ

o}

VOSC, Ch2

Fig 3-3. Schematic diagram of the measurement system for pulse response

measurement.

69

A=W



Process flow

No Process Recipe
PR Strip Acetone 10min / Methanol 1min / IPA 2min / DIW
1
/ Organic cleaning 2min
2 | Native oxide etching BOE 6:1, 10s
Chalcogenide
3 Target thickness ~ 30nm at ALD system
deposition

Photo at MA-6 Aligner (Karl Suss)

4 BEC pad etching
GST etching by HNO; : H,O = 1:2, 10s

Photo at MA-6 Aligner (Karl Suss)
5 | TE/BEC fabrication Metal deposition by E-gun evaporator
Lift-off

Table 3-2. Process flow for device fabrication.

Fig 3-4. Schematic diagram of fabricated device using single hole patterned

substrate with 2pm hole diameter.
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3.3. Results and Discussions

Binary GeTe, and SbyTe; films were deposited by Atomic layer deposition
process early developed by author’s group [27]. The ligand exchange between
[(CH3)Si],Te and stable alkoxy-Ge (Ge(OC,Hs)4) / alkoxy-Sb (Sb(OC,Hs);
metalorganic precursors according to expected reaction in Equation 3-1 and 3-

2 results in the deposition of GeTe; and Sb,Tes films, respectively.

Ge(OEt)s + (MesSi),Te — GeTe, + 4EtO-SiMes

Equation 3-1

Sb(OEt); + (MesSi),Te — Sb,Tes + 6EtO-SiMes

Equation 3-2

Combining two binary layers enables the deposition of various composition
lying on the GeTe,-Sb,Tes tie line as shown in Fig 3-5. Binary Sb,Se; films
were deposited using novel [(CH3)Si].Se Se precursor. Similar reaction
mechanism between (Sb(OC,Hs); and [(CH3)Si].Se as SboTe; deposition in

equation 3-3 is expected since Se precursor has same ligand as Te precursors.

Sb(OEt)3 + (Me3Si)zTe — Sb,Tes + 6EtO-SiMes

Equation 3-3
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Fig 3-5. Ternary diagram of various Ge-Sb-Te films deposited by combining

GeTe; and Sb,Tes.
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Saturation curve of each binary cycles are shown in Fig 3-6. Except the
injection and purge curve of Ge precursor, all precursors show stable growth
saturation, or self-limited behavior, which is the unique feature of atomic layer
deposition, implying that ideal atomic layer deposition were achieved. The non-
ideal behavior of Ge precursors is due to its physisorption type behavior and
detailed explanation can be found in previously report by author’s group.
Despite its non-ideal behavior, highly conformal film in terms of thickness and
composition in the hole with extremely high aspect ratio was successfully
deposited, ensuring the compatibility of 3D structure [30]. The injection and
purge time of each precursor were determined according to the saturation curve
in Fig 3-6. Detailed injection and purge time of each precursor are shown in
Table 3-3. Stoichiometric compositions were achieved for every deposited
binary films implying the expected ligand exchange reaction occurs

appropriately.

Incorporation of binary Sb.Ses; into GeTe,-Sb,Te; ternary resulted in
deposition of quaternary Ge-Sb-Se-Te films which is comprised of combination
of three binary films — GeTe,, Sb,Tes, and Sb,Ses. Various compositions can be
deposited by changing the ratio of binary cycle as shown in pseudo-ternary
diagram Fig 3-6 (a), quaternary 3D diagram in Fig 3-6(b) and Table 3-4. Note
that cycle ratio and actual composition ratio of binaries are not linearly
proportional despite composition changes in accordance with cycle ratio

change.
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= GT (GeTe,) o ST (SbTe;) - SS (SbSes)
2z 140 3 500 o s 500 ——
°© 120 —a— Ge injection ‘*E 2 —=m— Sb injection 0 —e— Sb injection
§ —o— Ge purge & 430 —o— Sb purge £ 450 —o—Sb purge
2 100 —e—Teinjection | & ggg —e—Teinjection 2 ggg - :e Injection
= b Q —— == —0o0— Se purge
—0— [} o— Te purge
% 80 Te purge £ 300 \ purg £ 300 .
£ 80 £ 250} o, g 250
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G 20 & 150 O 150,
~ 5> 3 = "
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Time (s) Time (s) Time (s)

Fig 3-6. Saturation curve of the precursors for each binary films.

Precursor Injection (s) Purge (s) Stage T (°C)
Ge(OEt)4 6 5
Sb(OEt); 2 5
70
(Me;Si),Te 1 10
(MesSi),Se 3 15

Table 3-3. Determined precursor injection and purge time and deposition

temperature according to the measured saturation curve for each precursors.
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Fig 3-7. (a) Pseudo-ternary and (b) 3D quaternary diagram of deposited films

with various compositions by combining GeTe,, Sb,Tes, and Sb,Se; binary

films.

Cycle ratio Ge (%) Sb (%) Se (%) Te (%)
GT 33.78 - - 66.22

GT6 ST1 26.50 8.41 - 65.10
GT2 ST1 24.11 13.07 - 62.82
GT1 ST1 15.41 22.35 - 62.24
GT1 SS2 5.67 31.13 40.43 22.77
GT1 SS1 13.84 22.63 31.22 32.32
GT4 SS1 25.35 11.88 13.47 49.29
GT2 ST1 SS1 16.27 21.42 12.14 50.16

Table 3-4. Composition of deposited films with respect to cycle ratio.
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It can be easily expected that compositional variation significantly influences
the threshold switching parameter. Evaluation of the effect of composition on
switching parameter will provide the proper methods of parameter engineering.
In order to evaluate the effect of composition on threshold switching behavior,
two experimental set were established. First set consists of three different
compositions where the effect of GeTe,: Sb,Tes ratio was examined. In this set,
variation of Te composition is not significant in comparison with variation of
Ge and Sb. Thus, effect of Ge : Sb on threshold switching parameter can be
evaluated. Second set consists of three different compositions where the effect
of Se composition is examined while Ge/Sb ratio is unchanged. Se
incorporation is achieved by replacing a total or a portion of Sb,Te; binary with
Sb,Se; binary. Adjusting the ratio of Sb,Tes and Sb,Ses provides the methods
of incorporating Se into films without breaking Ge : Sb ratio. Thus, in three
composition in this set, Se : Te ratio is modulated while Ge and Sb composition
remains almost constant so that the sole effect of Se can be observed. The
compositions and thicknesses of each samples in both set are shown in Table 3-

5.

Trapezoidal pulse (500 ns rise time, 500ns plateau time, and 500ns fall time)
and its response was utilized to verify the threshold characteristics. The voltage
applied to the device and current flowing through the device can be calculated

by Equation 3-4 and 3-5 in the measurement setup shown in Fig 3-3.
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Composition

Sample name d (nm)
Ge(%) Sb(%) Se(%) Te(%)

Table 3-5. The composition and thickness of each samples in two

experimental set.
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Vene
Vpur = Ven — =0 % R+ 1)

Equation 34

VChZ

Ipyr = 50
Equation 3-5

As shown in Fig 3-8, the input voltage and calculated voltage and current of
the device can be shown in one pulse response graph and major switching
parameter and current-voltage characteristics can be extracted by single
measurement. First, threshold switching voltage (Vi) can be determined as
shown in Fig 3-8 (a). At OFF state, most of the voltage is applied to the device.
At certain voltage the current suddenly increases while the voltage applied to
the device suddenly drops, where the threshold switching begins. The voltage
at the beginning of threshold switching is defined as threshold voltage, or V.
Switching time, or ts, which is defined as the time between onset of threshold
switching and complete transition to ON state, can be determined by time from
sudden increase of current with more steep slope to transition into ohmic
behavior with less slope as shown in Fig 3-8 (a). After the transition to ON state,
the device maintains its low resistance state until the decreasing voltage reaches

to holding voltage, or Vi, which defined as minimum voltage required to
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Fig 3-8. (a), (b), (c) Representative pulse response characteristics and (d)
extracted current-voltage characteristics of threshold switching device

measured in GST (Sb 8.4%) sample.
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maintain low resistance state as shown in Fig 3-8 (c). Also, current-voltage
curve can be obtained by simply plotting applied voltage versus flowing current
as shown in Fig 3-8 (d). Among three major switching parameters, namely
threshold voltage, switching time and holding voltage, holding voltage are
known to be primarily dependent on the measurement setup or electrode
materials rather than intrinsic properties of chalcogenide and switching time is
known to be primarily dependent of applied voltage and the capacitance. Thus,
threshold voltage will mainly be focused, which are known to be strongly
dependent on material properties, especially on electronic structure, which is

expected to be determined by compositional change.

The endurance characteristic was obtained by applying and SET pulse /
READ pulse and measuring current separately. SET pulse for measuring ON
state current was set to 500ns (200 ns rise time, 100ns plateau time, and 200ns
fall time) and 2V, which exceeds every sample’s threshold voltage in order to
ensure stable switching and READ pulse was for measuring OFF state current

was set to 0.2V with same pulse shape.

Threshold switching characteristics of every deposited films in GST set and
GSST set are shown in Fig 3-9. Characteristic threshold switching behavior
including sudden voltage drop and current increase is observed in every
composition. Extracted current-voltage curves of every composition commonly

shows clear negative differential resistance (NDR), or so-called voltage
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Fig 3-9. Threshold switching behaviors observed by pulse response and
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snapback phenomena, which is the unique characteristics of threshold

switching.

First, the effect of composition on switching characteristics for GST set was
analyzed to find out the optimal composition for threshold switching device.
The endurance characteristic with respect to GeTe,:Sb,Te; ratio, or simply Sb
concentration, is shown in Fig 3-10. There is no significant difference or
enhancement by change in composition, implying that ratio of Ge:Sb does not
affect the amorphous stability significantly. Also, every samples started to
failed after few hundreds cycle, showing poor endurance characteristics for
selector device application. This is somewhat predictable since the ternary of
Ge-Sb-Te is originally adopted as phase change materials, which exhibit fast
crystallization. Thus, enhancement of amorphous stability is required for the

application of threshold switching device.

However, it was shown that ratio of Ge:Sb greatly affect to switching
parameter in Fig 3-11 (a). Note that threshold electric field, or Fy is used instead
of threshold voltage (Vu) to calibrate the influence of different the film
thickness since Vi, is known to be linearly dependent on the film thickness. In
Fig 3-11 (a), it can be observed that both threshold field decreases as ratio of
Sb,Tes, or more generally, Sb concentration increases. As stated above,
threshold field is strongly dependent on the electronic structure of chalcogenide.

Measured optical band gap is shown in Fig 3-11 (b). The reduction of optical
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Fig 3-10. The cycling endurance characteristics with respect to GeTe: :

Sb,Te;s ratio.
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band gap by increasing Sb,Tes ratio in GeTe,-Sb,Tes pseudo-binary follows
similar tendency of the case of GeTe-Sb,Te; pseudo-binary which also exhibits
similar optical band gap reduction as ratio of Sb,Te; increases. Threshold field
seems to be decreased as optical band gap is reduced, which is in accordance
with many researches including analytical simulation and experimental data

regarding the optical band gap dependence of threshold voltage / field [20, 22].

The influences of optical bandgap to threshold field can be supported by
simulation and fitting of measured and calculated of current-voltage curve
shown in Fig 3-12. Simulation model was adopted from a study in analytical
modeling of threshold switching by Ielmini [22]. Obtain current-voltage curve
is well-fitted by calculated curve using measured optical bandgap. Despite the
inaccuracy in estimation of density of localized state due to assumption of
uniform distribution of localized state in this model, both density and average
inter-distance of localized state remain almost unchanged with respect to
compositional variation, which sufficiently proves that there is no significant
change in distribution of the localized state. This implies that change in Ge:Sb
ratio only causes the modulation of optical bandgap while distribution of the
localized state is unaffected and the change in switching parameter can be

accounted by sole effect of optical bandgap variation in this case.

The effect of Se concentration on switching characteristics is evaluated

maintaining Ge:Sb ratio to be almost 15:22 where the lowest threshold field
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was achieved. Since enhancement of amorphous stability is the major goal of
incorporating Se, crystallization temperature was estimated by confirming
crystallinity of films annealed in various temperature by X-ray diffraction. Fig
3-13 presents XRD patterns of samples annealed in different temperature at
intervals of 50C for Se 0% sample and of 100 C for Se 12.14% and 31.22%,
respectively. XRD results shows that crystallization temperature is increased
from nearly 150C to almost below 400C by incorporation of Se, implying
amorphous stability is greatly enhanced. The enhancement of amorphous
stability influenced the endurance characteristic of devices as shown in Fig 3-
14 (a). Increasing Se concentration results in considerable improvement of
cycling endurance up to 10* cycle. The improvement of endurance
characteristic can be attributed to the better glass-forming ability of selenium
compared to tellurium. The enhanced glass-forming ability contributes to both
higher crystallization temperature and longer crystallization making the
chalcogenide layer invulnerable to crystallization by high current flow and
consequent Joule heating during ON state. Hence, amorphous phase can be
maintained in longer cycle and the high resistance also can be retained. Serially
connected 1kQ external resistor as current limiter for extra reduction of ON
current can further enhance the endurance up to 10° cycles as shown in Fig 3-
15 (b), which guarantees highly promising cyclability for selector device

application.
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The effect of Se incorporation on the threshold field and optical bandgap was
also examined. As shown in Fig 3-15 (a), threshold field does not follow same
dependence to optical bandgap shown in Fig 3-15 (b) unlike the case in
GeTe»:Sb,Tes pseudo-binary. In spite of significant change in optical bandgap
up to 0.4eV, threshold field remains almost constant. The compensation of
optical bandgap dependence on threshold field can be attributed to the change
in distribution of localized state, which is considered to be another important
factor that can greatly affect the threshold field as reported in selenide and
telluride [31, 32]. It was reported that materials with similar band gaps such as
GeTe, Ge,Sb,Tes and GeisTegs exhibit very different threshold fields due to the
influence of localized states [31]. Thus, it can be deduced that the decrease in
density of localized state counterbalanced the increase in threshold field by
optical bandgap increase. This is confirmed by current-voltage curve fitting as
shown in Fig 3-16, calculated by same method in Fig 3-12. Decrease in density
of localized state and related increase in average distance between localized
state were estimated by well-fitted current-voltage curve, reproducing the
threshold fields originated from counterbalance effect of decreased distribution

of localized state to increased optical bandgap.

In case of GeTe,:Sb,Tes pseudo-binary, the change in optical bandgap with
respect to the ratio of GeTe, : Sb.Te; can be attributed to bonding energy
difference between Ge-Te and Sb-Te. Chemical bonding of chalcogen atom, Te

in this case, with atoms of IV group, Ge in this case, and V group, Sb in this
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case forms a bonding molecular orbital (c-state) and an anti-bonding
molecular orbital (c*-state) while the lone-pair electrons, or unpaired p
electrons, forms non-bonding molecular orbital. Following tight binding model,
the anti-bonding state in solid forms conduction band and non-bonding state
forms top of the valence band while the bonding state, which have the lowest
energies is located under the non-bonding state. Thus, observed optical bandgap
is the difference between non-bonding state originated from the lone-pair
electrons and anti-bonding state originated from the chemical bonding between
Ge-Te and Sb-Te. It can be assumed that the change in valence band, which is
originated from the lone-pair electrons of Te, is less significant than the change
in conduction band or anti-bonding state between Ge-Te and Sb-Te since the
compositional variation of Te is inconsiderable amount compared to the
variation of Ge and Sb as can be seen in Table 3-5. Thus, the observed decrease
in optical bandgap by increasing amount of Sb,Tes can be attributed to the
relative portion of weaker Sb-Te bond, or structural unit SbTey; (277.4 + 3.8
kJ mol') becomes dominant than stronger Ge-Te bond, or structural unit
GeTesn (396.7 £+ 3.3 kJ mol ™). Following described tight binding model, the
effect of Se incorporation on the change of optical bandgap can be accounted
by similar manner. The covalent bond strength decreased with the periodicity,
namely, Se forms more strong bond than Te. Thus, the increase in optical

bandgap by Se incorporation can be understood to be a manifestation of
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decrease in the energy separation between valence and conduction band, arising

from stronger covalent bond strength.

While the origin of barely changed distribution of localized state in
GeTe,:Sb,Tes pseudo-binary is obvious since the composition of Te which is
the main source of localized states almost unchanged, the physics behind the
tendency of decrease in density of localized states by Se incorporation in
GeTe,:Sb,Tes:SbySe; pseudo-ternary is less clear due to different origin of
localized states Selenide and Telluride. The localized states in Sulfides and
Selenides, chalcogenide with lighter elements, can be well-explained by
classical valence alternation pair model (VAP)[33]. On the other hands, the
origin of localized states in Telluride is still controversial. In spite of some
researches adopting VAP model to account localized state in telluride [34, 35],
It is generally accepted that the localized states in Telluride cannot be solely
accounted by VAP due to its more metallic nature and tendency to over-
coordinate[36, 37]. It is claimed that various factors such as conduction /
valence band tailing[31, 38] and Te interstitial [39] are responsible for high

density of states in the gap .
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3.4. Summary

In conclusion, the effect of binary film ratio in GeTe: : Sb.Te; pseudo-binary
and GeTe; : SbyTes : SbaSes; pseudo-ternary system was evaluated. Variation in
ratio of GeTe, : SbyoTe; leads to noticeable change in optical bandgap while the
distribution of localized state barely affected, resulting change of threshold field.
While, cycling endurance was not improved by adjusting binary ratio, showing
poor endurance below 10* cycles, which is somewhat predictable since the
ternary of Ge-Sb-Te is usually recognized as phase change material with high
crystallization speed. In case of Se incorporation by increasing Sb,Se; ratio in
pseudo-ternary system, cycling endurance is significantly improved up to 103
cycles due to great glass-forming ability of Se. Meanwhile, threshold field was
almost unchanged in contrast to evident increase in optical bandgap and
decrease in density of localized state due to counterbalance effect to threshold

field, as confirmed by I-V curve simulations.
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4. Phase change behavior of multiple layer of
ultrathin Ge:Sb:Tes film and its application to

multi-color changeable optical coating

4.1. Introduction

The high contrast in optical constant between crystalline and amorphous
phases is the key property of phase change materials (PCMs) for its application
in optically rewritable data storage device [1-5]. Due to its unique optical
contrast, it is also widely used in various optical switching applications such as
variable-focal-length lenses [6], surface plasmon waveguide [7], broadband
perfect absorber [8], or tunable mid-infrared antenna[9]. In a recent study by
Hosseini et al. [10], a novel concept of non-volatile color changing device based
on high optical contrast of PCM has been introduced. The device comprises an
ultrathin PCM film sandwiched between two transparent conducting electrodes
with a reflective metal layer underneath. The bottom transparent electrode and
the reflective metal functions as an interference layer and a mirror, respectively.
This corresponds to the combination of the Fabry-Perot type interference effect
and the so-called strong interference effect [ 11] which originate from the strong
resonant behavior as a result of non-trivial interface phase shifts in highly
absorbing ultrathin dielectric films. Fabry-Perot type interference determines
the color of the device wherein the thickness of the interference layer governs
the condition of constructive and destructive interferences, resulting from the
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path difference of incident light reflected from the surface and the interface. In
addition, ultrathin PCM layer serves as a highly absorbing dielectric layer that
induces strong interference effect depending on its phase [12]. The phase
transition of ultrathin PCM layer causes change in its optical constant, which
leads to alteration of strong resonant behavior. The high optical constant
between the two phases allows large shift in the position of the absorption peak
and produces large color contrast. The fast reversibility between crystalline and
amorphous phases by short time scale (~few tens of ns) electric pulses is
another attributing property of PCM [4]. This enables the optoelectronic
approach for micro- or nano-scale pixelated display device which holds great

potential in ultrafast display or artificial retina [10].

In this study, the multi-color changeable optical coating via stacking multiple
layers of ultrathin PCM film is presented. The variety of color appearances is
dependent on large optical attenuation and interface phase shifts (also known
as strong interference effect) of the highly absorbing PCM films with sub-
wavelength thickness. The color is determined by different interference effect
originating from two distinct sources: Fabry-Perot type interference from the
layer consisting of optical cavity with highly reflective metal and strong
interference from the highly absorbing dielectric layer. The highly absorbing
dielectric film structure is composed of multiple layers of ultrathin PCM film
that are separated by the thermal/diffusion barrier layer instead of single PCM

film, and it is the key component of the optical device allowing multiple color
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appearances in this work. Varying combination of conditions in attenuation and
phase shift is achieved through stacking of multiple PCM films with selective
phase transition of each PCM layer. The barrier layer guarantees the phase
transition of each individual layer without any thermal or chemical disturbance
between adjacent layers. Specifically, it was demonstrated that the reflective
static optical coating whose color can be changed can be realized by stacking
more than one layer of ultrathin (< 10nm) PCM on the substrate, consisting of
transparent interference layer (indium tin oxide, ITO) and highly reflective
metal (Pt). Diverse colors can be attained by combining different thicknesses
of transparent interference layer and selective phase transition of PCM layers.
While the thickness control of interference layer is obvious, detailed
explanation of controlling the phase of the multi-layer PCM will be discussed

below.
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4.2. Experimental

100nm Pt mirror layer was deposited on the thermally oxidized (100 nm) Si
substrate by electron-beam evaporator. ITO spacer was deposited by DC
sputtering with 20W sputtering power. Ge,Sb.Tes layers were deposited by
ALD method with showerhead type 8-inch wafer diameter compatible ALD
tool using Ge(OEt)s4, Sb(OEt)3;, (MesSi);Sb, and (Me3Si),Te precursors, where
Et and Me represent the ethyl and methyl group. The composition of GST layer
was confirmed by X-ray fluorescence (Thermo scientific). Ta,Os layer was
deposited by another ALD tool using Ta(N'Bu)(NEt,).Cp and H,O as the Ta-
precursor and oxygen source, respectively. Bu represents buthyl group whereas
Cp denotes cycloropentadienyl group. The structural properties were analyzed
by transmission electron microscopy (JEOL, JEM-2100F). TEM sample was
prepared by focused ion beam (FEI, Helios 650). The optical constants of films
were measured by spectroscopic ellipsometry (J.A.Woolam, ESM-300).
Relatively thick (~30nm) GST film deposited by the same ALD process on Si
substrate was used for the measurement. The reflectance spectra of the samples
were measured by UV-Vis spectrophotometer (Varian Inc., Cary 5000) in
reflection mode using wavelengths between 350nm and 750nm. Transfer-
matrix method using MATLAB code developed and used by McGehee[20] was
employed for reflectance spectra simulations. Atomic force microscopy (JEOL,
JSPM-5200) and Pt/Ir coated Si conductive tip were used for electrically

drawing patterns in conductive AFM mode. Magnified images were obtained
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by confocal laser scanning microscope (Carl Zeiss, LSM710) using 633nm

laser.
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4.3. Results and Discussions

The mechanism of selective crystallization is schematically depicted in Fig
4-1 (a). When multiple PCMs with different crystallization temperatures (T.)
are separated by a thin thermal barrier, it is possible to attain multiple state of
phases by controlling the intensity of the external stimuli (i.e., heat, current, or
laser). The different crystallization temperatures can be obtained, for instance,
by doping of impurity such as nitrogen [13] or changing the thickness of the
film [14-15]. For the PCM film thinner than ~10 nm, T. is significantly
increased with decreasing film thickness [16]. For this work, Ge,Sb,Tes (GST)
film grown by an atomic layer deposition (ALD) technique was utilized as the
PCM owing to its accurate thickness control down to sub-nm over a large-area
substrate [17]. Furthermore, incorporating such ultrathin PCM film is suitable
for the color device since the efficiency of the color changing is enhanced below
20 nm [10]. The doping in ALD was not attempted for this experiment on
account of its complicated process even though the doping of GST with
impurity has been exploited in semiconductor memory devices [18].
Consequently, two ultrathin GST films with different thicknesses (8 nm and 5
nm) were implemented as the top and bottom layers (TL and BL) to realize
multi-state phase combinations. For the initial state, the two GST films are at
amorphous (as-deposited) phase. When a moderate external stimulus, such as
low annealing temperature, is applied, only the thicker film with lower T, will

be selectively crystallized given that two films are separated by a thermal
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Fig 4-1. (a) Schematics depicting operation mechanism for selective
crystallization and multiple optical state. (b) False color TEM image of the
fabricated optical coating with two distinct GST layers separated by Ta;Os
which functions as a thermal/diffusion barrier. Only half of the image was
colored for clarity. (c) Measured optical constants of GST film by spectroscopic

ellipsometry.
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barrier, 6 nm-thick Ta,Os film, in this case. Due to high contrast in optical
constant between amorphous and crystalline phases in GST film, the
crystallization of only one layer will bring about a significant change in the
optical properties of the device. When an intense external stimulus, such as high
annealing temperature, is applied, both films will be crystallized and optical
properties of the device will be substantially changed again, generating a
different color. With this collective operation scheme, n+1 different optical
states can be achieved by n different layers of phase change materials since
individual access of each layer is impossible. For example, only top and bottom
electrodes are necessary to address three states in double layer system
(amorphous/amorphous, amorphous/crystalline, and crystalline/crystalline),
where the highest current will induce amorphization of both layers for the first
state, and low and medium current will crystallize one or both layers for second

and third state, respectively.

To evaluate the feasibility of multi-state color changing, the devices with two
GST layers deposited on ITO (150 nm and 200 nm)/ Pt substrate were
fabricated and annealed at different temperatures to induce selective
crystallization. Fig 4-1 (b) shows a false color cross-sectional image of the
device configuration using a bright field transmission electron microscopy
(TEM). The thickness of two different GST layers and Ta,Os is 5 nm, 8 nm, and
6 nm, respectively. The flat and uniform deposition of ultrathin GST film was

obtained by ALD process, which was critical in achieving the desired optical
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properties. The details of ALD process is reported elsewhere [19]. Fig 4-1 (¢)
shows the measured optical constants of GST film deposited by the ALD
process. TaxOs film was deposited by another ALD method to also ensure
sufficiently smooth and uniform film at a temperature of 150°C; the temperature
was low enough to dissuade the crystallization of BL GST. Through careful
observation of color variation in the device, with regards to change in
temperature, the crystallization temperature of the thinner and thicker GST
films was found to be around 200°C and 250°C, corresponding to the first and
the second notable color changes. Under these circumstances, the annealing
condition was determined to be 210°C for only TL and 260°C for both TL and
BL in air for 30 min. When considering the crystallization temperature of bulk
GST (~150C), this seems abnormally high. The measured composition as well
as the measured optical constants in Fig 4-1 © clearly indicates that deposited
film is GST, which suggests there may be other reasons for the discrepancy in
crystallization temperature. One possible explanation is the influence of
interface layer such as ITO and Ta,Os since GST is a nucleation-dominant
material and its crystallization is strongly dependent on its interface material
[16] as the film thickness is reduced to sub-nm level while the proportion of the
surface becomes dominant. Fig 4-2 shows a photograph of annealed samples
taken with a digital camera wherein six samples, named as (a) — (f), are shown.
Samples a, ¢, and e are the devices with the 150nm thickness ITO layer whereas

samples b, d, and f are the devices with 200 nm thickness ITO layer. Samples a
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Fig 4-2. Photograph of ¢/c samples annealed at 260 C (a) & (b), o/c samples
annealed at 210C (c) & (d), and a / o samples as-fabricated (e) & (f). (a), (¢),

(e) has 150nm thick ITO layers while (b), (d), (f) has 200nm thick ITO layers.
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and b, having been annealed at 260°C, are composed of two crystallized GST
layers (denoted as c/c). For samples ¢ and d, one amorphous (thin) GST layer
with one crystallized (thick) GST layer (denoted as a/c) were obtained at
annealing temperature of 210°C. Samples e and f contain two amorphous GST
layers since they were as-fabricated (denoted as a/a). As illustrated in the
photograph, the selective phase transition of each GST layer resulted in clearly
distinguishable color change. In addition, samples with dissimilar ITO
thickness featured completely different colors even with the same configuration
of GST layers. This implies that the change in ITO thickness results in the
alteration of color which would be modulated afterwards by the phases of the

GST layers.

The change in reflectance was measured by an optical spectrometer to
quantify the multiple color states and its color changing tendencies. Fig 4-3 (a)
and (b) display measured reflectance of the samples with different ITO spacer
layer thicknesses of 150nm and 200nm for the o/a, o /c, and c¢/c configurations.
Note that the difference in thicknesses of ITO spacer layer resulted in shifting
the position of maxima and minima of the reflectance spectra. In Fig 4-3 (a),
the reflectance curves and its shift tendency with respect to the selective
crystallization of each GST layer for ITO 150nm sample are presented. When
both GST layers are amorphous, the first reflectance maxima appear at the
wavelength range between 425nm and 450nm. The selective crystallization of

thick GST layer leads to a shift of reflectance curve towards the region of
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shorter wavelengths. When both GST layers are crystallized, the reflectance
curve is further shifted to shorter wavelengths. The same behavior is also shown
in the samples with 200nm-thick ITO as illustrated in Fig 4-3 (b). The
calculated reflectance spectra using transfer-matrix method [20] can be seen in
Fig 4-3 (d) and 4-3 (e). The optical constant of each layer was obtained by
spectroscopic ellipsometry while the thickness of each layer was determined by
the TEM measurement. Despite slight discrepancy of the absolute values of
reflectance spectra between the measured and the simulated curves, possibly
due to the inaccuracy in the simulation of the multi-layered structure as well as
probable thermal and chemical interferences, the tendency of shifting towards
shorter wavelengths can be clearly demonstrated, corroborating the

experimental results.

The shift of reflectance curve by phase transition of GST layers results in a
significant contrast in reflectance at a given wavelength, and is defined as AR
(%) =100 X (Rx— Rya) / (R« + Ruo), where Ry stands for the reflectance of
the o/ sample and Ry represents the reflectance for c/c sample (Rec) or a/c
sample (Ruc). AR between o/c and o / a samples with 150 nm-thick ITO was
80 % at its peak while between o/a and c/c samples was even high as 90% at
the wavelength near 580nm (Fig 4-3 (c)). Similar AR was also attained from
the samples with 200 nm-thick ITO layer (Fig 4-3 (f)). This suggests that
successive phase transition of the ultrathin GST layer can contribute to notable

change in reflectance and concomitant color alteration.
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As it was verified in Fig 4-3, optical simulations provided a reasonable match
with the experimental results. Therefore, additional simulations were carried
out to validate the feasibility of various color expressions by stacking more than
two layers of GST film. The thickness of the thinnest GST layer was set to 2nm
and the thickness of each additional GST layers being stacked was incremented
by 2nm with respect to the previous GST layer, guaranteeing significant
crystallization temperature difference[ 14-16]. Every GST layers was separated
by Snm thick Ta,Os layer, which was taken into consideration for the optical
simulations. As it was previously stated, n GST layer always equals n+1 color
state; hence, increase in number of GST layers may lead to further expressible
colors. Moreover, increasing the number of GST layer corresponds to increase
in total GST thickness which can cause reduction appertaining to the contrast
in total reflectance of color changing [10,12]. This trade-off tendency is well-
portrayed in Fig 4-4. The increase in number of amorphous GST layer rarely
reduces the reflectance as it can be seen in Fig 4-4 (a). Instead, more amorphous
GST layers caused reflectance peak shifts toward longer wavelength region,
making it possible to exhibit a larger variation of expressible color. This can be
confirmed by the change in reflectance of all amorphous state in regards to all
crystalline state for multi-layer of GST as shown in Fig 4-4 (b). In contrast, as
displayed in Fig 4-4 (c), increase in number of crystalline GST layer led to a
general decrease in absorption peak intensity around 350nm and 500nm

wavelength region, wherein renders the characteristic color of device to
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disappear and converge into a metallic silver color. For example, stacking of 5
crystalline GST layers produced almost same level of reflectance in the whole
visible wavelength region. It indicates that at some point the contrast in color
will be reduced to an indistinguishable level, making it impractical to add more
GST layers. This can be observed when ITO layer thickness was altered from
150nm to 200nm as shown in Fig 4-4 (d). In this case, when there were 3
crystalline GST layers, AR of 60% was achieved by altering the thickness of
ITO. However, the addition of 2 extra crystalline GST layers resulted in

lowering the AR below 10%.

For the application in nanoscale optoelectronic display and optical storage
devices, the practicality of multi-state optical recording with micrometer scale
was demonstrated by using conductive atomic force microscopy (CAFM) [21].
Fig 4-5 (a) shows the schematic setup of CAFM test. By applying bias to the
ITO spacer layer that acts as bottom electrode while the Pt/Ir-coated Si CAFM
tip is grounded, current can flow from the tip to the bottom ITO through the
GST layers in the absence of top electrode. It should be noted that the top
transparent electrode was not deposited or considered in previous optical
measurement/simulation in order to be coherent with CAFM results. When the
current is high enough to induce sufficient Joule heating, the selected region
could be crystallized and the image would be recorded. Simple square patterns
were drawn on the double GST layer device with 150nm ITO spacer layer. After

the writing process, confocal laser scanning microscope (CLSM) with 633nm
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laser was used to observe the recorded patterns. Square patterns with 9x9um?
and 3.5x3.5um’? were recorded with applied voltages of 2.0V and 4.0V,
respectively, to achieve different optical state by selective crystallization. The
speed of the tip scan was 3.54 um/s. 9x9 um? pattern was recorded initially by
2.0V bias and 3.5%3.5 pm? pattern was recorded afterward by 4.0V bias at the
center of 9x9 um? square. Fig 4-5 (b) and (c) illustrate the optical microscope
and CLSM images of recorded patterns. The mismatch in color impression of
corresponding optical state between Fig 4-2 and Fig 4-5 (b) may originate from
the condition of optical microscope or the difference in circumstance of
illumination. Therefore, the similarity in color does not necessarily mean the
same optical state. The patterns showed obvious reflectance change from the
background, and the change in reflectance also varied accordingly with the bias
voltage. As stated by previous discussions on the correlation between the
reflectance and crystallization of the two GST layers, it can be inferred that
thicker GST layer was crystallized at 2.0V bias whereas both GST layers were
crystallized at 4.0V bias. These results indicate the feasibility of very fine scale
image recording despite the data presented in Fig 4-5 are not in optimal quality

due to the relatively uncontrolled environment of the laboratory.

One concern about the role of thermal barrier Ta,Os layer in such
optoelectronic operation is its possible thermal insulation effect during the reset
(amorphization) process, which will adversely interfere with the amorphization

during actual device operation. Nonetheless, in actual device structure, the two
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GST layers must be in contact with both the top and the bottom electrodes,
which may play a role as the heat-dissipation paths and enhance the
amorphization. Even though the reset-back process in the device of this study
was not feasible due to its thermally unfavorable structure design, further
structural or material modifications, having been extensively explored in phase
change memory field, can be adopted to further mitigate such possible problem.
Under such circumstance, the unfavorable aspect of the thermal barrier layer

could be minimized.
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4.4. Summary

In summary, optical coating which can express multiple colors through
external stimuli was demonstrated. It was shown that the multi-layered optical
coating can express multiple colors by either heating (annealing) or applying
current even in micrometer scale. The measured spectra of multi-colored
devices are in good agreement with simulated reflectance spectra. Additional
simulation results revealed that increase in number of GST layer leads to
increase in variety of expressible colors. However, there is a limitation in the
number of acceptable layers due to decrease in reflectance peak intensity. The
multiple optical state of GST layer can be utilized not only for optical coating
or optoelectronic display devices, but also for the optical storage that can

effectively increase the data density via multi-level recording.
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5. Conclusion

In this thesis, electrical switching phenomenon in amorphous chalcogenide,
particularly for Ge-Sb-Te ternary or Ge-Sb-Te-Se quaternary system were
studied. Among various electrical switching behavior observed in chalcogenide,
solid electrolytic switching behavior and ovonic threshold switching behavior
are focused. In addition, change in optical properties of amorphous
chalcogenide by induced electric field and its application as a color-changeable

optical device is presented.

Detailed mechanism study for solid electrolytic switching behavior in
Ge,ShyTes ternary system revealed that anomalous polarity-dependent resistive
switching behavior without active metal can be attributed to forming and
rupture of conductive filament due to migration of ionized Te in high electric
field. The feasibility of application on ReRAM device is promising in terms of

its device performance such as resistance ratio or reliability.

Intensive study on compositional variation effect on ovonic threshold
switching behavior in atomic-layer-deposited Ge-Sb-Se-Te quaternary system
provide the method of parameter engineering, particularly for threshold field,
as well as switching endurance, satisfying the requirement for the selector
device in 1S1R CBA architecture. Adjusting ratio of Ge/Sb leads to change in
threshold field while effect on switching endurance is ignorable. Increase in Se

contents leads to improvement in switching endurance while threshold field
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rarely changed in spite of significant change in electronic structure, which can
be attributed to counterbalance between optical bandgap and distribution of

localized state.

Finally, change in optical properties and consequent color change in double-
stacked multi-layer device adopting amorphous Ge,Sb,Tes with different
thickness is presented. Multiple color expression enabled by adjusting the
degree of external stimuli are reproduced by transfer-matrix method optical

simulation and shown to be scaled down to micrometer size.

This study not only suggests new applications of Ge,Sb-based chalcogenide,
which is usually considered as phase change materials, for next-generation
memory elements as well as optical device but also contributes further

understanding of electrical switching behavior in amorphous chalcogenide.
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