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Abstract

The next-generation non-volatile memories (NVMs), the ReRAM, has
been under great attention for its relatively simple structure, high scalability,
low power, high speed, good reliability, and CMOS compatibility. Among the
various materials and device candidates, metal-oxide-based ReRAM has been
investigated for mechanism analysis and device implementation in the past
several decades. The extensive chemical, structural, and electrical
characterizations disclosed that the repeated formation and annihilation of the
conduction filament (CF), mainly composed of oxygen vacancy (Vo), is
responsible for the resistive switching (RS) mechanism. The HfO is one of the
most extensively studied materials in this field, where the Vo-induced CF
mechanism also controls RS. Despite the significant improvement in the
material property understanding and integration processes, there are still several
critical hurdles to be overcome for commercialization, such as poor retention
performance and switching non-uniformity. Since the CF involved in the
resistive switching in HfO,-based ReRAM consists of Vo’s, it is essential to
control Vo in the RS layer to achieve improved and desired switching

performance.

As the first part of this work, the unusual retention failure mechanism of
a HfO,-based ReRAM device with an ultra-thin HfO, RS layer was elucidated.

A 1-nm-thick HfO; thin film grown via thermal atomic layer deposition (ALD)



was employed as the RS layer. The test device structure was integrated on a
300-mm-diameter wafer using state-of-the-art fabrication technology in a
commercial research facility in SK Hynix. Unlike the retention failure reported
in other thicker oxide-based resistance switching memories, the current of both
the low resistance (LRS) and high resistance (HRS) states suddenly increased
at a particular time, causing retention failure. As a result of the retention
analysis on the devices proceeded different program processes, it was
determined that the involvement of the reset step induced the retention failure.
The pristine device contained a high portion of the Vo-rich region, and the
location of the border between the Vo-rich and Vo-free regions played a critical
role in governing the retention performance. This borderline moves towards the
Ta electrode during the reset step, but it moves back to the original location
during the retention period, which eventually causes the reconnection of the
disconnected conducting filament or strengthens the connected weak portion.
The activation energy for the retention failure mechanism was 0.15 eV, which

1s related to the ionization of neutral Vo to ionized Vo.

Based on the switching mechanism and similar material stack of
structure, Ta/HfO»/RuO, ReRAM device was adopted to improve the system
performance of the fully connected neural network in identifying the black-and-
white characters (MNIST data set). The optimized Ta top electrode (TE) and
RuO; bottom electrode (BE) conditions were considered referring to previous

researches. The HfO, thickness was controlled to ~3.0 nm, which is thin enough



to ensure the electroforming (EF)-free behavior but still thick enough to
maintain a useful on-to-off ratio. For comparison, a thicker HfO, layer (~4.5
nm) device with an identical material stack was fabricated, which obviously
required the EF process to induce proper switching functionality. As a reference
device, the conventional Ta/HfO,/TiN ReRAM with a ~4.5-nm-thick HfO,
layer was also fabricated, and their device characteristics were compared.
Along with the EF-free characteristic, the optimized Ta/3.0 nm—HfO,/RuO,
ReRAM showed improved retention and uniformity. In addition, it showed
improved analog switching behaviors and synaptic performances. The chemical
analysis of the layer stack provided several clues to identifying the reasons for
such improvements, and a related switching model was suggested. Finally, its
application to the neuromorphic neural network was inspected by computer
simulation using the experimentally estimated potentiation—depression curves.
The use of such an improved synapse device improved MNIST dataset

recognition.

Vertical-string 1T-1R array called ‘V-TFT-ReRAM’ has been under
great interest as a successor of V-NAND flash. As prior research to the next-
generation V-TFT-ReRAM, the HfO,-based planar structure 1T-1R device was
investigated as follows. Since the fabrication variable that can control the RS
behavior was limited to the properties of the RS layer because of the inherently
symmetric device structure, it was crucial to engineering the defect like Vo in
the resistor to achieve the planar-direction NVM behavior and compatibility
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with 1T. From the MIM leakage current analysis of HfO, deposited under
different ALD conditions, it was confirmed that the defect properties of HfO,
can be controlled by deposition conditions like substrate temperature and O»-
plasma power. Next, The large-scale 1T-1R with HfO, resistor was investigated,
in which the most stoichiometric PEALD-HfO, and the most O-deficient
THALD-HfO, were applied as RS layers. For the planar-direction NVM
behavior between source and drain electrode, scaled-1R with a 20nm of
switching-length using e-beam lithography process was evaluated. In the
scaled-1R with stoichiometric PEALD-H{fO., repetitive planar-direction NVM
behavior was observed, and compatibility with 1T for stable operation in
merged 1T-1R was achieved. Finally, the experimental data-based cell-string
number simulation was examined, and it was concluded that more than 200

cell-string of 1T-1R is possible.
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removed, and (g) the device after the EF-reset-set process.
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after the deposition. During XPS measurement, each sample is
etched by Ar" plasma. In the XPS data, the Hf-line of etching time
from the 30s to 300s is from the surface region (30s) to RuOx(or
TiN) / HfO; interfacial region (300s) in HfO; layer. (a) show XPS
experimental data of the Hf 4f with depth profile, deconvolution
results of etching time (b) 30s (most surface region), (c) 150s
(middle portion of the film), and (d) 300s (near RuO»/HfO,
interfacial region) in RuO,/HfO, 30 ALD-cycled sample. (¢) show
XPS experimental data of the Hf 4f with depth profile,
deconvolution results of etching time (f) 30s (most surface region),
(g) 150s (middle portion of the film), and (h) 300s (near TiN/HfO»
interfacial region) in TiN/HfO, 30 ALD-cycled sample. The black
dot and red lines are the experimental results and deconvolution
results, and the blue dot and green dot are the Hf-oxide curve and
metallic-Hf curve, respectively.

Figure 3-5. XPS spectra of the O Is, Ru 3d, and Ti 2p region with depth profile
and fitting results for the RuO»/HfO, 30 ALD-cycled sample and
TiN/HfO, 30 ALD-cycled sample. Each sample was measured
right after as-deposition. During XPS measurement, each sample
is etched by Ar” plasma.

Figure 3-6. Schematics of the oxygen vacancy distribution of (a) T-45, (b) R-
45, and (c) R-30 devices. The left, middle, and right panels in each

figure show the initial state (before the electro—forming), the as- _
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Figure 3-7.

formed LRS, and the HRS, respectively. The black-solid and
black-dash lines indicate the formed filaments and the ruptured
filaments, respectively.

Retention performance of the (a) T-45, (b) R-45, and (¢) R-30
devices. (d) A schematic vacancy model of HRS (left panel) and
LRS (right panel) with the TiN BE. The red arrows indicate the
oxygen scavenging effect of the TiN generating the oxygen
vacancies. The black polygons and red dashed polygons represent
the residual filaments and the rejuvenating filaments by TiN,

respectively.

Figure 3-8. Potentiation and depression behavior of (a) T-45 (blue dot), (b) R-

45 (red dot), and (c¢) R-30 (black dot) devices with identical
potentiation and depression pulse condition, respectively (AG=G-
Gurs). (d) The equivalent circuit (top panel) and the pulse
sequences (bottom panel) were used in this measurement. (e)
Linearity factor of the devices, and (f) Symmetry factor of the

devices.

Figure 3-9. Memristive neural network simulation for MNIST digit recognition.

(a) A single softmax regression network model. (b) A flowchart of
softmax regression training. (c) Weight conductance diamond
showing G* and G~ memristor conductance update magnitude
and direction. It also shows the current weight state and the next

one after updating. The green arrow is a weight update vector. The
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blue and orange arrows are Gt and G~ memristor updates,
respectively.

Figure 3-10. (a) Simulated data using the linearity factor, symmetric factor, and
coefficient of variation of experimental data in Figure 5. (b) The
fitting parameters for the T-45, R-45, and R-30 devices). (c) The
estimated MNIST dataset recognition accuracy for the cases in
Figure 3-10 (b). (d) MNIST test dataset recognition accuracy
during training.

Figure 4-1. (a) the HfO,-based planar structure 1T-1R and (b) the fabrication
flow of HfO;-based planar structure 1T-1R. The device is
fabricated by manufacturing a bottom-gate-TFT device using
IGZO-channel, and the HfO, resistive-switching(RS) layer is
deposited on the top of the backchannel.

Figure 4-2. MIM leakage-current of HfO, layer depending on the deposition
conditions, substrate temperature, and O-plasma power. (a) and
(b) show the leakage results of a PEALD-HfO, layer deposited at
200°C, 100W-Oz-plasma power, and a THALD-HfO, layer
deposited at 280-300°C, OW-O»-plasma power. (c) and (d) show
the leakage current of the PEALD-HfO; layer depending on the
O:-plasma power at a deposition temperature of 200°C.

Figure 4-3. The transfer curve of (a) the reference-1T (IGZO-TFT), (b) planar
structure 1T-1R using stoichiometric PEALD-H{O,, and (c) planar

structure 1T-1R using most O-deficient THALD—Hngl (without
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plasma, 280°C) in Figure 4-2, respectively. And (d-f) show the

output curve of the device measured in (a-c), respectively.

Figure 4-4. (a) The resistive switching behavior of PEALD-H{O, deposited 1T-

IR with stable channel-on and -off operations. In the measurement,
the channel-length and -width(= switching-length and -width) are
0.5pm and 10.0pm, respectively. (b) and (c¢) show the output
current flow of PEALD-HfO, deposited 1T-1R device in the case

of channel-off and —on state, respectively.

Figure 4-5. (a) The fabrication flow of etch-stop-layer(ESL)-type 1T-1R device.

Figure 4-6.

The inserted SiO; passivation is deposited 100nm using plasma-
enhanced-chemical-vapor-deposition (PECVD) and dry-etched.
(b) ESL-type 1T-1R device; the PECVD-SiO; passivation layer is
inserted between the channel and source/drain electrode. In the
structure, the channel length is determined by the length of
PECVD-SiO; passivation, and switching length is determined by
the pattern distance of the source and drain electrode.

The transfer behavior of 1T-reference structure (a, channel-
length/width 5.0/10.0pm), SiO,-passivated 1T-reference structure
(b, channel-length/width 5.0/10.0 pm). The transfer behavior of
SiO-passivated ESL-type 1T structure (c, channel-length/width
5.0/10.0 pm and switching-length/width 0.5/10.0 pm), and
SiO,-passivated ESL-type 1T-1R structure (d, channel-

length/width ~ 5.0/10.0 pm  and switching—len_gth/width_
d 2- 1]
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Figure 4-7.

0.5/10.0 pm), respectively. The inset shows the top and cross-
section scheme of each device structure.

The I-V curve of SiO,-passivated ESL-type 1T device in the
condition of channel-off state (Vgae -10V). In the measurement,
Vaain 20V and 140V are applied between the source and
drain electrode as shown in (a) and (b). The I-V curve of SiO»-
passivated ESL-type 1T-1R in the condition of channel-off state
(Vaate -10V) and Vgmin £20V and +30V are applied between

source and drain as shown in (c) and (d), respectively.

Figure 4-8. The I-V curve of scaled-1R devices using (a) PEALD-HfO, and (b)

O-deficient THALD-H{fO,, respectively. (¢) SEM top view image
and scheme of scaled-1R, and each device has 20nm and 50nm of
switching-length and -width, respectively. (d) The resistance
change according to switching number of scaled-1R with PEALD-
HfO> in the condition of Icc 3pA, Vet ~1.2V, and Vieser ~-0.8V. ()
The retention performance of the scaled-1R device with PEALD-

HfO, at 298K.

Figure 4-9. (a) The overlapped curve of output curve of ESL-type 1T and I-V

curve of scaled-1R. (b) The read current (at Vai, rad 0.4V) of
selected device flowing through bit-line (BL) depending on the
cell-string number in the worst case of the read operation in (d).

(c) The programming voltage of BL for resistive-switching in the
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resistor of the selected device depending on the cell-string number

considering the worst case of the write operation in (e).
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1. Introduction

1.1. Oxide-based Resistive Random Access Memory

Metal-oxide-based resistance random access memory (ReRAM) has been
examined in the past several decades for both mechanism analysis and device
implementation. The extensive chemical, structural, and -electrical
characterizations revealed that oxygen vacancy (Vo) generation and the
repeated formation and rupture of the percolation path mainly composed of
Vo’s, which is called “conducting filament (CF),” is responsible for the
resistance switching (RS) mechanism.'” ReRAM has a metal-insulator-metal
(MIM) capacitor-like structure in which an insulator is sandwiched between
two metal electrodes, the top electrode (TE) and the bottom electrode (BE), and
can be categorized into unipolar (URS) and bipolar resistive switching (BRS).
When a bias stimulus is applied to the electrode, the Vo formed or already
existed in the RS layer forms CF. If the filament consist of Vo’s connects both
electrodes, current flows through the filament, and the device is switched from
high resistance (HRS) to low resistance (LRS); called set-switching. If the
filament connecting both electrodes is ruptured due to the bias stimuli and
joule-heating, the current flowing through the filament is decreased, and the
device is switched from low resistance (LRS) to high resistance (HRS); called

reset-switching. The URS shows that set/reset is independent of bias polarity,



and the BRS shows that set/reset depends on bias polarity. HfO, is one of the
most extensively studied materials in this field, where the Vo-induced CF
mechanism also controls RS. Since the CF involved in resistive switching in
HfO,-based ReRAM consists of Vo, it is important to control Vo in the RS layer
to improve switching performance. There are several researches that improve
the switching performance of ReRAM by Vo-control in the RS layer. Among
them, the electrode is a crucial ingredient that might improve the device's
performance. For many ReR AMs using an oxide switching layer, the electrodes
must play the role of oxygen reservoir or oxygen transport layer.®'! In several
cases, an additional oxygen reservoir layer has been adopted, especially in cases
where the electrodes can hardly take the role, such as TiN."' On the other hand,
stable operation of the resistance switching upon repeated pulse-switching, i.e.,
involving invariable Rirs, Rurs, Vi, and Viese, which are the LRS and HRS
resistance, and the set and reset voltages, respectively, is essential but has
remained rather challenging. As the repeated operation of the resistance
switching is usually accompanied by the gradual loss of oxygen from the
limited memory cell volume, confirming the stability of the above-mentioned

parameters is generally challenging.
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Figure 1-1. Classification of the resistive switching effects which are

considered for non-volatile-memory applications.*



~ Insulating TaO, cluster
w== Conductive Ta-rich cluster

Figure 1-2. Schematic diagram illustrating resistance-switching mechanism in
the TaOs./TaO,x device. Formation and annihilation of
conducting channel during the (a) set and (b) reset state are

shown.’



1.2. Switching reliability issue in Oxide-based ReRAM

In the metal-oxide-based ReRAM research, despite the significant
improvement in the material property understanding and integration processes,
there are still several critical hurdles to be overcome for commercialization.'*
" Among them, the poor retention performance of the Vo-related CF
mechanism is critical.'®'® Here, retention means retaining the resistance values
of the LRS and HRS over time with or without small read voltage application.
As a reliable non-volatile memory, the values should be invariant for 10 years
at an operation temperature of 85°C, but many of the oxide-based ReRAMs fail
to meet such criteria. This is understandable because the Vo percolation path
(CF) is thermodynamically unstable — i.e., it is a type of kinetic memory and
thus must be prone to thermal disturbance. Therefore, the LRS resistance
suddenly increases to a high value at a particular time. In contrast, HRS usually
suffers from the loss of a high resistance value, which is related to the diffusion
of Vo’s into the CF-ruptured region during the retention period. Under this

circumstance, the HRS resistance decreases gradually or abruptly.'® !

Another critical issue is the switching non-uniformity between different
ReRAM devices in a given ReRAM array and different switching cycles for a
given ReRAM device. This is understandable from the inherently random
nature of defect (Vo) generation in oxide materials, and their percolation and
annihilation must be even more random, making their sufficient control highly

challenging.'”*' Most of the MIM-structured ReRAM are highly insulating at
+ 7 7
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the as-fabricated state, which requires an electroforming (EF) step to operate
them as a feasible memory or synapse. EF corresponds to a soft-breakdown of
the insulating layer, which usually induces several CFs in the insulating matrix,
such as HfO,, as in this work. In insulating oxides, the CFs are usually

22-26 or VO

composed of oxygen (O)-deficient phases, such as Magnéli in TiO»,
clusters, as in HfO, and Ta»0s.>* ¥’ However, such EF process also induces
several undesired side effects, which largely degrade the ReRAM performances
of uniformity, endurance, and retention. In addition, from the driving circuit
point of view, incorporating an EF control circuit into the system is highly
undesirable. EF of all the components in a system using a test process before
chip shipping is also very burdensome. Therefore, exploiting an EF-free

ReRAM could be an achievable solution to the numerous issue mentioned

above.



1.3. Synaptic performance of Oxide-based ReRAM

Since the analog switching characteristics of a ReRAM were identified as
mimicking the functions of a synapse, ReRAM-based neuromorphic computing
technology utilizing the ReRAM as a synapse has been widely researched.”®>°
The ReRAM synapse can be integrated into a two-terminal MIM structure,
which is suitable as the memory element in a passive crossbar array (CBA).
Since the CBA structure has the smallest feature size and the highest integration
density, it can be a feasible building block for the ReRAM-based neural
network. One of the ReRAM synapse challenges is its non-ideal analog
characteristic and inherent resistance variability that originates from its
stochastic resistance switching nature.’”*! For example, for an ideal artificial
neural network, it is desirable for a ReRAM to have a constant conductance
change rate upon the application of a given voltage stimulus over the entire
conductance range, which is termed ‘linearity’, and the same conductance
change rate during potentiation and depression, which is termed ‘symmetry’.
Potentiation and depression mean the increase and decrease in the electrical
conductance, respectively, with the repeated electrical voltage pulse application.
These features can be obtained by measuring the long-term potentiation and
depression (LTP and LTD) characteristics and plotting the conductance values
as a function of the number of the set (switching from the HRS to LRS) and
reset (switching from the LRS to HRS) voltage pulses, respectively. If the LTP

and LTD curves of a given ReRAM are linear and symmetric, it corresponds to



an ideal synaptic device. However, due to the drift- and diffusion-based kinetics
in the ReRAM switching phenomena, where the variation is usually faster at
the beginning of the potentiation and depression processes, compared with that
after the process, the synaptic performance of the ReRAM is usually relatively
remote from the ideal behavior.**** Another critical issue is the involvement of
the random variation in the device characteristics between the cells and
switching operations, which certainly impacts the network's performance.* *
Such variations can be quantified by adopting a coefficient of variation (CV)
that defines the ratio of the standard deviation (o) to the mean value (p). In
addition to these synaptic performances, conventional memory performance
indicators, such as the retention and endurance of the memory cell, are still the

crucial factors for the ReRAM to have in the neural network, '™ 20:21-43
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Figure 1-3. Nanoscale memristor characteristics and its application as a
synapse. (a) schematic illustration of the concept of using
memristors as synapses between neurons. (b) Schematic of a
neuromorphic with CMOS neurons and memristor synapses in a
crossbar configuration. (c¢) Measured and calculated I-V
characteristics of the memristor (d) The current and voltage data

versus time for the device.>?



1.4. Vertical-array structure of Oxide-based ReRAM

At present, the main non-volatile storage memory is NAND flash memory,
which has faced limitations because of parasitic effects by scaling down. 2-
dimensional NAND flash has encountered physical limitations to cell size
reduction, such as cell to cell interference and cell uniformity.**>! Although 3-
dimensional stacked vertical-NAND flash (V-NAND flash) proposes higher
density than planar type, V-NAND flash has other issues like technical
difficulties in the hole etching process as the aspect ratio increases, charge loss
in the lateral direction, and word plane parasitic capacitance as each oxide gets
thinner.”>>’ The next-generation NVMs, the ReRAM, has been widely studied
because of its relatively simple MIM structure, high scalability, low power, high
speed, good reliability, and complementary metal-oxide-semiconductor
(CMOS) compatibility. Representative commercialization of RS memory is
Intel's ‘3D Xpoint’, named by the ‘Optane’ brand. 3D Xpoint has a unit cell size
of 4F? in the form of a CBA using phase-change memory. However, as the
number of vertical stacks increases, the fabrication cost is exponentially
increased because functional line process such as photolithography and etching
is increased. In addition, a two-terminal structure did not fit the existing CPU
design. Other structures for stacking ReRAM can be divided into a side-wall-
type and a hole-type vertical structure.'> 3*% The hole-type vertical structure

stacks word lines and isolation layers alternately, then etch holes and deposits
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thin-film-transistors (TFT, T) and resistors (R) on the wall. The hole-type
vertical structure can suppress sneak path current efficiently, as TFT can play a
selector role. In the hole-type vertical structure, TFT for device selection and
the resistor for storing the memory are connected in parallel as unit devices,
and the unit devices are connected in serial. Such vertical-string 1T-1R array is
called ‘V-TFT-ReRAM,’ and the conditions required for operation are as

follows.>®

In “V-TFT-ReRAM?”, an oxide-based RS layer is deposited inside the hole
after the transistor fabrication. In this structure, the RS layer and channel are in
direct contact forming an effective parallel circuit structure. V-TFT-ReRAM
can be operated by turning off the corresponding TFT parallel to the selected
device in writing and reading modes. For the fluent operation of the V-TFT-
ReRAM device, the following conditions must be satisfied. The sum of all the
on-TFTs (Rs") on-resistances must be low to provide proper voltage to the
selected 1T-1R unit cell. Also, the off-resistance of the TFT (Ros') of the
selected cell must be high compared with the on- and off-resistance of the
selected memory cell (Ron™ and Ro™) to efficiently apply the operating current

to the memory cell, which must be supplied through the TFT channel string.>®

3 ™ _17
11 ":l"*-"i -';"-1 L}



(@)

Tunnel oxide BL
Isolation layer * RS
wL
Stack deposition SiO, deposition \I Ry
& Hole dry etch Ror” lar
/ Rgg™
Channel poly-Si RS or PCM
= . :-e::stor Selected cell
Poly-Si deposition Switching layer deposition N
& Uxide fill

Figure 1-4. (a) Schematic figures of the process sequence for V-TFT-ReRAM
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1.5. Research Scope and Chapter Overview

The objective of the present thesis is to study the defect-engineering of
atomic-layer-deposited HfO, resistive switching layer to improve resistive
switching performance and achieve planar-direction resistive switching
behavior for neural network and V-TFT-ReRAM (1T-1R) applications.

Chapter 2 presents the retention behavior of a HfO, resistive switching
memory device with a 28 nm diameter and an ultra-thin (1 nm) HfO, layer as
the switching layer. Unlike the retention failure phenomenon reported in other
thicker oxide-based ReRAM, the current of both the low and high resistance
states suddenly increased at a certain time, causing retention failure. Through
the retention tests of the devices under different resistance states, it was
concluded that the involvement of the reset step induced the retention failure.
The pristine device contained a high portion of the Vo-rich region, and the
location of the border between the Vo-rich and Vo-free regions played a critical
role in governing the retention performance. During the reset step, this
borderline moves towards the Ta electrode, but it moves back to the original
location during the retention period, which eventually induces the reconnection
of the disconnected conducting filament or strengthens the connected weak
portion. Finally, the activation energy for the retention failure mechanism, 0.15
eV, was obtained through temperature dependency analysis of retention failure,
which is related to the ionization of neutral Vo to ionized Vo.

Chapter 3 suggests Ta/HfO»/RuO, ReRAM device to improve the switching
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characteristics and the system performance of the fully connected neural
network in identifying the black-and-white characters (MNIST data set). The
HfO, thickness was controlled to ~3.0 nm, which is just thin enough to ensure
the EF-free behavior but still thick enough to maintain a useful on-to-off ratio.
For comparison, a similar material stack, but with thicker HfO; film (~4.5 nm),
was also fabricated, which obviously required the EF process to induce useful
switching functionality. As a reference device, the conventional Ta/HfO,/TiN
ReRAM cell with a ~4.5-nm-thick HfO, film was also fabricated, and their
device characteristics were compared. Along with the EF-free characteristic,
the optimized Ta/3.0 nm—HfO»/RuO; ReRAM showed improved retention and
uniformity. Also, it showed improved analog switching behaviors and synaptic
performances (improved linearity and symmetry factors). The chemical
analysis of the film stack provided several clues to identifying the reasons for
such improvements. Finally, its application to the neuromorphic neural network
was examined by computer simulation using the experimentally estimated
potentiation—depression curves. And it is shown that the use of such an
improved synapse device improved MNIST dataset recognition.

Chapter 4 covers the HfO»-based planar structure 1T-1R device as prior
research to the V-TFT-ReRAM for replacing V-NAND-flash. Since the
fabrication variable that can control the resistive switching behavior was
limited to the properties of the RS layer because of the inherently symmetric
device structure, it was essential to engineer the defect like Vo in the resistor to

obtain the planar-direction NVM behavior and compatibility with lT._I From the
14 ’
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MIM leakage current analysis of HfO, deposited under different ALD
conditions, it was confirmed that the defect properties of HfO» can be controlled
by deposition conditions like substrate temperature and O,-plasma power. Next,
the large-scale 1T-1R with HfO; resistor was investigated, in which the most
stoichiometric PEALD-HfO, and the most O-deficient THALD-HfO, were
used. For the planar-direction NVM behavior between source and drain
electrode, scaled-1R with a 20nm of switching-length using e-beam lithography
process was evaluated. In the scaled-1R with stoichiometric PEALD-HfOs,
repetitive planar-direction NVM behavior was observed, and compatibility
with 1T for stable operation in merged 1T-1R was achieved. Finally, it was
confirmed that more than 200 cell-string of 1T-1R is possible as s result of the

experimental data-based cell-string number simulation.

Finally, in chapter 5, the conclusion of the thesis is made.
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2. Investigation of retention performance of a 1-
nm-thick HfO: resistance switching layer in a

28-nm-diameter memory device

2.1. Introduction

Metal-oxide-based resistance random access memory (ReRAM) has
been examined in the past several decades for both mechanism analysis and
device implementation. The extensive chemical, structural, and electrical
characterizations revealed that oxygen vacancy (Vo) generation and the
repeated formation and rupture of the percolation path mainly composed of
Vo’s, which is called “conducting filament (CF),” is responsible for the
resistance switching (RS) mechanism.' HfO is one of the most extensively
studied materials in this field, where RS is also controlled by the Vo-induced
CF mechanism. Despite the great improvement in the material property
understanding and integration processes, there are still several critical hurdles
to be overcome for commercialization.* Among them, the insufficient
retention performance of the Vo-related CF mechanism is critical.'®!” Here,
retention means retaining the resistance values of the low resistance state (LRS)
and high resistance state (HRS) over time with or without small read voltage

application. As a reliable non-volatile memory, the values should be invariant
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for 10 years at an operation temperature of 85°C, but many of the oxide-based
ReRAMs fail to meet such criteria. This is understandable because the Vo
percolation path (CF) is thermodynamically unstable — i.e., it is a type of
kinetic memory and thus must be prone to thermal disturbance. Therefore, the
LRS resistance suddenly increases to a high value at a certain time. In contrast,
HRS usually suffers from the loss of a high resistance value, which is related to
the diffusion of Vo’s into the CF-ruptured region during the retention check
period. Under this circumstance, the HRS resistance decreases gradually or

10-11

abruptly.

Another critical issue is the switching non-uniformity between different
memory cells in a given memory array and different switching cycles for a
given memory cell. This is also understandable from the inherently random
nature of defect (Vo) generation in oxide materials, and their percolation and
rupture must be even more random, making their sufficient control highly
challenging."®* Such random behavior becomes even worse when the RS
memory cells are integrated into the passive cross-bar array (CBA) architecture.
In the pristine state or HRS of the CBA, the metal-insulator-metal structures of
the ReRAM cell constitute a large capacitor structure (the line length in CBA
is very high), whose stored charge bursts into the CF when any of the connected
cells is electroformed. Depending on the resistance state of the cells within a
CBA, different cells must be under different environments during

electroforming (EF) or set (switching from HRS to LRS) and reset (switching
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from LRS to HRS) switching. This effect must be most influential to the device
uniformity at the EF step because the EF step establishes the CF size and shape
in each cell, which subsequently governs the switching performances.'?! In this
regard, the EF-free ReRAM is very desirable for improving the uniformity of
the ReRAM performance. The EF-free property also has a critical influence on

the retention performance, as shown in this work.

As all these reliability and uniformity issues are closely related with the
defect generation and their percolation path formation, one of the best ways to
mitigate the problems is to use a smaller volume of oxide materials that must
have a lower chance of involving large variations in Vo behaviors. Smaller
dimension means a smaller lateral size of the memory cell as well as a low
thickness of the switching oxide layer. Indeed, the authors reported the greatly
enhanced switching uniformity and endurance performance from the ReRAM
cell with a 28 nm lateral dimension and extremely thin switching oxides - Ta>Os
or HfO; (0.5-2 nm).*** Interestingly enough, in both device types with Ta,Os
or HfO, as the switching layers (Ta as the Vo-source electrode layer and TiN
as the inert counter electrode), the thinnest oxide film devices showed the best
performance, which is partly related with the EF-free behavior of such thinnest
film devices.”*?* It was concluded that the devices have hourglass-shaped CFs;
as such, the weakest portion near the middle region of the film, albeit its low
thickness, is responsible for the RS performance. In fact, the set and reset

processes under different bias polarities (a positive bias to the Ta electrode sets
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the cell, and a negative bias to the Ta electrode resets the cell) were understood
from the relative movement of the two portions of the CF (upper and lower
portions). During the set process, the growth speed of the upper portion near
the Ta electrode was faster than the retracting speed of the lower portion near
the TiN; as such, they are connected. In contrast, the reset process was
accomplished by the faster retracting speed of the upper portion than the
growing speed of the lower portion, which eventually disconnects the two
portions.”?** As these set and reset processes involve the complicated motions
of the two portions of the CF, it was understandable that the switching
uniformity and reliability could hardly be achieved. The EF-free behavior and
improved uniformity and endurance of the thinnest (<1nm) film devices were
understood from the more conical-shaped CF, where the above-mentioned
competition between the two portions are not involved. A simple extension and
retraction of a Vo-rich portion (CF) near the Ta electrode, which is already
formed even at the pristine state by the chemical reduction effect of the Ta

electrode, can induce the reliable RS performances.”

Low thickness is also beneficial considering the expectation that the most
feasible application of the high-density ReRAM CBA is as the successor to the
vertical NAND flash. In this case, the extremely narrow hole must be filled with
an RS/selector layer and the top electrode.”>*® When the hole diameter is ~10
nm or less, the physical space allowable for the RS layer is only ~1 nm.

Therefore, the evaluation of other performances, such as retention, as in this
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work, of such extremely thin film device is critically important.”” As shown in
this work, however, the retention performance is generally unsatisfactory, and
an even worse problem is the highly different trend of retention failure mode
from the conventional cases'®!" (i.e., both LRS and HRS showed a sudden
resistance drop at a certain time during the retention test). Therefore, this work
was conducted to elucidate the mechanism for such unusual failure mechanism
and to suggest a possible solution to the problem. In this work, a 1-nm-thick
HfO thin film grown via thermal atomic layer deposition (ALD) was employed
as the RS layer, and the test device structure was integrated on a 300-mm-
diameter wafer using the state-of-the-art fabrication technology in a

commercial research facility in SK Hynix.
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2.2. Experimental

The details of the test device fabrication process can be found elsewhere.
Only a summary is provided in this section. After patterning a W layer for the
word lines, the SiO; layer was deposited via chemical vapor deposition (CVD).
Then a contact hole with a 20 nm diameter to the W word line was made within
the CVD SiO,, and was filled with the TiN layer, which constituted the bottom
electrode (BE) of the memory cell. After the chemical mechanical polishing of
the TiN layer to isolate the contacts, a HfO, layer with a 1 nm thickness was
deposited via ALD, followed by the sequential formation of a 10-nm-thick Ta
layer, which worked as a Vo-source layer and an additional 10-nm-thick TiN
layer deposited through reactive sputtering. The top Ta/TiN layer constitutes
the top electrode (TE). The TiN/Ta/HfO»/TiN stack layers were dry-etched with
a 28 nm cell diameter. The fabricated structure was passivated with a 7-nm-
thick CVD Si3Ny spacer, and the SiO» interlayer dielectric layer was deposited.
TE contact was achieved via the W bit line, which ran in an orthogonal direction

to the word line direction. Al pads were used to contact the bit and word lines.

Direct current (DC) voltage sweep was performed using a Hewlett
Packard 4155B semiconductor parameter analyzer with the TE (bit line) biased
and the BE (word line) grounded. The retention measurements were performed
under constant voltage stress mode (CVS mode, with a £0.2 V read voltage),

which continuously applies constant read voltage stress to the device, and under
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the pulse mode (non-CVS mode, with a +0.2 V read pulse voltage), which reads
the device resistance state at specific time intervals with the read pulse voltage.
Before the retention measurement, the “EF,” “set,” and “reset” processes of the

pristine devices proceeded using the DC double-sweep mode.
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2.3. Results and Discussions

Figure 2-1(a) shows the typical switching current-voltage (I-V) curve of
the 1-nm-thick HfO,-ReRAM device under the conditions of compliance
current (Icc) 300pA through the DC measurement mode. The EF, 1% reset, and
1* set operation results (blue symbol for EF, black symbol for 1¥ reset, and red
symbol for 1% set) are shown in the figure. As can be seen in Figure 2-1 (a), the
pristine device showed high resistance, with an EF voltage of ~0.92 V (the tests
with more than 20 cells showed an average EF voltage of 0.92+0.04 V), which
is similar to the set voltage of ~0.78 V (the tests with more than 20 cells showed
an average set voltage of 0.78+0.02 V). This finding means that this device
showed an EF-free performance. However, for the sake of convenience, the first
sweep into the positive bias direction was referred as the EF in this paper. The
EF and set processes occur in the positive bias direction, whereas the reset
process occurs at the negative bias direction, which is consistent with the
previous report.” The positive bias voltage drives the Vo’s, which were already
formed near the Ta TE interface in the pristine state, towards the TiN BE,
making the CF connected. The negative bias drives back a certain portion of
the Vo’s within the connected CF towards the Ta TE direction. What really
occurs, however, is much more complicated than this simple RS picture, which
is the reason behind the unusual retention performance, as shown below.
Another interesting and critical finding is that the current in the reset state is

lower than that in the pristine state, as can be seen in the comparison of the blue
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and red curves in Figure 2-1 (a), which provides a critical clue to understanding
the unusual retention properties in this work. Figure 2-1 (b) shows a double
logarithm plot of the I-V curves in the negative-voltage region of Figure 2-1 (a)
after the EF, meaning that the sample is in LRS (upper portion), and after the
reset (lower portion, HRS), with the maximum reset voltage of -1.2 V. The LRS
of the device shows linearity in the [-V relationship, and the slope of the plot is
~1, indicating that Ohmic conduction through the CF is dominant. For the HRS
of the device, Ohmic conduction was observed at a lower voltage, but the slope
increased to ~2, indicating that the space-charge-limited conduction (SCLC)
through the disconnected portion of the CF predominates at a higher-voltage
region. These conduction behaviors of the LRS and HRS are also consistent

with those in the previous report.”*

Figure 2-1 (c) shows the results of the retention measurement of the
device with LRS after the “EF-reset-set” process (blue data) and the device with
HRS after the “EF-reset” process (red data), with an Icc=300pA condition.
Retention measurements of LRS and HRS were carried out in CVS mode,
where +0.2 and -0.2 V were applied to the LRS and HRS devices, respectively,
to help improve their retention performance. For better understanding, the read
voltage application schemes are shown in the inset of Figure 2-1 (c). Despite
these favorable CVS conditions, the devices retained their HRS and LRS up to
only ~10* and ~10* sec, respectively, and they showed a high leakage current

after the retention failure. While the retention failure behavior of the HRS (i.e.,
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sudden current increase) is consistent with other reports,'"* that of the LRS
shows an opposite trend. Similar trends have been confirmed by testing more
than 20 devices, and the average retention times of HRS and LRS were only
~10° and ~10* sec, respectively, at room temperature, which are very

insufficient for this memory to be regarded as a suitable non-volatile memory.
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Figure 2-1. (a) I-V curve of the 0.9-nm-thick HfO, ReRAM device under the condition of compliance
current (Icc) 300pA through direct current (DC) measurement mode. (b) Double logarithm
plot of I-V curves in the negative-voltage region after EF (c¢) Results of the retention
measurement of the device with LRS after the “EF-reset-set” process, and the device with HRS

after the “EF-reset” process with an Icc=300pA condition
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To examine the mechanisms of such unusual and unsatisfactory retention,
more systematic tests were performed, as shown in Figure 2-2. Here, four
different device states (five-cell per each state) were prepared for the retention
tests under the CVS and non-CVS modes, meaning that a total of eight different
conditions (total of forty-cell) were tested. The four different states were EF-
only, EF-reset-set, EF-reset, and reset-only under the CVS and non-CVS modes,
respectively. Here, the reset-only device corresponds to the device state after
the first I-V sweep down to -1.2 V without EF. As can be conjectured from
Figure 2-1(a), this reset-only operation further decreased the current of the HRS
in the positive-bias-voltage region (see Figure 2-2 (a)). This means that the
factors that contributed to the leakage current of the pristine state, which must
have diffused Vo from the Ta TE, were partly removed during this first reset
operation. The results shown in Figure 2-1 (a) and 2-2 (a) indicate that the
device under HRS is more insulating than the pristine state, which is normally
not the case in other oxide-based ReRAMSs, which have a much thicker
switching RS layer. This finding provided the authors with a critical clue to
understanding the retention failure mechanism in this device, as will be

discussed later in this paper.

Among the four configurations of the test device, the first two correspond
to LRS, and the last two correspond to HRS. Among them, the EF-only
configuration did not undergo the reset operation, whereas the other three

configurations underwent the reset process. As shown in Figure 2-2, the EF-
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only device did not show retention failure, but all the other devices showed
clear retention failure behavior under both CVS and non-CVS conditions,
suggesting that the reset operation induced a certain common reason for the
retention failure. Figure 2-2 (a) and (b) show the retention test results under the
CVS and non-CVS conditions, respectively, where the bias direction was
chosen to enhance the retention performance (i.e., +0.2 V for LRS and -0.2 V
for HRS). Although the CVS slightly improved the retention characteristics, as
intended, insufficient retention performance was confirmed for the three reset-
involved devices (EF-reset-set, EF-reset, and reset-only), whereas the EF-only
sample did not show retention failure up to 3x10* sec. 3x10* sec is not a
sufficiently long time to confirm the device reliability in the mass-production
level, but it is enough for the purposes of this work. As discussed above, the
reset-only sample showed the lowest current and retention failure times of ~10*
sec for the CVS condition and ~5x10° sec for the non-CVS condition, which is
longer than those of the EF-reset devices by approximately one order of
magnitude. This finding implies that what occurred during the EF (typically
remaining CF portion) in the EF-reset device also contributed to the retention

failure.
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Next, the conductance-voltage (G-V) plots are shown in Figure 2-3 for
the elucidation of the current conduction path for the retention-failed devices.
In the authors’ previous works on similar devices, it was confirmed that the
current flow along the CF in these nanoscale devices is made through quantum
point contact (QPC) behavior, where the G of a single QPC is 2 e*/h (G¢=7.748
x 10° S) (e and h are the elementary charges and Planck constant,
respectively).” Figure 2-3 (a) shows the typical G-V plots (three G-V scans are
overlapped) of the LRS cell before retention failure occurs (EF-reset-set device).
Due to the complicated contact nature of the CF and electrode or within the CF,
half- or even quarter-integer Gy values of CF have been observed,”* and this
was also the case for V<~0.2 V (G ~5.5 Go, not shown here). It has been well
understood that the most critical feature of QPC is the independence of G on
the applied voltage, which was demonstrated only in the low-voltage region in
this device. At higher voltages (> ~0.2 V), G increases almost linearly with V,
and this abnormal behavior has been identified as a proof of the leakage current
flow through the non-CF region within the cell, whose conduction is mostly
governed by the SCLC mechanism.** Detailed discussions of this interpretation
can be found elsewhere,** and it is sufficient to remark that the invariant G with
V indicates the current conduction through CF, and that increasing G with V
causes leakage current through the non-CF region in this case. Figure 2-3 (b) is

provided to elucidate this circumstance; in the low-V region, the current flows
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mostly via the CF, but in the high-V region, the current flow through the non-

CF region dominates.

Figure 2-3 (c) shows the G-V plots or normal cells (before retention
failure) of HRS and LRS (black curves at the lowest portion). The data were
collected in the negative-voltage region, and as such, the x-axis of the graph
corresponds to the absolute value of the voltage. HRS and LRS show ~0.5x10
* S and ~4.0x10* S up to 0.2 V, which slightly increased to ~0.8x10* S and
~4.3x10* S at 0.7 V, respectively, suggesting that the current flow was
accomplished through the remaining weak CF in HRS and well-established CF
in LRS. The retention-failed devices, however, demonstrated disparate
behaviors, as shown by the curves indicated by “case 1” and “case 2” in the
figure, which were achieved from the EF-reset device. When the device showed
retention failure (i.e., the device current suddenly increased from HRS), it could
not be returned to HRS (set-stuck), which is very detrimental to the CBA
operation. Case 1 shows the slight recovery of the insulating properties by the
repeated reset I-V sweep, as indicated more clearly in Figure 2-3(d), but it never
went back to the genuine HRS or pristine state even after the repeated reset I-
V sweeps. The most characteristic feature of case 1 is that the device did not
show a constant G value across the entire voltage region, suggesting that the

non-CF region dominated the current conduction in this case.
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Case 2 corresponds to an even worse case; here, the repeated reset sweep
did not change the too conductive state at all. As shown by the purple curve in
the uppermost portion of Figure 2-3 (d), the conductance slightly decreased
with the increasing absolute V, which could be induced by the thermal
scattering of the carriers through the highly conducting metallic CF formed in
this case. This means that the almost entire memory cell region was completely

filled with an overly high density of Vo, which cannot be recovered to HRS.
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Figure 2-3. (a) Typical conductance-voltage (G-V) plots of the LRS device
before the occurrence of retention failure. (b) Schematic
elucidating the current conduction path in the LRS device; in the
low-V region, the current flows mostly via the CF, but in the high-
V region, the current flow through the non-CF region dominates.
G-V plots showing the conductance-voltage relation of the normal
device and the retention-failed devices in the negative-voltage
region during a 10 DC cycle. (¢) G-V plots of two cases of the

retention-failed device: cases 1 and 2, respectively
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From these findings, the following retention failure mechanism can be
suggested. Figure 2-4 (a) shows the schematic cross-section of the device in the
pristine state. As discussed previously, the Ta TE played the role of a fluent Vo
supplier to the thin HfO, switching layer, and half of the 1-nm-thick HfO, film
was assumed to be already filled with Vo’s in this diagram. It was also
elucidated that the ionization rate of the Vo in the RS oxide determined the EF
when the RS oxide was Ta»0s,2? which must also be the case in this HfO, cell.
In this case, the current flow through the lower portion of the Vo-free region
constitutes the leakage current under the bias application. Figure 2-4 (b) shows
the schematic cross-section of the device after the EF. Here, an integral portion
of the Vo’s was ionized and migrated towards the TiN BE, eventually making
the connected CF either conical- or hourglass-shaped. Here, the forefront of the
original Vo-enriched region of the pristine cell outside the CF could slightly
move towards the TiN electrode. This structure can flow current fluently
through the formed CF, making the cell remain in LRS. When reset I-V sweep
is performed, the CF will be ruptured, but a small portion of it will remain near
the BE, which may act as the seed for the CF regrowth during the subsequent
set. The most notable assumption that could be made, however, is the retraction
of the forefront of the Vo-enriched region behind the original location at the
pristine state, as shown in Figure 2-4 (c). As the original location of the
forefront (or the boundary between the Vo-rich and Vo-free regions) must be

governed by the thermodynamic equilibrium of the memory cell when it was
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fabricated, its location must eventually be regained when the reset bias voltage
was removed. Figure 2-4 (d) shows this circumstance. Due to the moving back
of the forefront towards the TiN BE, the Vo-enriched region may have been
connected to the remaining CF portion near the TiN BE, which caused the reset
failure (retention failure). The authors have also reported that the repetition of
the switching process inevitably increases the overall Vo concentration within
the memory cell due to the involvement of the lateral diffusion of Vo,
stimulated by the thermal energy related with the Joule heating.**** Therefore,
the reconnected CF can be even more conductive than that of the EF state,
which can explain the even higher current of the reset-failed EF-reset device
shown in Figure 2-1 (c) and 2-2 (a). However, in the case of an EF-only device
which is without reset process in Figure 2-4 (b), there is not a retraction of the
forefront of the Vo-enrich region behind the original location at the pristine
state. Therefore there is not moving back to the forefront towards the TiN BE
which caused the retention failure during retention times, as shown in Figure 2-

2 (a) and (b).

A similar idea can be applied to the reset-only device. Figure 2-4 (e)
shows the schematic cross-section of the reset-only device immediately after
the reset I-V sweep. The reset voltage moves the forefront towards the Ta TE,
and as such, the thickness of the Vo-free region increases, which induces an
even lower leakage current than that in the pristine device. A similar effect was

observed for the EF-reset device. When the reset-only device was retained
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under the retention test conditions, the forefront moved back to its original
stable position. In the meantime, there could be some Vo generation near the
TiN BE interface because TiN is not perfectly immune to oxidation, and such
minute amount of Vo can induce small nuclei of CF during the first reset [-V
sweep or the retention test (especially with the CVS condition). When the
moved-back forefront touches these nuclei of the CF from the TiN BE (Figure
2-4 (1)), it will set the device weakly, which is observed in Figure 2-2 (a) and
(b). The even higher current after the retention failure of the EF-reset-set device
can be understood similarly, as shown in Figure 2-4 (g). In this case, the
already-connected region between the upper and lower portions of the CF
during the set I-V sweep could be further strengthened by the forwardly moving
forefront during the retention time. In this case, the forefront may be retracted
to the position near the Ta TE after the reset I-V. This retracted forefront,
however, may not be moved back to the original position during the subsequent
set I-V sweep because most of the Vo migration is concentrated within the
recovering CF region. With the help of the lateral diffusion of Vo’s during the
I-V sweeps, and a much longer retention test time, the forefront that moved
back to the original position may induce an even higher current than that in the

EF or just-set state, which was experimentally observed in Figure 2-2 (a) and

(b).
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Finally, the activation energy of the retention failure of the LRS was
estimated by measuring the retention failure time of the EF-reset-set device
(LRS) as a function of temperature (288-348 K) under the CVS mode (+0.2 V).
The results are plotted according to the Arrhenius format in Figure 2-5. As
expected, retention failure occurs at an earlier time as the temperature increases,
suggesting that the movement of the forefront towards the TiN BE direction is
thermally activated. From the slope of the best linear fit of the data, 0.152 eV
activation energy was estimated. This value is similar to the value achieved as
the activation energy of EF in Ta;Os and HfO,, which corresponds to the
ionization energy of Vo in these oxides.>*** Therefore, the thermal de-trapping
of the trapped electrons at the Vo centers is the rate-determining step of

retention failure.
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From the discussions above, it can be understood that the enrichment of
Vo’s within the switching oxide layer, either during the switching I-V
measurements or the retention test period, is the major reason for retention
failure. If the total Vo concentration is kept invariant and is confined within the
CF region, such reliability issue may disappear. Recently, the authors
demonstrated that adopting RuO; as the BE instead of TiN as the Vo sink layer
greatly improved the endurance and switching uniformity (both resistance
values and switching voltages).*® This is due to the removal of the excessive Vo
included during the repeated switching through the adoption of RuO..
Therefore, it can be anticipated that adopting RuO, will also improve the
retention performance as it will remove the excessive Vo included during the

retention test period, whose results will be reported separately.
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2.4. Conclusion

The retention behaviors of a HfO, resistance random access memory
device with an ultra-thin (Inm) HfO, resistance switching layer were
investigated. Unlike the reported retention failure phenomenon, in the 1-nm-
thick HfO, ReRAM device, both the low-resistance-state and high-resistance-
state currents increased at a certain time, which induced retention failure. The
retention tests in both the constant voltage stress and non- constant voltage
stress modes confirmed that the reset process is the critical step that causes the
retention failure of the device. Through the analysis of the conductance-voltage
relationship, it was confirmed that the increase of the oxygen vacancy
concentration in the RS oxide layer during the retention test period induces the
retention failure. The pristine device has an integral portion of the Vo-enriched
region near the Ta electrode, whose border with the Vo-free region is recessed
from the original position towards the Ta top electrode during the reset process.
This recessed region recovers the original location during the retention test
period as it is thermodynamically more stable, which can induce the
reconnection of the broken conducting filament. This is further facilitated by
the increased Vo concentration within the CF and non-electroformed regions in
the memory cell. Even at the LRS, which is achieved by the sequential
operation of the electroforming, reset, and set processes, the cell current
becomes higher after the retention failure due to the strengthening of the CF by

the moving back of the border to the original position. The EF-only device did
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not show a sudden increase in current. As the main reason for the involvement
of such unwanted effect is the overall increase in Vo concentration within the
memory cell, the adoption of a Vo sink layer such as RuO; as the counter

electrode of the Vo-source Ta electrode may improve the retention performance.
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3. Defect Engineered  Electroforming-Free
Analog HfOx ReRAM and its Application to

the Neural network

3.1. Introduction

Since the analog switching characteristics of a ReRAM were identified
as mimicking the functions of a synapse, ReRAM-based neuromorphic
computing technology utilizing the ReRAM as a synapse has been widely
studied.'"” The ReRAM synapse can be integrated into a two-terminal metal-
insulator-metal (MIM) structure, which is suitable as the memory element in a
passive crossbar array (CBA). Since the CBA structure has the smallest feature
size and the highest integration density, it can be a feasible building block for
the ReRAM neural network. One of the challenges of the ReRAM synapse is
its non-ideal analog characteristic and inherent resistance variability that
originates from its stochastic resistance switching nature.®'® For example, for
an ideal artificial neural network, it is desirable for a ReRAM to have a constant
conductance change rate upon the application of a given voltage stimulus over
the entire conductance range, which is termed °‘linearity’, and the same
conductance change rate during potentiation and depression, which is termed
‘symmetry’. Potentiation and depression mean the increase and decrease in the

electrical conductance, respectively, with the repeated electrical voltage pulse
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application. These features can be obtained by measuring the long-term
potentiation and depression (LTP and LTD) characteristics and plotting the
conductance values as a function of the number of set (switching from the high
resistance state (HRS) to low resistance state (LRS)) and reset (switching from
the LRS to HRS) voltage pulses, respectively. If the LTP and LTD curves of a
given ReRAM are linear and symmetric, it corresponds to an ideal synaptic
device. However, due to the drift- and diffusion-based kinetics in the ReRAM
switching phenomena, where the variation is usually faster at the beginning of
the potentiation and depression processes, compared with that at the completion
of the process, the synaptic performance of the ReRAMs is usually rather
remote from the ideal behavior." "> This has been especially the case where the
resistance switching (RS) was mediated by the formation and rupture of
conducting filaments (CF).">"* In particular, the initiation of the reset process
is highly abrupt, compared with the set process. Therefore, there have been
several suggestions to alleviate the issues related to such abrupt reset initiation.
One of the common methods is to experimentally estimate the potentiation—
depression curves, fit the data with the appropriate mathematical formula, and
correct the non-linearity using an auxiliary circuit.'® '’ However, this causes a
bulky control circuit, so it is not an ideal method. Another method is to always
take the reset state first, and gradually set the ReRAM cell during the training
of the network. This method cannot be used for depression, and thus usually,

two ReRAM cells are combined together, with one of them being used to
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represent depression by converting the applied voltage polarity.'”" This also
invoked problems of large cell areas and complicated control circuits. Another
critical issue is the involvement of the random variation in the device
characteristics between the cells and switching operations, which certainly
impacts the performance of the network.*?' Such variations can be quantified
by adopting a coefficient of variation (CV) that defines the ratio of the standard
deviation (o) to the mean value (i). Song et al. reported recently that CV of
about ~2 % does not impact the system performance, demonstrating the defect-
tolerant feature of the artificial neural network.”* In addition to these synaptic
performances, conventional memory performance indicators, such as the
retention and endurance of the memory cell, are still the crucial factors for the
ReRAM to have in the neural network.”*?’ Most of the MIM-structured
ReRAMs are highly insulating at the as-fabricated state, which requires an
electroforming (EF) step to operate them as a feasible memory or synapse. EF
corresponds to a soft-breakdown of the insulating layer, which usually induces
several CFs in the insulating matrix, such as HfO», as in this work. In insulating
oxides, the CFs are usually composed of oxygen-deficient phases, such as
Magnéli in TiO2,*** or oxygen vacancy (Vo) clusters, as in HfO, and Ta,0s.**
* However, such EF process also induces several unwanted side effects, which
largely deteriorate the ReRAM performances of uniformity, endurance, and
retention. Also, from the driving circuit point of view, incorporating EF control

circuit into the system is highly undesirable. EF of all the components in a
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system using a test process before chip shipping is also very burdensome.
Therefore, exploiting an EF-free ReRAM could be a feasible solution to the
numerous problems mentioned above, and indeed there are several works
where EF-free characteristics are reported.*’*® However, in many such reports
with the EF-free samples, the on-to-off current ratio was too small, and
operation current levels are too high to be used for standard high-density CBA
(memory) application. Fortunately, applications of such ReRAMs in the neural
network require different characteristics, and thus the low on-to-off ratio and
slightly high current level might not be a severe issue. As the EF process is
related to the first generation of the CFs, ReRAMs that do not rely upon the
distinct CF mechanism could be a feasible option for such purpose. Another
crucial ingredient that might contribute to the improvement in device
performance is the electrode. For many resistive switching random access
memories (ReRAMs) using an oxide switching layer, the electrodes must play
the role of oxygen reservoir or oxygen transport layer.**>* 44 In several cases,
an additional oxygen reservoir layer has been adopted, especially for the cases
where the electrodes can hardly take the role, such as TiN.* While the standard
memory applications can take the industry-standard test protocol, i.e.,
incremental step pulse programming, to achieve the desired (multiple) target
resistance values, it can hardly be used for the neural network, especially when
the system was intended to be used for applications requiring online learning

or training-intensive tasks. Therefore, stable operation of the resistance
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switching upon repeated pulse-switching, i.e., involving invariable Rirs, Rurs,
Vset, and Vieset, Which are the LRS and HRS resistance, and the set and reset
voltages, respectively, is essential but has remained rather challenging. As the
repeated operation of the resistance switching is usually accompanied by the
gradual loss of oxygen from the limited memory cell volume, confirming the
stability of the above-mentioned parameters is generally challenging. Recently,
reports have observed that the adoption of the optimized Ta electrode, which is
the source of Vo, and optimized RuO», which is the sink of excessive Vo, in the
Ta/HfO»/RuO, ReRAM cell can significantly contribute to ensuring stable
device operation, compared with the conventional Ta/HfO»/TiN ReRAM cell.*”:
38 In the conventional Ta/HfO»/TiN ReRAM cell, the device becomes filled with
excessive Vo’s as the pulse-switching cycles proceed, inevitably increasing the
Viet, and Vieser, which then induces device failure after only several hundreds of
thousand cycles.” ** In contrast, the optimized Ta/HfO,/Ru0O, ReRAM cell
could show almost no change in those critical operation parameters up to tens
of million cycles, by taking away the excessive Vo’s from the active volume of
the memory cell via the high oxygen-supply characteristics of the Ru0,.*®
Therefore, this work adopted a similar Ta/HfO,/RuO, ReRAM cell to improve
the system performance of the fully connected neural network in identifying the
black-and-white characters (MNIST data set). For such purpose, the previously
optimized Ta top electrode (TE) and RuO- bottom electrode (BE) conditions

were adopted. Also, the HfO, thickness was controlled to ~3.0 nm, which is just
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thin enough to ensure the EF-free behavior, but still thick enough to maintain a
useful on-to-off ratio. For comparison, a similar material stack, but with thicker
HfO; film (~4.5 nm), was also fabricated, which obviously required the EF
process to induce useful switching functionality. As a reference device, the
conventional Ta/HfO,»/TiN ReRAM cell with a ~4.5-nm-thick HfO, film was
also fabricated, and their device characteristics were compared. The test device
size was (4 um X 4 um). Along with the EF free characteristic, the optimized
Ta/3.0 nm—HfO»/RuO, ReRAM showed improved retention and uniformity.
Also, it showed improved analog switching behaviors and synaptic
performances (improved linearity and symmetry factors). The chemical
analysis of the film stack provided several clues to identifying the reasons for
such improvements. Finally, its application to the neuromorphic neural network
is examined by computer simulation using the experimentally estimated
potentiation—depression curves. The use of such an improved synapse device

improved MNIST dataset recognition.
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3.2. Experimental

Cell Fabrication: The devices were fabricated with a crossbar structure
with (4 — 10) um line width. The device structure consisted of Pt (60 nm)/Ta
(20 nm)/HfO»/Ru0O; (20 nm)/Pt (60 nm), or Pt (60 nm)/Ta (20 nm)/HfO»/TiN
(20 nm)/Pt (60 nm). The Pt layer was added to lower the line resistance. The
HfO, switching layer was deposited via plasma-enhanced atomic layer
deposition (PEALD). The thickness of the HfO, layer was varied from (3.0 to
4.5) nm by controlling the number of PEALD cycle numbers. Because the
growth per cycle of the HfO, film was dependent on the type of bottom
electrode (Growth per cycle (GPC) behavior of the PEALD-processed HfO,
layer depending on the substrates (Si, SiO,, RuO,, TiN) are shown in Figure 3-
1 (b)), the number of PEALD cycles was carefully controlled based on the data
shown in Figure 3-1(b). Tetrakis(ethylmethylamiono)-Hafnium, as the Hf
source, was heated to 50 °C, and then supplied to the processing chamber by
bubbling through 50 sccm Ar. O> plasma (100 W at a 50 sccm flow rate) was
applied as an oxygen source. The optimized PEALD sequence was 1 s Hf-
precursor pulse — 10 s Ar purge — 7 s O, plasma pulse — 10 s Ar purge. RuO»
BE was deposited through O, reactive sputtering using a 3-inch diameter Ru
target. The O, flow rate was 3.5 sccm, while the Ar flow rate was 30 sccm. The
sputtering power was 60 W, and the working pressure was 1.5 x 107 torr. The
TiN BE was deposited through N, reactive sputtering using a 3-inch diameter

Ti target. The N> flow rate was 1.0 sccm, while the Ar flow rate was 20 sccm.
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The sputtering power was 100 W, and the working pressure was 4.0 x 107 torr.
For the Ta deposition using a 3-inch diameter Ta target, the Ar flow rate was 30
sccm, sputtering power was 100 W, and working pressure was 1.5 x 107 torr.
Figure 3-1 shows the scanning electron microscope (SEM) top-view image of
the fabricated device and the growth per cycle (GPC) behavior of the PEALD

processed HfO» depending on the substrates (Si, Si/Si0,, Si/RuO», and Si/TiN).

Characterization: The electrical properties were measured using a
semiconductor parameter analyzer (Hewlett Packard, 4155B) in the direct
sweep (DC) voltage sweep mode. The bottom Pt/RuO» (or Pt/TiN) electrode
was grounded, while bias was applied to the top Ta/Pt electrode. For the
alternating current (AC) measurement, a semiconductor parameter analyzer
(Hewlett Packard, 4155B), a pulse generator (Agilent 81110A), and an
oscilloscope (Tektronix, TDS 684C) were used. The X-ray photoelectron
spectroscopy (XPS) data were acquired on an Axis Supra (Kratos, UK)
equipment using a monochromatic Al Ka source. The depth-profile was
performed in situ by Ar+ ion etching with an acceleration voltage of 5 kV in the
XPS chamber. The binding energies were corrected relative to the C 1s signal

at 284.5 eV.
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Figure 3-1. (a) Scanning electron microscope (SEM) top-view image of the fabricated device. (b) Growth
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3.3. Results and Discussions
3. 3. 1. Basic switching characteristics

Three crossbar-type HfO, resistive switching devices, Ta/4.5 nm-thick-
HfO»/TiN (T-45), Ta/4.5 nm-thick-HfO»/RuQO; (R-45), and Ta/3.0 nm-thick-
HfO»/Ru0O; (R-30), were prepared. The HfO, switching layers were grown by
a plasma-enhanced atomic layer deposition (PEALD), wusing the
Hf(N(CH3)C,Hs)4 and plasma-activated O, gas as the Hf-precursor and oxygen
source, respectively. Figure 3-1 (b) shows the film thickness variation as a
function of the PEALD cycle number on various substrates (Si, SiO,, RuOs,
and TiN), which provided the basic data set to grow the target thickness of the
HfO, layers in each device. Sputter-deposited Ta was used as the TE for all
devices. The TiN and RuO; BE layers were grown by the reactive sputtering
processes. The details for the fabrication process can be found in the
experimental section. Figure 3-1 (a) shows the scanning electron microscope
(SEM) top-view image of the fabricated device with 4 um line width. Figures
3-2 (a—c) show the current—voltage (I-V) characteristics of the T-45, R-45, and
R-30 devices, respectively, for the 100 set and reset switching cycles using a
direct current (DC) double-sweep mode. Figure 3-2 insets show the schematics
of the device structure. During the electrical measurement, the Ta TE was

biased, and the TiN or RuO» BE was grounded. In each device, the voltage was
swept 0 V. = Vet (1.5-3.0)V = 0V — Vit (1.3 V) — 0 V. Black and

65 7]



red curves represent the EF cycles, and a subsequent set and reset switching
cycle, respectively. Grey curves represent the (20—-80)™ set-reset switching
cycles per 10 cycles, while the blue curve represents the 100™ set-reset
switching behavior. During the set switching, the compliance current (Icc) was
set to 300 pA. This Icc was the minimum value for guaranteeing a successful
EF of the T-45 device; if the Icc was lower than 300 pA, the EF was not
achieved. In the T-45 device in Figure 3-2 (a), after the EF occurred at ~2.0 V,
the device remained at the LRS during the subsequent sweep to ~-0.7 V, and
the device turned into the HRS after the sweep down to -1.3 V. The comparison
between the black curve and the other curves shows a peculiar property of the
device immediately after the EF. Despite the Icc being controlled as low as
possible, the first LRS showed a relatively higher conductance state than the
subsequent LRSs, which originates from the capacitive charge effect.”™>' Such
excess EF behavior should be avoided to achieve longer retention and higher
endurance, because it generates excess filaments, causing higher variation of
the RS and faster device degradation. As the EF voltage is proportional to the
film thickness, one of the most feasible methods to do this is to decrease the
HfO, thickness.*' However, the thinner HfO, film of (3.0 — 3.5) nm with TiN
BE showed a high leakage current, making the EF improbable even at the
maximum Icc of 100 mA, which renders the RS improbable too. Such high
leakage current originates from the low Schottky barrier at the HfO»/TiN

interface, and the insufficient insulating property of the HfO, containing a high
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Vo concentration by the oxygen scavenging effect of the TiN BE. This infers
that the Vo concentration control, as well as the thickness control, is crucial for
achieving EF-free behavior. Therefore, the TiN BE was replaced with the RuO»
BE, expecting reduced leakage current by its higher work function (5.2 eV vs.
4.5 eV of TiN) and less oxygen scavenging (or even oxygen providing) effect.*®
Figure 1(b) shows the RS characteristic of the R-45 device, where its EF voltage
is almost identical to that in the T-45 device (~ 2.0 V). However, the R-45
showed a much higher insulating property than the T-45 device at the pristine
state, which matches well with the idea that the HfO,/RuO, interface forms a
higher Schottky barrier, and the lower current will be achieved when the
positive bias is applied to the Ta TE. Nonetheless, the EF of the R-45 device
also induced too much conducting LRS of the device immediately after the EF,
as can be seen from the unusually high current of the black curve in LRS,
compared with the other curves. Interestingly, when the HfO, film becomes as
thin as 3.0 nm, the R-30 device showed EF-free switching performance, as
shown in Figure 3-2 (c). Moreover, the EF-free R-30 device showed improved
switching uniformity, compared with the others. Figure 3-2 (d) shows the
average resistance values of the first LRSs and HRSs (red curves in Figures 3-
2 (a—c)) collected from 10 devices per type. Here, the R-45 and T-45 devices
showed lower Rirs with a higher variation than those of the R-30 device,
although their HfO, film was thicker. Such variation was caused by ‘over-

forming’ during the EF process.>®>' Once the ReRAM cell is over-formed, the
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stochasticity of the RS increases, which causes a higher variation in the device
uniformity. Figure 3-2 (e) shows the average resistance values of LRSs and
HRSs over 100 cycles from one typical cell. Figures 3-3 (a—c) show changes in
resistance of the T-45 (left panel), R-45 (middle panel), and R-30 (right panel)
devices depending on the cycle number in DC operation from (1.5 to -1.3) V
with Icc 300 pA. This confirms that the cycle-to-cycle uniformity of the T-45
and R-45 devices is worse than that of the R-30 device. The inset shows the
Rirs variation, which shows the average resistance value was almost the same,
but the variation was higher in the T-45 and R-45 devices, compared to the R-
30 device. More importantly, the variation of the HRS and LRS values with the
increasing number of switching cycles, shown in Figure 3-3, indicates that the
overall defect concentration in R-30 remains invariable, whereas that of the
other two devices increases (T-45) or fluctuates (R-45). Figure 3-2 (f) shows
the V. variations of the devices. Interestingly, unlike the resistance variation
of the T-45 and R-45 devices larger than the R-30 device, the V. variation
shows insignificant difference between the T-45, R-45, and R-30 devices, which
suggests that the resistance variation did not originate from the fluctuation of
the V., but from the inherently stochastic nature of the devices related to the
initial vacancy configuration by the EF process. It was noteworthy that the
pristine state of the R-30 device does not necessarily correspond to the HRS.
When ~20 devices were tested, almost half of them showed an initial semi-LRS,

meaning that the pristine resistance was in between the HRS and LRS.
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Therefore, it can be inferred that such thin HfO, film already had (slightly)
conducting path at the pristine state, which is responsible for the EF-free

performance.
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Figure 3-2. The resistive switching I-V curves of (a) T-45, (b) R-45, and (c) R-
30 devices. The inset in the left bottom shows each device stack.
The compliance current was set to 300 pA. (d) The first LRS and
HRS resistance variations from 10 devices. (e) and (f) The
resistances (in both LRS and HRS) and the set voltage switching
variations from 100 cycles, respectively. The inset in (e) shows a

magnified view of the LRS

70 - ;{_‘| '-i‘ ]_” '{j}



—~~
Q
~—"

Resistance(ohm)

-
o

o

._._.Am no,<_om _ , h ._.m_w
) e HRS
e= O’ffe Q
i g @ % odﬁ? 5
-0.00354

0 20 40 60 80 100

Switching number (#)

~~
O
N

Resistance(ohm)

10° ———r—— .
R-45 device = LRS
¢ HRS
.
. 002 S @l y |
&
o' SEPe gt
@
0.00118

0 20 40 60 80 100
Switching number (#)

Resistance(ohm)

L.woarsnm_ [] _.mW
e HRS
- . -
%k...g.r SIS,
* 7 0.00124
| paee iR el A

0 20 40 60 80 100
Switching number (#)

71
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3. 3. 2. Vacancy configuration analysis

The variations in the electrical properties of the devices with the TiN or
RuO; BE could be identified by examining the HfO, film’s chemical states by
the X-ray photoelectron spectroscopy (XPS) analysis. Figure 3-4 shows the
XPS depth profile data (high-resolution Hf 4f peak) and the fitting results of
(6.0 and 5.0) nm thick HfO, films deposited on an (a — d) RuO; and (e — h) TiN
substrates. (The XPS depth profile data and fitting results of O 1s, Ru 3d, and
Ti 2p spectra during the depth profile of RuO,/HfO, and TiN/HfO, samples are
shown in Figure 3-5.) For the XPS analysis, the two ALD samples were
prepared together, to minimize the experiment deviation during the analysis.
For both samples, ten XPS spectra were collected, while keeping a constant
etching rate. The labels from etching time (30 to 300) s correspond to the
spectra from the surface of HfO, to the BE interface (HfO»/RuO; or HfO»/TiN).
In the HfO»/RuO; sample, the binding energy of Hf 4f;, peak shifted from 16.5
eV at the film surface to 16.8 eV near the BE interface (etching time increases
from (30 to 300) s). **** The binding energy of the Hf 4f;, peak of the
stoichiometric HfO; is located at (16.7 — 16.8) eV, suggesting that the HfO,
film has stoichiometric composition near the RuO; interface. The Hf 4f7,, peaks
of the spectra after etching time of 30 s (near film surface), 150 s (at the middle
portion), and 300 s (near RuO, interface) were deconvoluted as shown in
Figures 3-4 (b—d). It can be understood that the peaks were composed of a single

component, suggesting that the binding energy shift by ~0.3 eV between near
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the interface and surface is due to the Fermi energy shift by the presence of
charged defects, such as oxygen vacancy, near the surface. This was
corroborated by a similar shift in the binding energy of the Ols XPS peak with
the almost identical amount and direction (toward the lower binding energy
direction from the interface to the surface), of which data were included in
Figure 3-5 (a — d). In contrast, for the HfO,/TiN sample, the binding energy of
the Hf 4f;» peak remained at ~16.4 eV throughout the entire thickness,
suggesting that the entire film is under the influence of the Fermi energy shift
due to the presence of the charged defects. The variation in the Ols peak
position, included in Figure 3-5 (e-h), corroborates this interpretation. Also,
there are small shoulder peaks at the binding energy of ~13.9 eV, which emerge
near the TiN BE interface. These additional peaks correspond to the metallic
Hf, which could be identified by the Hf 47, peak deconvolution as shown in
Figures 3-4 (f-h). This is due to the preferential etching of oxygen, which must
have been compensated by the fluent supply of oxygen in the case of the HfO»
on RuO;, BE. Therefore, it can be inferred that the adopted PEALD process
generally deposited oxygen-deficient HfO, film, but the high oxygen-supply
effect of the RuO, BE decreased the oxygen vacancy concentration near the
interface in case of the HfO,/RuO; sample. It has been reported that the RuO,
serves as the oxygen source for the ALD of several oxide films, especially when
the cation in the growing film has strong oxygen affinity, such as SrO and TiO,

making the growth rate higher at the initial stage of the ALD.’*** Similarly,

73 7]



when the PEALD of HfO, film was grown on the RuO, BE in this work, it
showed a significantly higher growth per cycle (GPC) of 0.31 nm/cycle up to
10 PEALD cycles than a normal GPC of 0.13 nm/cycle afterward as shown in
Figure 3-1 (b). This is fundamentally due to the much higher oxide formation
energy of HfO, (980.37 kJ/mol at the PEALD temperature of 200 °C),
compared with that of the RuO; (224.37 kJ/mol at the same temperature). In
fact, there was also an increase in the GPC (0.21 nm/cycle) during the initial
stage of the PEALD up to 10 cycles, compared with the saturated GPC (0.12
nm/cycle) afterward for the PEALD of the HfO, film on the TiN BE. Such an
enhancement could be due to the partial supply of oxygen from the surface
TiON layer to the growing HfO», or to several other reasons, such as higher
surface electrical conductivity or higher active chemical adsorption site density.
For any reason, it is obvious that the TiN is not a fluent oxygen supply layer to
the HfO, film. Therefore, compared with the film on the TiN BE, the HfO, film
on the RuO; BE has a much higher insulating property. Ta TE also takes oxygen
from the thin HfO, layer, so that the 3.0 nm thick HfO, film on the TiN BE
cannot be used as a feasible ReRAM, due to the too high leakage current;
whereas, the film with a similar thickness on the RuO, BE can be feasibly used
as the ReRAM. The different switching behaviors of the devices shown in
Figure 3-2 can be explained by a model based on the Vo distribution profile
shown in Figure 3-6, which shows the schematics of the switching model of

each device. In Figure 3-6 (a), the T-45 device initially contains high-density of
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Vo’s (red spheres) across the entire film thickness, resulting in relatively high
leakage current, even at the pristine state (left panel). Once the device is
electroformed (middle panel), many of the vacancies are collected (and even
more vacancies might be generated) to form the CF (black-line polygon). In the
subsequent reset switching (right panel), the CF near the BE interface is
partially ruptured (black-dashed line polygon), and some residual filament is
left (black-line polygon). Therefore, the subsequent set occurs at a lower
voltage compared with the EF voltage. During the repeated switching cycles,
the configuration of the residual filaments continuously changes, making the
switching non-uniform (Figures 3-2 (d—f)). When the switching cycle increases,
Vo could be accumulated at the HfO,/TiN interface and form hour-glass like
filament, which caused the performance degradations of the device using TiN
BE.*% %36 In the R-45 device in Figure 3-6 (b), due to the Vo scavenging effect
by the RuO, BE, the film near the BE interface could be highly insulating, and
thus, the pristine leakage current was much lower than the T-45 device. The
similar Rirs of this device to that of the T-45 after the EF suggests that the CF
configurations in these devices are similar. This suggests that EF might have
induced more Vo generation in this device, and thereby, the subsequent reset
and set switching characteristics become similar to those of the T-45 device.
The difference with the T-45 device is that Vo could not be accumulated at the
HfO»/RuO; interface during repeated switching due to the Vo scavenging effect

of RuO, electrode. However, the residual filaments formed during the
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electroforming process did not disappear, resulting in switching non-uniformity
similar to T-45 devices.* In the R-30 device of Figure 3-6 (c), the circumstance
is quite different. As can be guessed from the involvement of many cases where
the pristine resistance is close to the LRS, the integral part of the film thickness
might be filled with the Vo’s, but the average Vo concentration might not be
too high to make the film short. When the Vs was applied, some of the Vo’s
are collected to a local position and form the percolated path (CF), and the film
sets. Upon the application of the Ve, the CF was almost completely ruptured
recovering the initial state, making the device EF-free. A similar phenomenon
was observed from the extremely thin HfO; film (~ 1.0 nm), which was grown
by a thermal ALD using an identical Hf-precursor as in this work, but using a
different oxygen source (O3), and integrated into a 28 nm-diameter ReRAM
device.**>%In the previous work, the ~ (2.0 — 2.5) nm film required EF-process,
which suggested the oxygen stoichiometric composition of the HfO, film
grown by the thermal ALD. Therefore, it can be understood that the detailed
chemical condition of the film growth process has a critical influence on the
critical thickness where the EF-free performance can be achieved. In fact, the
PEALD condition adopted in this work was optimized to produce the HfO»
films with relatively high Vo concentration, as can be identified from the XPS
results in Figure 3-4, to acquire the EF-free performance at a slightly thicker

thickness (~3.0 nm).
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3. 3. 3. Retention improvement model

Another crucial advantage to the use of RuO; BE can be found from the
improvement in the retention characteristics. Figures 3-7 (a—c) show the
retention performance of T-45, R-45, and R-30 devices, where the read voltage
for the LRS and HRS were (+0.2 and -0.2) V, respectively. For this test, five
cells from each type of device were selected and settled to the LRS and HRS,
respectively, by the appropriate I-V sweep, and retained at 85 °C. In the T-45
device, both the LRS and HRS devices showed abrupt current jump after ~200
s and remained at an abnormally high conductive state. In contrast, both the R-
45 and R-30 devices showed a stable retention characteristic up to ~10° s. The
result with TiN BE is consistent with a previous report by Kim et al., who
reported similar abnormal-retention failure phenomena in TiN/Ta/HfO2 (~1.0
nm) /TiN devices with 28-nm device diameter.® The retention failure is
associated with the continuous oxygen scavenging effect of the TiN BE over
time. The possible formation of a thin TiON layer between HfO»/TiN interfaces
due to air exposure during the Ta/HfO,/TiN device fabrication process cannot
be completely disregarded. However, such a thin and non-uniform TiON layer
may not block the oxygen ion migration between the TiN BE and HfO»
switching layers. With the help of electric-field and Joule heating that occurs
during the repeated switching, the adverse oxygen ion migration toward the TiN
BE from the HfO, could not be avoided during the repetitive switching

operation or retention period of the device. These adverse effects caused
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endurance and retention failure.”® ** *® Figure 3-7 (d) shows a schematic to
explain the retention failure mechanism with the TiN BE. The left and right
panels of Figure 3-7 (d) show the retention failure in the HRS and LRS,
respectively. The black polygons in the HfO, layer represent the residual
filaments in the HRS and the conducting filaments in the LRS, respectively. In
the T-45 device, the TiN BE is not completely inert but tends to attract oxygen
from the HfO2 layer to form a TiON interfacial layer over time. This results in
an increase in the Vo concentration in the HfO, layer, which is indicated by red
arrows. Red dash polygons in the HfO; layer represent the local increase in the
Vo concentration that rejuvenates the broken part of the residual filaments (left
panel) or forms additional filaments (right panel), resulting in retention failure.
RuO; BE can be an oxygen supplier, rather than a scavenger, so such an increase
in the Vo concentration and resulting retention failure were not expected.
Rather than that issue, it might have been possible to decrease the Vo
concentration over time due to the Vo scavenging effect of the RuO,, which
might have induced the retention failure by a current drop. However, this was
not the case, suggesting that the optimized condition for the RuO, BE growth

has produced desirable chemical property of the RuO, BE.
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3. 3. 4. Analog synapse performance and its neural network

application

As discussed in the introduction, one of the main purposes of pursuing
the EF-free performance from the R-30 device is to apply it to the analog
synapse components of a neuromorphic computing device. Figure 3-8 shows
the analog switching characteristic of the devices for the synapse applications.
Figures 3-8 (a—c) show the long-term potentiation (LTP) and long-term
depression (LTD) characteristics of T-45, R-45, and R-30 devices, respectively.
The total number of pulses for LTP or LTD is *°. Figure 3-8 (d) shows an
experimental set-up (upper panel) and the pulse sequences (lower panel) for
this measurement, where DUT is the device under the measurement (T-45, R-
45, and R-30 devices). For this measurement, an identical 50 LTP (or LTD)
pulses were applied using a pulse generator (PG), whose amplitude and width
was 0.8V and 100ns for LTP mode (-1.0V and 800ns for LTD mode), and the
output current was monitored using an oscilloscope (OSC) with two channels
(Chl, Ch2). The interval between pulses was 1.0us for both LTP and LTD
modes. Before the LTP or LTD measurement, each device was programmed to
the HRS by DC sweep mode (Icc = 300 pA and Vieser = -1.3 V). For the LTP
and LTD measurements, identical pulse conditions were applied for the
potentiation (pulse height: 0.8 V, pulse width: 100 ns, and pulse interval: 1 ps),
and for the depression (pulse height: -1.0 V, pulse width: 800 ns, and pulse

interval: 1 ps), for 50 times. The conductance change (AG = G — Gurs) was
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monitored after every pulse input. These pulse voltage conditions correspond
to the minimum voltage amplitudes for operating the T-45, R-45, and R-30
devices for the given pulse length; if the pulse amplitude was lower than 0.7 V
and higher than -0.9 V for the set and reset programming, the conductance
change was not observed. Figures 3-8 (a—c) show that the R-30 device exhibited
relatively gradual and uniform LTP and LTD behaviors, while the R-45 and T-
45 devices showed much more abrupt conductance change with a higher
variation for both potentiation and depression. Although the maximum value of
the conductance change (AG) was the smallest in the R-30 device, the AG
variation of the R-30 device was much more gradual than that of the other
devices. Figures 3-8 (e) and (f) show the average linearity factor and symmetry
factor extracted from the results of LTP (left dot) and LTD (right dot) data of
the T-45 (blue), R-45 (red), and R-30 (black) devices, respectively. The linearity
can be quantified by the linearity factor, which is defined by the ratio of
minimum conductance change rate to the maximum conductance change rate
(Linearity factor = mind (AGger 07 AGreger) / Max d (AGger 01 AGyrpger)), OF
which the ideal value is 1.2*°"® Similarly, the symmetry factor is defined by
the ratio of reset conductance change rate to set conductance change rate
(Symmetry factor = d(AGreset)/d(AGger)) Wwhen d(AGreset) > d(AGger) (or
d(AGger)/d(AGreser) When d(AGreset) < d(AGger).) The ideal value of the
symmetry factor is also 1.% Those factors can be the feasible metrics for the

synaptic performances of ReRAMs, and help to estimate its effectiveness for
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the neural network.””™ As expected, the R-30 device showed the highest
linearity factor and the lowest symmetry factor close to the ideal synapse. This
is a demonstration that the EF-free performance of a ReRAM can also improve
synaptic performance. The following equations were used to fit the potentiation
and depression behavior, which were necessary to estimate the influence of the
non-ideal factors of the three types of synapses to the performance of a neural

network:®

G(n) - Gmin
G(n+1) = G(n) + o, exp(—p, o~

max ~ Gmin

)

Gmax - G(n)
Gn+1) =G(n) — agexp(—p, T o

max ~ Gmin

)

where, o, and B, are fitting coefficients for potentiation (0q and P4 are for
depression), n is the conductance state number, and Gmax and Gmin are the
maximum and minimum possible conductance values representing the
conductance boundaries of the ReRAM, respectively. Here, the n is set to 50,
considering the number of potentiation and depression steps in Figure 3-8.
These equations are used to calculate the conductance update rate as a function
of the conductance values during the neural network training, of which the
configuration is shown in Figure 3-9 (a). In the equation, as the B value
decreases to 0, the conductance change rate becomes constant, which is
regarded as the ideal synapse. Figure 3-10 (a) shows the fitting example of the
R-30 device. Here, the yellow line indicates the exponential fitting curve, and

the red lines indicate the upper and lower boundaries related to the coefficient
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of variation of the device. Figure 3-10 (b) summarizes the fitting parameters for
the T-45, R-45, and R-30 devices. These types of synaptic functions are applied
to the synaptic weight update shown in the simple neural network of Figure 3-
9 (a), which was composed of only three layers: input, hidden, and output layers,
and was used to identify the MNIST data set. Figures 3-9 (b) and (c) show the
detailed procedures to perform the neural network simulation. Figure 3-10 (c)
shows the estimated MNIST dataset recognition accuracy for the three types of
synapses. In the software-based simulation, the recognition accuracy assuming
ideal synapse (both linearity factor and symmetric factors are 1) with infinite
conductance state (labeled to the ideal (INF)) was 92.1 %, which is not
sufficiently high due to the simple network structure assumed, but still
comparable to other results with similar network structure.”” >*~* Then, the
number of conductance states was limited to estimate the experimentally
achievable highest accuracy, considering the finite LTP and LTD steps. When
the ideal synapse was assumed with a limited number of conductance states of
50 (ideal (50)) which is the number of states in LTP and LTD in Figure 3-8, the
accuracy was estimated to be 91.3 %; 0.8 % decreased when compared to the
ideal (INF) case. Figure 3-10 (c) shows the estimated accuracy as a function of
the number of training epochs. In all cases, even after the accuracy saturation
at ~200,000 dataset training, the accuracy fluctuated, due to the stochastic
variation of the ReRAM during the training. Figure 3-10 (d) shows an average

accuracy after 200,000 samples training. Nevertheless, it was obvious that the
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R-30 device showed the least fluctuation. The average estimated accuracies
assuming the T-45, R-45, and R-30 devices were (87.96, 86.96, and 88.44) %,
respectively. Despite the lower on-to-off ratio of the R-30 device, the improved
linearity and symmetry in the R-30 device allow the highest performance of the

neural network in the simulation.
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Figure 3-8. Potentiation and depression behavior of (a) T-45 (blue dot), (b) R-45 (red dot), and (c¢) R-30 (black
dot) devices with identical potentiation and depression pulse condition, respectively (AG=G-
Gurs). (d) The equivalent circuit (top panel) and the pulse sequences (bottom panel) used in this

measurement. (e) Linearity factor of the devices, and (f) Symmetry factor of the devices.
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Figure 3-9. Memristive neural network simulation for MNIST digit recognition. (a) A single softmax regression
network model. (b) A flowchart of softmax regression training. (c) Weight conductance diamond
showing G* and G~ memristor conductance update magnitude and direction. It also shows the
current weight state, and the next one after updating. The green arrow is a weight update vector.

The blue and orange arrows are G* and G~ memristor updates, respectively
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3.4. Conclusion

Resistive switching memory using the PEALD-grown HfO, thin film as
the switching layer was optimized to use the memory cell as an analog-type
synapse in the neuromorphic circuit. Most problems of the ReRAM cell to be
used as a feasible synapse, such as high non-linearity, high asymmetry in
potentiation and depression, low repeatability and uniformity of the switching
performance, and low retention, are related to the uncontrolled formation and
rupture of the CFs. Such a problem appeared to be closely related to the
electroforming process, which inevitably induced the uncontrollable formation
of the CFs. Therefore, electroforming-free ReR AM was necessary, which could
fundamentally be achieved by thinning the PEALD-grown HfO; film from (4.5
to 3.0) nm. However, for such a thin film, the adoption of RuO, bottom
electrode, replacing the convention TiN bottom electrode, was essential.
Otherwise, the 3.0 nm-thick film showed too high a leakage current to be used
as a feasible memory. The optimized Ta/HfO,/RuO, stack provided the
desirable performances for it to be used as a feasible synapse with improved
linearity and symmetry factors. The PEALD HfO, film was initially oxygen-
deficient, which was actually a prerequisite to induce a useful level of leakage
current for it to be used as a feasible ReRAM when it was thicker than ~4.5 nm.
The portion of the HfO, film in contact with the RuO, bottom electrode

recovered the stoichiometric composition, making the interface layer highly
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insulating, but still thin enough to achieve the electroforming-free

performances
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4. HfO:-based planar 1T-1R device and Resistive
switching behavior for Next-generation

Vertical-string 1T-1R array

4.1. Introduction

At present, the main non-volatile storage memory is NAND flash
memory, which has faced limitations because of parasitic effects by scaling
down. 2-dimensional NAND flash has encountered physical limitations to cell
size reduction, such as cell to cell interference and cell uniformity.'” Therefore,
3-dimensional stacked vertical-NAND flash (V-NAND flash) stacked in a
vertical direction is developed.®” Although V-NAND flash technology suggests
higher density than planar type, V-NAND flash has other problems like
technical difficulties in the hole etching process as the aspect ratio increases,
charge loss in the lateral direction, and word plane parasitic capacitance as each
oxide gets thinner.'""* Therefore, researches on memory unit for the successor
of V-NAND flash are attracting attention.'®' Among the next-generation non-
volatile memories (NVMs), the resistance random access memory (ReRAM)
has been widely studied because of its relatively simple metal-insulator-metal
(MIM) structure, high scalability, low power, high speed, good reliability, and
complementary  metal-oxide-semiconductor  (CMOS)  compatibility.

Representative commercialization of resistive switching (RS) memory is Intel's
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‘3D Xpoint’, named by the ‘Optane’ brand. 3D Xpoint has a unit cell size of
4F* in the form of a crossbar array (CBA) using phase-change memory.
However, as the number of vertical stacks increases, the fabrication cost is
exponentially increased because functional line process such as
photolithography and etching is increased. In addition, a two-terminal structure
did not fit the existing CPU design. Therefore, Optane, which is only fitted for

storage-class-memory, has not been succeeded in the semiconductor market.

There are many kinds of research on the 3D structure of the ReRAM to
replace NAND flash’s position.'®"? In the CBA stacking structure, it has crucial
weak points such as sneak path currents, which induce read disturbance and
high energy consumption.’*** To overcome sneak path current, a good
selectivity selector and proper voltage operation scheme are needed.**
However, it is hard to match proper selector and ReRAM devices. So, another
study for the 3D structure of the ReRAM is needed to produce next-generation,
high-density NVM. Other structures for stacking ReRAM can be divided into
a side-wall-type and a hole-type vertical structure.'®**?” The side-wall-type has
a structure that word lines and isolation layers are alternately stacked, then
selectors and resistors are deposited on the sidewalls and then covered by bit
lines.'***® Compared to 3D Xpoint, it has an advantage in the number of
process steps and bit line contacts regardless of the increase in the number of
layers. However, it requires an excellent operating characteristic of 1-selector

(S)-1-resistor (R). Another stacked ReRAM, the hole-type vertical structure
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1627 then etches holes and

stacks word lines and isolation layers alternately,
deposits thin-film-transistors (TFT, T) and resistors (R) on the wall. The hole-
type vertical structure can suppress sneak path current efficiently, as TFT can
play a selector role. In the hole-type vertical structure, TFT for device selection
and the resistor for storing the memory are connected in parallel as unit devices,
and the unit devices are connected in serial. Such vertical-string 1T-1R array is

called ‘V-TFT-ReRAM,’ and the conditions required for operation are as

follows.'®

In “V-TFT-ReRAM”, an oxide-based RS layer is deposited inside the
hole after the transistor fabrication. In this structure, the RS layer and channel
are in direct contact forming an effective parallel circuit structure. V-TFT-
ReRAM can be operated by turning off the corresponding TFT parallel to the
selected cell in writing and reading modes. For the fluent operation of the V-
TFT-ReRAM device, the following conditions must be fulfilled. The sum of all
the on-TFTs (Rs") on-resistances must be low to provide proper voltage to the
selected 1T-1R unit cell. Also, the off-resistance of the TFT (Ros') of the
selected cell must be high compared with the on- and off-resistance of the
selected memory cell (Ron™ and Ro™) to efficiently apply the operating current
to the memory cell (ReRAM or resistor in this work), which must be supplied

through the TFT channel string.'®

104 1]



There are many candidates for V-TFT-ReRAM’s RS material such as
HfOy, TaOx, AlOy, NiOy, TiOx, etc. V-TFT-ReRAM’s RS material should have
some natures like high endurance behavior, enough on-off ratio, good retention
for NVM and CMOS compatibility.”® Among these materials, the HfOy layer
has many advantages such as CMOS compatibility, high speed, moderate on/off
ratio, good endurance, good retention, and capability to multi-bit operation.”®

3! Therefore, the HfO, layer is used for RS material in this work.

In this work, The HfO,-based planar structure 1T-1R device was
investigated as prior research to the next-generation V-TFT-ReRAM. The large-
scale 1T-1R with HfO, resistor was investigated, in which the most
stoichiometric PEALD-HfO, and the most O-deficient THALD-HfO, were
used as RS layers. For the planar-direction NVM behavior between source and
drain electrode, scaled-1R with a 20nm of switching-length using e-beam
lithography process was evaluated. In the scaled-1R with stoichiometric
PEALD-HfO., repetitive planar-direction NVM behavior was observed, and
compatibility with 1T for stable operation in merged 1T-1R was achieved.
Finally, it was confirmed that more than 200 cell-string of 1T-1R is possible as

a result of the experimental data-based cell-string number simulation.
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4.2. Experimental

Cell Fabrication: 1T-1R device with planar-structure scaled ReRAM on
top of bottom-gate IGZO-based thin film transistor was fabricated by the
following process steps. The p-type Si substrate was used as the gate electrode.
A 100nm-thick SiO; layer was thermally grown as the gate dielectric. A 50nm-
thick IGZO was sputtered at room temperature using an IGZO target at S0W
radio frequency (RF) power and 3mtorr working pressure in the Ar atmosphere.
IGZO channel layer was patterned by photolithography and wet etching
procedure. 80nm-thick SiO, was deposited with a PECVD system using
170sccm 5% SiH4/N, gas and 1000sccm N»O gas at 20W RF power. Etch-stop-
layer was patterned by photolithography and dry etched out with an inductively
coupled plasma (ICP) etcher. ITO film, which functions as a TFTs source/drain
and ReRAM electrode, was deposited via direct-current sputtering and
patterned through lift-off process using photolithography and e-beam
lithography, respectively. A JEOL, JBX-6300FS electron-beam lithography
tool was used to form sub-50nm patterns. A resist layer of poly-methyl-

methacrylate (PMMA, 495K) was spin-coated at 3000 rpm for 45 s to obtain a

film thickness of approximately 200nm and subsequently baked at 180°C for

180 s to remove residual solvent. E-beam lithography was performed with
energy, dose, and step size at 100keV, 1000uC/cm?, and 6nm, respectively.
HfO, switching layer was deposited via plasma-enhanced atomic layer

deposition (PEALD) using Tetrakis(ethylmethylamiono)-Hafnium as the Hf

106 2] 2 11 &)

21



source with O, plasma as an oxygen source at a substrate temperature of 200°C.

HfO; film on the contact pad of the ITO electrodes was etched out for the

electrical contact with the RIE etcher using CF4 and Ar gas. The post-

metallization-annealing was followed in an air atmosphere at 350°C  for an hour

after the 1T-1R device was fabricated to improve the electrical characteristics

of the IGZO-based TFTs.

Characterization: The electrical characteristics of the TFTs and lateral
ReRAM were measured using a semiconductor parameter analyzer (Hewlett
Packard, 4155B). The film crystallinity and thickness were measured using X-
ray diffraction (XRD, PANalytical, X’Pert PRO MPD) and spectroscopic
ellipsometry (SE, J.A. Woolam, ESM-300). Energy-dispersive X-ray
fluorescence (EDXRF, Thermo Scientific, Quant’X) was used to measure the
composition and layer density of the deposited films. Completed 1T1R device
image and enlarged scaled ReRAM electrode image were obtained using

FESEM (Hitachi, S-4800).
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4.3. Results and Discussions
4. 3. 1. Switching characteristics of large-scale 1T-1R

Figure 4-1 (a) shows HfO»-based planar structure 1T-1R, and Figure 4-1
(b) shows the fabrication flow of HfO»-based planar structure 1T-1R. The
device is fabricated by manufacturing a bottom-gate-TFT device using an
IGZO channel, and the HfO, RS layer is deposited on the top of the backchannel.
In this research confirming the program and read operations between source
and drain electrodes is attempted by applying DC sweep voltage in off-channel
conditions. For stable operation of the 1T-1R, the channel-on and -off resistance
of 1T should be large enough to cover both low-resistance-state (LRS) and
high-resistance-state (HRS) of the resistor.'® However, prior to the research,
there were several issues; First, in previous ReRAM studies, the repetitive
NVM behavior in the planar-direction rather than the thickness-direction in the
RS layer has not been reported yet. Second, even if the NVM behavior is
observed in the RS layer, it is difficult to achieve compatibility between the
resistor and the transistor operations in Figure 4-1 (a). Third, because of the
inherently symmetric structure, resistive switching behavior cannot be
controlled through electrode material selection or bilayer structure as in general
ReRAM research.>* Since the fabrication variable that can control the

resistive switching behavior is limited to the properties of the RS layer, and it
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is essential to engineer the defect like oxygen vacancy (Vo) in the resistor to

obtain planar-direction NVM behavior and compatibility with 1T device.
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structure 1T-1R. The device is fabricated by manufacturing a bottom-gate-TFT device using
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Figure 4-2 shows the MIM leakage-current of the HfO» layer depending
on the deposition conditions, substrate temperature, and O,-plasma power.
There are several studies that control physical/chemical properties such as
density, crystallinity, and chemical composition of the oxide layer by
controlling the type of oxidant (or precursor) and deposition conditions in the
ALD of oxide.*>** In the PEALD-HfO,, the properties of HfO, are analyzed by
leakage-current analysis depending on substrate temperature and O»-plasma
power control as shown in Figure 4-2 (a) and (c), respectively. In the
measurement, a MIM Cap. with Pt/HfO»(10nm)/Pt structure in which both the
electrode area and the HfO» thickness were equally controlled is used. Figure
4-2 (a) and (b) show the leakage results of a PEALD-HfO, layer deposited at
200°C, 100W-O,-plasma power, and a THALD-HfO, layer deposited at 280-
300°C, OW-O;-plasma power. Results show that the HfO, layer deposited
without plasma is leakier than the PEALD-HfO, layer, and the leakage current
of the HfO; layer increases as the deposition temperature decreases. This means
that the lower the deposition temperature and without plasma, the lower the
chemical activity of the oxidant form more O-deficient and defective HfO,
layer.* Figure 4-2 (c) and (d) show the leakage current of the PEALD-HfO,
layer depending on the O»-plasma power at a deposition temperature of 200°C.
A more leaky-HfO; layer is formed as the O-plasma power decrease, but

control of the 20W interval does not show a significant difference.
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Figure 4-3 shows the transfer curve of the (a) reference-1T (IGZO-TFT),
(b) planar structure 1T-1R using stoichiometric PEALD-HfO,, and (c) planar
structure 1T-1R using most O-deficient THALD-HfO, (without plasma, 280°C)
in Figure 4-2, respectively. Figure 4-3 (d-f) shows the output curve of the device
measured in (a-c), respectively. The channel length and -width of each device
measured in Figures 4-3 are the same, 0.5um and 10.0pum, respectively. In
figure 4-3 (a), the transfer curve of the reference-1T device shows that the
channel is off (Igrain < 10" A, Vrin 1V) at gate voltage (Vgae) -10V, and the
channel is on (Igrain > 10-5A, Varain 1V) at Ve +20V. The output curve of the
reference-1T device in figure 4-3 (d) shows that channel-breakdown is not
observed within the drain voltage (Vrain) ~+20V, which means that Vrin ~20V
can be applied between the source and drains for resistive switching in the HfO,
resistor. In Figures 4-3 (c) and (f), the degradation of transfer and output
behavior is observed in the 1T-1R device with the O-deficient HfO, layer. This
implies that the IGZO channel is affected by the O-deficiency of the HfO,
switching layer. The interfacial reaction between the O-deficient HfO, and the
IGZO-channel layer is expected to cause the carrier density increase in the
backchannel. This interfacial reaction between the RS layer and the channel
layer will limit material selection and defect-engineering of the RS layer to
control switching behavior in the resistor. Unlike 1T-1R device with an O-
deficient HfO, layer, the transfer and output behavior degradation is not

observed in the 1T-1R device with relatively stoichiometric PEALD-HfO, layer
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in Figure 4-3 (b) and (e). Also, the off-current in figure 4-3 (e) increases as the
Vanin increases, which means that the contribution of the leakage current

through the RS layer appears in the high V 4in region.

Figure 4-4 (a) shows the resistive switching behavior of PEALD-HfO,
deposited 1T-1R with stable channel-on and -off operations. In the
measurement, the channel-length and —width (= switching-length and -width)

are 0.5pum and 10.0pm, respectively. For the planar-direction resistive

switching to the RS layer thickness, DC sweep Virin 1s applied (0V — 20V

—(0V — -20V —0V) in the condition of channel-off state by applying V. -
20~-10V (black and red curve in Figure 4-4 (a)). Even though a sufficiently

high voltage of Vgnin £20V is applied on the RS layer, the volatile-memory

(VM) behavior is observed between source and drain electrode (1—2—3—4

arrows in Figure 4-4 (a)). This result is not consistent with the expectation that
NVM behavior between source and drain will appear. Also, it is noticed that the
output current from the 1T-1R in Figure 4-4 (a) is different depending on the
Veae. This can be explained by Figures 4-4 (b) and (c). In the condition of
channel-off state (Vg -20~-10V) in Figure 4-4 (b), most of the drain current
flows through the HfO, resistor because the resistance of the channel layer is
very high. Therefore, VM behavior in the resistor is observed (output curve in

the condition of Vg -20~-10V in Figure 4-4 (a)). However, in the condition of
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channel-on state (Vg 0~20V) in Figure 4-4 (c¢), some portion of drain current
flows through the channel due to the electron accumulation in the channel layer
and the resistance of the channel starts to be observed. When the channel is
fully turned on, the hysteresis in the HfO; resistor is masked by the current
flowing through the fully turned on channel (output curve in the condition of
Veae 10~20V in Figure 4-4 (a)). From the results of VM behavior of the
PEALD-HfO; deposited 1T-1R in Figure 4-4, it is confirmed that the switching-
length 0.5um is too large for the HfO, resistor to have planar-direction NVM
behavior. In order for the resistor to have planar-direction NVM between source
and drain electrode, it is conceivable to reduce the length between source and
drain down to tens of nm (< 50nm).** * However, a short-channel of the 1T
might be observed in the switching-length scale down because the channel-
length and the switching-length are shared, as shown in Figure 4-4 (a). And the
interfacial reaction between the channel and resistor, as shown in Figure 4-3 (¢),

should be prevented for the application of the RS layer with various properties.
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4. 3. 2. Etch-stop-layer (ESL)-type 1T-1R device

To prevent the interfacial reaction between the resistor and channel layer
and separate the switching length and channel length, the plasma-enhanced-
chemical-vapor-deposition (PECVD)-SiO; passivation layer is inserted
between the channel and source/drain electrode as shown in Figure 4-5 (b). In
the structure shown in Figures 4-5 (b), the channel length and switching length
are determined by the length of PECVD-SiO, passivation and the pattern
distance of the source and drain electrode, respectively. In addition, the
interfacial reaction between channel and resistor can be limited by the inserted
SiO,-passivation layer. In the display industry, during the wet-etch process of
the indium-tin-oxide (ITO) source and drain electrode, an etch-stop-layer (ESL)
is inserted between the channel and electrode due to the low selectivity with
IGZO-channel, and this structure is similar to the structure in Figure 4-5 (b).*"
'S0, in the following content, the device structure in Figure 4-5 (b) will be
referred to as ESL-type 1T-1R structure. Figure 4-5 (a) shows the fabrication
flow of the ESL-type 1T-1R device. The inserted SiO, passivation is deposited

100nm using PECVD and dry-etched.
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Figure 4-6 (a) and (b) show transfer behavior of 1T-reference structure
(a, channel-length/width 5.0/10.0um), and SiO-passivated 1T-reference
structure (b, channel-length/width 5.0/10.0 um). In this case, channel -length
and -width are determined by the pattern distance of source and drain. Figure
4-6 (c) and (d) show transfer behavior of SiO,-passivated ESL-type 1T structure
(c, channel-length/width 5.0/10.0 um and switching-length/width 0.5/10.0 um),
and SiO-passivated ESL-type IT-1R structure (d, channel-length/width
5.0/10.0 pm and switching-length/width 0.5/10.0 um), respectively. In this case,
channel-length and -width is determined by inserted SiO»-passivation, and
switching-length and -width is determined by pattern distance of source and
drain. The inset of Figure 4-6 (a-d) shows the top and cross-section scheme of
each device structure, and the most O-deficient HfO, layer (deposition temp
280°C and O,-plasma power OW in Figure 4-2 (a)) is used in (d) ESL-type 1T-
IR. Through transfer curve analysis of reference-1T and SiO-passivated
reference-1T devices in Figure 4-6 (a) and (b), it is verified that the PECVD-
Si0; passivation layer rarely affects the IGZO-channel layer. It can also be seen
that the on-current is slightly increased, and sub-threshold swing (S.S) is
deteriorated in the SiO-passivated 1T device compared to the reference-1T. It
is expected to come from the increased carrier concentration in the channel due
to the hydrogen contamination during the SiO,-PECVD process or the
decreased charged defect (-OH) on the back-channel****, but it rarely affects

this work. Figures 4-6 (b) and (c) show no significant difference in the transfer
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curve between SiO,-passivated reference-1T and SiO;-passivated ESL-type 1T.
The results imply that channel-length and switching-length are physically
independent, and the PECVD-SiO; passivation determines channel-length.
Through transfer curve comparison between ESL-type 1T and ESL-type 1T-1R
devices in Figure 4-6 (c) and (d), it is affirmed that the O-deficient HfO, and
IGZO-channel layer are chemically separated by the PECVD-SiO; passivation,

and the interfacial reaction is completely restricted.

Figure 4-7 (a) and (b) show the current and voltage (I-V) curve of SiO,-
passivated ESL-type 1T device in the condition of channel-off state (Vg -10V).
In the measurement, Vgrin 220V and +40V are applied between source and
drain electrode to check whether the resistive switching is observed in the
inserted SiO,-passivation. As a result of analysis of more than ten devices, there
is no noticeable resistive switching behavior, with only the charging and
discharging between the source and drain observed, as shown in Figures 4-7 (a)
and (b). Figures 4-7 (c) and (d) show the I-V curve of SiO-passivated ESL-
type 1T-1R in the condition of channel-off state (Vg -10V), and Vgrain 20V
and £30V are applied between source and drain, respectively. Unlike the ESL-
type 1T device in Figure 4-7 (b), VM behavior between source and drain
appears by applying Varin over £20V, and the current gradually increases with
repeated switching as shown in Figure 4-7 (d). Through comparison with the I-
V results of the ESL-type 1T device, resistive switching is observed in the HfO»

resistor, not in the SiO»-passivation or IGZO-channel layer. In the condition of
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interfacial reaction between the channel and resistor is restricted, it is expected
that NVM behavior would be more easily observed in the Vo-rich THALD-
HfO, layer, but volatile-switching is observed. Compared to previously
reported general ReRAM devices in which resistive switching occurs in the
thickness-direction, more than Vgin £300V must be applied for the switching-
length 0.5um device to have stable NVM behavior.*” Therefore, the switching
length is scaled-down under 30nm using an e-beam lithography process to

apply sufficient electric field to the resistor and observe stable NVM behavior.
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Figure 4-6.

The transfer behavior of 1T-reference structure (a, channel-
length/width 5.0/10.0pm), SiO,-passivated 1T-reference structure
(b, channel-length/width 5.0/10.0 pm). The transfer behavior of
SiOr-passivated ESL-type 1T structure (c, channel-length/width
5.0/10.0 pm and switching-length/width 0.5/10.0 pm), and
SiO,-passivated ESL-type 1T-1R structure (d, channel-
length/width ~ 5.0/10.0 pm and switching-length/width
0.5/10.0 pm), respectively. The inset shows the top and cross-

section scheme of each device structure.
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Figure 4-7. The I-V curve of SiO,-passivated ESL-type 1T device in the

condition of channel-off state (Vg -10V). In the measurement,

Vaain 20V and 140V are applied between the source and

drain electrode as shown in (a) and (b). The I-V curve of SiO»-

passivated ESL-type 1T-1R in the condition of channel-off state

(Vaate -10V) and Vgmin £20V and +30V are applied between

source and drain as shown in (c) and (d), respectively.
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4. 3. 3. Scaled-1R and NVM switching characteristics

Before merging 1T and scaled-1R devices, a scaled-1R single device is
fabricated to confirm the planar-direction NVM behavior to the RS layer.
Figure 4-8 (a) and (b) show the I-V curve of scaled-1R devices using PEALD-
HfO, (deposition temp 200°C, Or-plasma power 100W) and O-deficient
THALD-HfO> (deposition temp 280°C, O»-plasma power O0W), respectively.
Figure 4-8 (c) shows SEM top view image and scheme of scaled-1R, and each
device has 20nm and 50nm of switching-length and -width, respectively. The
scaled-1R should have resistive switching within 50pA of operating current
considering the compatibility with 1T as previously explained in Figure 4-1 (a).
In the case of the scaled-1R with a relatively insulating PEALD-HfO; resistor,
the device is electroformed at ~1.6V under the condition of compliance current
(Icc) 1pA and switched to LRS as shown in Figure 4-8 (a blue curve).
Subsequently, the device is reset at ~-0.8V and switched from LRS to HRS. It
is essential to form asymmetric-Vo distribution in HfO; resistor through
electroforming process for repetitive NVM behavior considering the
symmetric-1R structure. 1pA is the minimum current level to form a stable

conduction path in the scaled-1R with PEALD-HfO, switching layer. After the
stable forming-1* reset process, planar-direction NVM behavior (1—-2—3—4

arrows in Figure 4-8 (a)) between source and drain is observed, in which the

device is set at ~1.2V (black curve) and reset at ~-0.8V (red curve) under the
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condition of Icc 3WA. From the comparison of the current flowing the pristine

device (blue curve) and the current flowing HRS device after electroforming-
1* reset (black curve) in Figure 4-8 (a), an asymmetric-Vo distribution in the
HfO; resistor is expected to form during the electroforming process. On the
other hand, in the case of the scaled-1R with O-deficient THALD-HfO,
switching layer in Figure 4-8 (b), it is impossible to form a stable conduction
path in the HfO, switching layer even if the Icc is increased to 10pA or more
due to the leakage current through the as-fabricated device. In addition, the
results of Figures 4-4 (b) and (c) confirm that the PEALD-HfO, switching layer
rarely affects the channel compared to the O-deficient HfO,. Considering the
vertical-TFT-ReRAM structure where it is difficult to insert a passivation layer,
a less O-deficient PEALD-HfO, switching layer will be more suitable. Figure
4-8 (d) shows resistance change according to switching number of scaled-1R
with PEALD-HfO, in the condition of Icc 3pA, Vst ~1.2V, and Vieser ~-0.8V
and the non-volatile resistive switching is repeated up to 50 times. Figure 4-8
(e) shows the LRS and HRS retention performance of the scaled-1R device with
PEALD-HfO; in the condition of constant Vyeaq (0.2V) stress at 298K. From the
retention performance in which both LRS and HRS are maintained up to ~10°%,
it is confirmed that the resistive switching behavior in Figure 4-8 (a) is non-
volatile. Figure 4-8 (f) shows the closed-loop-pulsed-switching (CLPS)
operation result of the scaled-1R device with PEALD-HfO,. The CLPS

operation, similar to the incremental-step-pulse-programming (ISPP) in

126 1]



NAND-flash operation, switches the ReRAM device according to the target
resistance value with the program and verify method. In the case of LRS, if the
resistance verified after the program is lower than the target resistance, it is
judged as SET. And if the target resistance is not reached, the pulse height
increases, and the SET pulse is applied again. Conversely, in the case of HRS,
if the verified resistance is higher than the target resistance, it is judged to have
been RESET. If the target resistance is not reached, the RESET pulse is applied
again by increasing the pulse height in the RESET polarity. The CLPS analysis
of the scaled-1R device confirmed that resistive switching is stable when
operated in a target resistance range of 5SM ~ 100Mohm. When the target LRS
and HRS are set to 5SMohm and 100Mohm, respectively, it shows that repeated

switching over 100,000 times is possible.
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Figure 4-8. The I-V curve of scaled-1R devices using (a) PEALD-HfO, and (b)

O-deficient THALD-H{O,, respectively. (¢) SEM top view image

and scheme of scaled-1R, and each device has 20nm and 50nm of

switching-length and -width, respectively. (d) The resistance

change according to switching number of scaled-1R with PEALD-

HfO; in the condition of Icc 3pA, Vet ~1.2V, and Vieset ~-0.8V. (e)

The retention performance of scaled-1R device with PEALD-

HfO, at 298K
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4. 3. 4. Data-based Cell-string number simulation

Figure 4-9 (a) shows the overlapped curve of the output curve of ESL-
type 1T in Figure 4-6 (c) and I-V curve of scaled-1R in Figure 4-8 (a) to find
out the compatibility of 1T and scaled-1R devices. The results in Figure 4-9 (a)
confirm that the current range of the LRS and HRS state of scaled-1R is well
covered by the current range of the channel-on and -off state of ESL-type 1T.
It means that the resistance relation of 1-transistor and 1-resistor is satisfied for
stable operation in merged structure 1T-1R. Based on the experimental data of
1T and 1R devices, cell-string number simulation is performed in Figure 4-9 (b)
and (c) considering the worst case in both reads and write operations as shown
in Figure 4-9 (d) and (e), respectively. For the cell-string number simulation,
the resistive-switching behavior of scaled-1R is fitted as shown in Figure 4-9
(a) blue curve. In the case of HRS, it is well fitted by the ohmic conduction
model at low voltage (< 0.2V) region and hopping conduction model at high
voltage (> 0.2V) region in both set and reset curves. In the case of LRS, it is
well fitted by the ohmic conduction model at low voltage (< 0.4V) region and
hopping conduction model at high voltage (> 0.4V) region in both set and reset
curves. Figure 4-9 (b) shows the read current (at Vi, reaa 0.4V) of the selected
device flowing through bit-line (BL) depending on the cell-string number in the
worst case of the read operation in Figure 4-9 (d). The black and red curves
show the read current flowing through BL when the resistor of the selected

device is HRS and LRS, respectively. The worst case of reading operation
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occurs when the voltage drop of BL is the smallest in the selected device
compared to the un-selected devices, as shown in Figure 4-9 (d). When the Vg,
read TOr @ read operation of the selected device is 0.4V, the read current flowing
through the resistor of the selected device decreases in both LRS and HRS as

the cell-string number increases according to the following equation (1).

VBLread
Lsetectea = RLRS or HRST‘:Z'ZN—URON (Ryrs > Ron) (D

VBL,read _ VBL,read ~ VBL,read
= = (2)
RLrs+(N-1)Ron Ryrs+(N-1)Ron RHRS
~ RHRS— RLRsS
N = ZHRs” Riks 3)
Ron

Equation (1) confirmed that the read current flowing BL decreases
sharply when the resistor of the selected device is LRS compared to HRS. The
read margin of the resistor decreases and the cell-string number is limited as the
cell-string number increases according to equations (2) and (3). The results of
Figure 4-9 (b) suggest that the BL current window is maintained ~4.5 times for
200 cell-strings and ~3.0 times for 500 cells, which means that more than 180
cell-strings of the current V-NAND-flash is possible in the point of view read
operation. Figure 4-9 (c) shows the programming voltage of BL for resistive
switching in the resistor of the selected device depending on the cell-string
number considering the worst case of the write operation in Figure 4-9 (¢). The
black and red curves show the BL programming voltage for set and reset

operations, in which the resistor of the selected device is HRS and LRS,
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respectively. The worst case of write operation occurs when the voltage drop of
BL is the smallest in the selected device, as shown in Figures 4-9 (e). The
programing voltage on BL for the stable resistive switching in the resistor of
the selected device increases as the cell-string number increases according to

the following equation (4) and (5).

VeLreset = Vreser X (1 + :ﬂN) <reset operation> 4
' LRS

Verset = Vser X (1 + :::s N) <set operation> %)

Equations (4) and (5) show that the BL programming voltage increases
rapidly in the reset operation of the selected device in the LRS state compared
to the set operation of the selected device in the HRS state. In Figure 4-9 (c),
assuming 200 cell-string numbers, the BL programming voltage for the set and
reset operation of the selected resistor are 6.7V and -7.7V, respectively, which
are within the programming voltage of the current V-NAND-flash. However, to
replace the current commercialized V-NAND-flash and occupy the storage-
memory portion in the memory hierarchy, the cell-string number of 180 or more
must be considered along with power consumption. In the transistor, it is
possible to increase the cell-string number from both reads and write operation
points of view and decrease the BL programming voltage for resistive switching
in the resistor by reducing the channel-on resistance according to the equations

(3-5). In addition, the gate voltage -10V and +20V for device selection
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operation in Figure 4-9 (a) are still too high, so it must be reduced by increasing
gate-controllability for channel-on/off. In the case of the resistor, it is possible
to reduce power consumption from the program point of view by applying a
more stoichiometric RS layer and increasing the LRS and HRS according to the
equation (4) and (5). To control the O-deficiency of atomic layer deposited
HfO,, deposition temperature control, doping, post-annealing treatment in an
oxygen atmosphere, etc., have been applied in several researches.**** However,
if the O-deficiency in the resistor is excessively reduced, it is difficult to have
a resistive switching behavior in the resistor, and operating voltage might be
increased. Therefore, considering these factors, the defect-engineering of the
resistive-switching layer will play an essential role in future V-TFT-ReRAM

research for replacing the current V-NAND-flash.

132 1]



—
D
~

10 T T Channel-OFF
10" m 4" Voue 1OV
N p Channel-ON
10 X 10 + V. 20V
g w0’ !
£ 10 4 i
£ 10
9 IV, 04V
© 10% v, -0av : I——SET (I, 3uA)
10" o YL YRV R SR « RESET
10" 15%&“1 b WW%W&W@»&|3§G

-1.2-0.8-0.40.00.4 0.8 1.2 1.6 2.0
Voltage (V)
Rt orf < R4g Hrs < Rir 1rs <R 08

(e)

Rorr Rox Ron

L L L 1

Rirs GND

Rigs Rirs Rirs

o o o
~ IS >

BL read current (x10° A)

Ron

Selected Un-selected

—

Figure 4-9. (a) The overlapped curve of output curve of ESL-type 1T and I-V curve of scaled-1R. (b) The read
current (at Vpr, read 0.4V) of selected device flowing through bit-line (BL) depending on the cell-
string number in the worst case of the read operation in (d). (¢) The programming voltage of BL for

resistive-switching in the resistor of the selected device depending on the cell-string number

s (V,ep 0:4Y)
6 (Vg 0.4V)

read
-l
RS

i 58nA (200 cell)
 20nA (500 cell)
Case 1!

Case2

0 200 400 mmo 800 1000
Cell-string number (#)

V)

Rorr

Ron

O
~

BL switching voltage (IVI)

Ron

20

16

L—W, | (HRS >LRS)
LWV g rsel (LRSH

satening set

0 100 200 300 400 500
Cell-string number (#)

Ron

. L -

Rirs

Rirs

Riirs

Rirs GND

Selected
Virs-HrRs

considering the worst case of the write operation in (e).

Un-selected

LT

.]'| &

-

‘\
-r—
]

A <

133



4.4. Conclusion

As prior research to the next-generation vertical-string 1T-1R array (V-
TFT-ReRAM) for replacing V-NAND-flash, the HfO,-based planar structure
IT-1R device was examined. Since the fabrication variable that can control the
resistive switching behavior was limited to the properties of the RS layer
because of the inherently symmetric device structure, it was essential to
engineer the defect like oxygen vacancy (Vo) in the resistor to obtain the planar-
direction NVM behavior and compatibility with 1T. From the MIM leakage
current analysis of HfO, deposited under different ALD conditions, it was
confirmed that the defect properties of HfO, can be controlled by deposition
conditions like substrate temperature and O,-plasma power. Next, the large-
scale 1T-1R with HfO, resistor was investigated, in which the most
stoichiometric PEALD-HfO, and the most O-deficient THALD-HfO, were
used. In the large-scale 1T-1R investigation, several issues were observed;
interfacial reaction between the channel and O-deficient HfO; resistor and scale
down restriction due to sharing of channel-length and switching-length. These
were solved by inserting PECVD-SiO; passivation between the channel and
source/drain electrode. For the planar-direction NVM behavior between source
and drain electrode, scaled-1R with a 20nm of switching-length using e-beam
lithography process was evaluated. In the scaled-1R with stoichiometric
PEALD-HfO., repetitive planar-direction NVM behavior was observed, and

compatibility with 1T for stable operation in merged 1T-1R was achieved.
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Finally, it was realized that more than 200 cell-string of 1T-1R is possible as a
result of the experimental data-based cell-string number simulation. From this
work, it was shown that the atomic-layer-deposited HfO; layer could be applied
as a resistor layer in the V-TFT-ReRAM field and the defect-engineering of the
resistor is still essential for the future V-TFT-ReRAM research to occupy

storage-memory beyond V-NAND-flash device.
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5. Conclusion

In this dissertation, the defect-engineering of atomic-layer-deposited
HfO; resistive switching layer was investigated to improve resistive switching
performance and achieve planar-direction resistive switching behavior for
neural network and V-TFT-ReRAM (1T-1R) applications. Through the
systematic analysis, the retention failure model was identified in the ultra-thin
HfO, and improved by the defect (Vo)-control in the RS layer. The
electroforming-free behavior was achieved by HfO,-thickness and Vo-control
utilizing the RuO; bottom electrode. The switching uniformity and the synaptic
behavior were highly improved in the electroforming-free device. These results
elucidate the applicability of the defect-engineered HfO,-based ReRAM to
neural network computing. Furthermore, as prior research to the V-TFT-
ReRAM, the HfO,-based planar structure 1T-1R device was investigated. In
the scaled-1R with PEALD-H{O,, repetitive planar-direction NVM behavior
was observed, and compatibility with 1T for the stable operation was achieved.
These results demonstrated that the defect-engineered HfO, layer could be

applied as a resistor in the V-TFT-ReRAM studies.

In the first part of the study, the retention behaviors of a HfO,-based
ReRAM device with an ultra-thin (1 nm) HfO, RS layer were investigated.
Unlike the reported retention failure phenomenon, in the 1-nm-thick HfO,
ReRAM device, both the LRS and HRS currents increased at a certain time,

143 1]



which induced retention failure. The retention tests in both the CVS and non-
CVS modes confirmed that the reset process is the critical step that causes the
retention failure of the device. Through the analysis of the conductance-voltage
relationship, it was confirmed that the increase of the Vo concentration in the
RS oxide layer during the retention test period induces retention failure. The
pristine device has an integral portion of the Vo-enriched region near the Ta
electrode, whose border with the Vo-free region is recessed from the original
position towards the Ta top electrode during the reset process. This recessed
region recovers the original location during the retention test period as it is
thermodynamically more stable, which can induce the reconnection of the
broken conducting filament. This is further facilitated by the increased Vo
concentration within the CF and non-electroformed regions in the memory cell.
Even at the LRS, which is achieved by the sequential operation of the
electroforming, reset, and set processes, the cell current becomes higher after
the retention failure due to the strengthening of the CF by the moving back of
the border to the original position. The EF-only device did not show a sudden
increase in current. As the main reason for the involvement of such unwanted
effect is the overall increase in Vo concentration within the memory cell, the
adoption of a Vo sink layer such as RuO; as the counter electrode of the Vo-

source Ta electrode may improve the retention performance.

On the basis of the switching behavior and the similar material stack of

structure in the first part, the ReRAM device using the PEALD-grown HfO,
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thin film as the switching layer was optimized by Vo-control in the RS layer

through electrode replacement (TiN—RuO;) to use the memory cell as an

analog-type synapse in the neuromorphic circuit. Most problems of the ReRAM
cell to be used as a feasible synapse, such as high non-linearity, high asymmetry
in potentiation and depression, low repeatability and uniformity of the
switching performance, and low retention, are related to the uncontrolled
formation and rupture of the CFs. Such a problem appeared to be closely related
to the electroforming process, which inevitably induced the uncontrollable
formation of the CFs. Therefore, electroforming-free ReRAM was necessary,
which could fundamentally be achieved by thinning the PEALD-grown HfO,
film from (4.5 to 3.0) nm. However, for such a thin film, the adoption of RuO,
bottom electrode, replacing the convention TiN bottom electrode, was essential.
Otherwise, the 3.0 nm-thick film showed too high a leakage current to be used
as a feasible memory. The optimized Ta/HfO»/RuQO, stack provided the
desirable performances for it to be used as a feasible synapse with improved
linearity and symmetry factors. The PEALD HfO, film was initially oxygen-
deficient, which was actually a prerequisite to induce a useful level of leakage
current for it to be used as a feasible ReRAM when it was thicker than ~4.5 nm.
The portion of the HfO, film in contact with the RuO, bottom electrode
recovered the stoichiometric composition, making the interface layer highly
insulating but still thin enough to achieve electroforming-free performances.

These results demonstrated that defect engineering such as Vo in the RS layer
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plays an essential role in improving the switching performance of oxide
ReRAM devices and the applicability of HfO,-based synapse devices to

neuromorphic applications.

On the other hand, the attention to V-TFT-ReRAM devices has increased
as an effort to overcome the limitations of the CBA structure for high-density
ReRAM array and replace currently commercialized V-NAND-flash devices.
As prior research to the V-TFT-ReRAM for replacing V-NAND-flash, the
HfO»-based planar structure 1T-1R device was investigated. However, there
were several issues. First, in the ReR AM research, the repetitive NVM behavior
in the planar-direction rather than the thickness-direction in the RS layer had
not been reported yet. Second, even if the NVM behavior is observed in the RS
layer, it is difficult to achieve compatibility between the resistor and the
transistor operations. Third, because of the inherently symmetric structure, the
switching behavior cannot be controlled by electrode material selection or
bilayer structure as in general ReRAM research. Since the fabrication variable
that can control the resistive switching behavior was limited to the properties
of the RS layer because of the inherently symmetric device structure, it was
essential to engineer the defect like Vo in the resistor to obtain the planar-
direction NVM behavior and compatibility with 1T. From the MIM leakage
current analysis of HfO, deposited under different ALD conditions, it was
confirmed that the defect properties of HfO, can be controlled by deposition

conditions like substrate temperature and O»-plasma power. Next, the large-
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scale 1T-1R with HfO, resistor was investigated, in which the most
stoichiometric PEALD-HfO, and the most O-deficient THALD-HfO, were
used. In the large-scale 1T-1R investigation, several issues were observed;
interfacial reaction between the channel and O-deficient HfO, resistor and scale
down restriction due to sharing of channel-length and switching-length. These
were solved by inserting PECVD-SiO; passivation between the channel and
source/drain electrode. For the planar-direction NVM behavior between source
and drain electrode, scaled-1R with a 20nm of switching-length using e-beam
lithography process was evaluated. In the scaled-1R with stoichiometric
PEALD-HfO., repetitive planar-direction NVM behavior was observed, and
compatibility with 1T for stable operation in merged 1T-1R was achieved.
Finally, it was realized that more than 200 cell-string of 1T-1R is possible as a
result of the experimental data-based cell-string number simulation. From this
work, it was shown that the atomic-layer-deposited HfO; layer could be applied
as a resistor layer in the V-TFT-ReRAM field and the defect-engineering of the
resistor is still essential for the future V-TFT-ReRAM research to occupy

storage-memory beyond V-NAND-flash device.

This thesis presents a deeper understanding of the defect-engineering of
the ALD deposited HfO, switching layer and a pathway to achieve the
improved and desired switching performance. Even though the HfO,-based
ReRAM is still far from the replacement of the currently commercialized V-

NAND-flash device and the adoption as a universal memory, the results in this
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thesis could shed light on this field by suggesting new pathways different from

the conventional approach.
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