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Abstract

Advancement of Internet of Things (IoT) and artificial intelligence (AI)
boosted the development of next-generational computing system — neuromorphic
computing. Also referred to as brain-inspired computing, unlike currently used von
Neumann architecture that processes data sequentially, this technology is able to
handle huge amount of data in parallel by integrating the role of processor and
memory simultaneously. Not limited to the parallel processing capability, utilizing
the neuromorphic computing system would pave the way for efficient solutions to
the field of automotive, healthcare and consumer electronics industries. In order to
meet an expectation of next-generation in-memory computing technology,
numerous research facilities deal with state-of-the-art devices that could be
implemented with a hardware-driven architecture. Resistive Random Access
Memory (RRAM) has been widely investigated as one of possible candidates for
synaptic devices by taking advantages of its scalability, CMOS compatibility and

simple structure. Using various switching materials make RRAM device attractive



in terms of optimizing the energy efficiency for neural network application.

Conventional metal-insulator-metal (MIM) structure has higher reliabilities to

function as the synaptic device, yet comparatively high current level reaching a few

mA limits RRAM to expand to large size cross-point array. To solve this problem,

metal-insulator-silicon (MIS) structured RRAM device has been given attention for

its relatively low current level, which suits for low power operation of

neuromorphic computing system.

In this dissertation, Nickel silicided (NiSi) nano-wedge RRAM array was

fabricated for potential application as a synaptic device. Instead of having highly-

doped Si bottom electrode (BE), NiSi has relatively lower resistivity which lead to

decreased switching power consumption. Performing neural network requires a

large size cross-point array operating at low energy. Utilizing NiSi BE nano-wedge

RRAM not only reduce the total power, but metallic BE improves the switching

reliability issues. Furthermore, NiSi BE wire in the cross-point array has largely

reduced a wire resistance, which is essential during a vector-matrix multiplication

(VMM) to guarantee high accuracy of data recognition. Based on fabricated nano-

ii



wedge RRAM array having both Si and NiSi BE, we performed a current

summation and obtained improved results with less current loss from NiSi BE array.

In addition, SPICE simulation was carried out to analyze the optimized ratio

between the cell and wire resistance in order to minimize the current loss.

Reduction of wire resistance by using NiSi BE on nano-wedge RRAM array not

only achieved an improvement of switching parameters, it showed a feasibility of

hardware implemented synaptic device for neuromorphic computing application.

Keywords: Synaptic devices, resistive random access memory, in-memory

computing, NiSi nano-wedge RRAM array, wire resistance, vector-matrix

multiplication

Student number: 2017-30590
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Chapter 1

Introduction

1.1 Background

Growing demand for fast and connected communication accelerates a
transformation from the von-neumann architecture to parallel in-memory
computing as the capacity of data utilization is explosively reaching its
limitation [1]. Since a sequential computing system that exchanges data between
cpu and memory has confronted with scaling issues of CMOS transistors, next-
generation memory is under the extensive research to replace the current CMOS
logic [2]. One of rising technologies to replace the current computing system is

biomimetic neural network that processes the data in parallel. This does not only



take advantages of areal overheard issues, huge amount of data from Internet of

Things (IoT) and artificial intelligence (AI) applications could be handled in

fast speed without bottleneck. In order to achieve this state-of-the-art system,

synapse devices implemented between pre- and post-neurons are essential to

carry out the parallel operations. Resistive random access memory (RRAM) has

been received as one of promising candidates to replace current sequential logic

processors for the synaptic device applications due to its simple structure,

CMOS compatibility and fast speed [3-8]. Fig. 1.1 illustrates the biological

neural network and principles of electronic synaptic device, respectively. The

purpose of synaptic device utilization is to achieve target weights of synapse

array by controlling its conductance. Conventional metal-insulator-metal (MIM)

structure is the well-known stack which have been reported for synaptic device

applications [9-11]. Fig. 1.2 shows RRAM-based cross-point array optimized

for neural network systems. As depicted in the Fig. 1.3, input pulses are applied

to each word line of the RRAM cross-point array with pre-transferred weights



from the software training, thereby measuring the output current from bit line
through vector-matrix multiplication (VMM). The VMM is simply the

multiplication of input voltage and conductance of RRAM

CMOS pre-neuron d

RRAM
synapse

d CMOS post-neuron

e

Fig. 1.1. Biological synapse between pre- and post- neurons (left) and electronic

synaptic device using an RRAM device (right) [12].

Fig. 1.2. Schematic of RRAM based cross-point array [12].



000
O

Xl
\
r LN
Input weight Output weight

Fig. 1.3. Schematic of synapse based neural network. Input signals from X’ are
multiplied with pre-transferred synaptic weights, which are then transferred to

the output Y to compare with the actual values [13].

array to achieve the current summation [14-16]. Yet, one of intrinsic issues of
the MIM RRAM devices is its high current level that prohibit its expansion to

the ultra-high density cross-point array. According to Fig. 1.4, average current



level of MIM RRAM devices reaches up to a few mA, which is unrealistic for
low power operation of neuromorphic computing application. Reliability issues

are another key factors that limiting the commercialization of RRAM devices

[17, 18].
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Fig. 1.4. DC I-V curves of the Al/TiO./TiO2/Al (a) and Ti/TiO2/Pt (b) RRAM

where both stacks have metal electrodes [19, 20].
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1.2 Silicon BE RRAM as a synaptic device

In order to solve typical issues of MIM RRAM device, metal-insulator-
silicon (MIS) RRAM devices have been introduced by Kim. et. al. [21-25].
According to reported literatures, Si bottom electrode (BE) not only exhibits
low current and thus reducing the switching power, the fabrication process of
MIS RRAM device has full compatibility with existing CMOS logic, indicating
that there is not necessary for extra cost. Conduction mechanism as well as
switching characteristics of Si BE RRAM device proved its superiorities to fit
in as large-size cross-point array. Another important aspect when considering
RRAM device for hardware-implemented synaptic device is the gradual
properties [26-28]. This features are required when operating analog tuning of
RRAM based synaptic devices in order to maximize the accuracy of data
recognition rates such as MNIST and CIFAR-10. As demonstrated in [29], a

highly-doped n*-Si showed gradual switching characteristics in both DC and



pulse measurement. It has shown that the gradual switching characteristics are

also depending on pulse widths and amplitudes [30].



Chapter 2
Si nano-wedge RRAM device

2.1. Electrical characteristics of planar RRAM device

with Si bottom electrode

For thorough analysis of metal-insulator-silicon (MIS) RRAM device, we
fabricated the Si bottom electrode (BE) RRAM device with the structure of
TiN/HfO,/Si0,/p*-Si. Prior to scale down the device size, simple planar RRAM
device with the size of 100 um X 100 um was fabricated as depicted in Fig.

2.1.
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Fig. 2.1. (a) Schematic of the fabricated RRAM device with tunneling barrier
layer (SiO2) insertion and (b) process flow of TiN/HfO»/SiO2/p"-Si RRAM
device fabrication. Cross-sectional TEM image of the fabricated device (c) and

Energy Dispersive Spectroscopy (EDS) analysis of taken TEM image (d).



The schematic of fabricated RRAM device consists of TiN (top
electrode, TE), HfO> (switching layer), SiO2 (tunneling barrier layer) and boron
doped Si BE. The purpose of tunneling barrier layer insertion is to increase the
nonlinearity of the I-V curve, thus leakage current under the low bias could be
suppressed [31, 32]. As shown in the Fig. 2.1 (b), the process flow of the planar
RRAM device fabrication is as follow: implantation of BF>" ions with dose of
5 X 10" ¢cm™ and energy of 40 keV was carried out, which is followed by
deposition of SiO> layers using Medium Temperature Oxidation (MTO)
equipment. The thicknesses of SiO, were split into three: 1.5 nm, 1.9 nm and
2.4 nm for the comparison of nonlinearities. The RRAM device without the SiO2
layer was also fabricated as the control one. Next, HfO, (4.4 nm) as the
switching layer was deposited by the Atomic Layer Deposition (ALD). For the
TE, TiN with the thickness of 100 nm was deposited via the Endura Sputter. The
pattern of circular RRAM was acquired by the insertion of shadow mask right

before the TE deposition. Fig. 2.1 (¢) represents the taken TEM image of the

10



fabricated RRAM device and EDS component analysis is shown in (d). It is
clear that each component is located at its corresponding spot.

In order to investigate the electrical characteristics of the fabricated
device, DC measurement was carried out and the results are illustrated in the
Fig. 2.2. For the purpose of comparison, electrical characteristics of the RRAM
devices with and without the tunneling barrier layer were measured. The
compliance current (Icc) applied to the RRAM devices were 1 mA and 300 pA.
Fig. 2.2 (a) shows the I-V curves of TiN/HfO»/p"-Si while Fig. 2.2 (b) is the I-
V curve of TiN/HfO/SiO2/p"-Si. It is clearly seen that the leakage current
(during the initial forming process) is much lower in the RRAM device with the
Si0» layer insertion. This is attributed to an effect of higher bandgap of SiO (~
9.2 V) compared to that of HfO, (~ 5.5 eV), making electrons difficult to jump
over the barrier of SiO,. This led to an increased nonlinearity of SiO»-inserted

RRAM device which is defined below:

I@VRgap

1
1@ > Vreap
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where ‘I’ represents the current at the applied read voltage (1 V).
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Fig. 2.2. (a) Measured DC I-V characteristics of TiN/HfO2/p*-Si and (b)

TiN/HfO,/Si0,/p*-Si, respectively.
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Fig. 2.3. (a) Distribution of VrorminG and (b) Ion at VrReap =1 V.
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In order to compare the forming voltage among the fabricated RRAM

devices with and without the SiO» layers, statistical distribution of VrorminG

and on current (Ion) during the low resistance state (LRS) were plotted in Fig.

2.3. Data in the Fig. 2.3 (a) show that the forming voltage increases as the

thicknesses of Si0; layer increases, indicating more electric field is required to

breakdown the tunneling barrier layers. Furthermore, on current in LRS is

getting lower as the SiO; layer thicknesses increase (Fig. 2.3 (b)) which

concludes that electron tunneling distance increased. Nonlinear factors were

calculated according to the definition mentioned above and plotted in Fig. 2.4.

Compared to the RRAM device with the tunneling barrier layer, the one without

it has the lowest nonlinearity, suggesting the inability of single switching layer

(HfO») to inhibit the current levels at low bias. Thicker SiO> layer may increase

the nonlinear factors, but there needs an optimized thickness since larger

switching voltages may be required in case the TB is deposited as thick as the

switching layer.
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Fig. 2.4. (a) Nonlinear factors of the planar Si BE RRAM device with and
without the tunneling barrier (TB) layers. As the thickness of TB increases, the

value of nonlinearity also increases.
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2.2. Novelty of wedge-structure

2.2.1. Scaling effect

One of critical issues arising from the planar RRAM device is its high
current from unexpected path within the switching layer [33-35]. As shown in
Fig. 2.5, it represents the typical DC I-V characteristics of RRAM device with
Ni/HfO2/p"-Si structure. By setting the compliance current to 100 pA, the
maximum current level goes beyond the mA, which is a huge current level to
apply for the synaptic device application [36-39].  Fig. 2.6 reveals the transient
effect of set (a) and reset (b) pulses during the switching processes. Although
the switching speeds are fast enough compared to existing NAND Flash
memories [40], the maximum current reaches to 1.5 mA which is not practical
solution for hardware-implemented neuromorphic computing architecture. To
solve this issue, it is essential to fabricate RRAM devices with low current
operating at reliable conditions. Fig. 2.7 depicts the effect of RRAM cell scaling.

VrorMminG has been increased from 1 V to 2.8 V as the cell size scales from 108

15



m? to 10°* m?.

Current [A]
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Fig. 2.5. DC I-V of Ni/HfO,/p"-Si. Indicators are the sequences of forming, reset

and set switching process. The maximum current level reaches up to a few mA.

Inset figure is the fitting of schottky emission during the HRS conduction.
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Vet has also been increased 0.7 V to 1.2 V. This is attributed to higher

electric field required to induce vacancies within the switching layer of RRAM

devices, where the vacancies eventually form the conductive filament to flow

electrons. For the cell resistance, scaling the cell size reduces the current level

or increases the resistive states. Fig. 2.7 proves the increase of cell resistance.

This demonstrates the current level decreases as the cell size scales down and

deemed as the key factor to utilize RRAM device as electronic synapses [42].

Scaling method of MIM RRAM device is difficult in a sense that metal

is not suitable for CMOS fabrication. To solve this problem, scaling Si BE has

been regarded as an alternative to replace MIM RRAM device. Existing scaling

method includes sidewall etching or e-beam lithography that could scales the Si

down to sub 100 nm. Yet, sidewall etching has complicated fabrication process

that costs much. E-beam lithography also has issues of mix and match process,

which plays as a bottleneck between the cell scaling and pad lithography. It is

also an expensive process that may not be ideal for massive production.

18



2.2.2. Fabrication process of Si nano-wedge RRAM

In alternative to mentioned scaling technologies, wet-etching of Si fin
using an anisotropic wet etchant is deemed to be a simple fabrication process.
In detail, Tetramethylammonium hydroxide (TMAH) with 25% solution is an
anisotropic wet-etchant that etches the Si fin. Fig. 2.8 illustrates the distance
etched (left) and temperature-dependent etch rate (right). Fig. 2.9 is the taken
Scanning Electron Microscopy (SEM) image after formation of Si fin structure
with a width of 500 nm (£ 10% error). The left side of Fig. 2.9 is the wedge
structure that has been obtained by dipping the wafer into the TMAH solution
for 9 minutes while the one in the right has been dipped for 9.5 minutes. It could
be known that, as the wet etching time increases, direction-dependent Si fin

could be shaped into tip structure.
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Fig. 2.8. Relation between distance etched vs. time (left) and etch rate vs.

temperature of TMAH anisotropic wet etching process (right) [43].
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Fig. 2.9. SEM image of the fabricated Si nano-wedge structure. The initial fin
width started at 500 nm. The figure in the left has been wet-etched for 9 minutes
while the one in the right for 9.5 minutes. The tip size scaled from 46 nm down

to 10 nm, proving the direction and time dependent crystalline silicon.
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Before fabricating the Si BE nano-wedge RRAM device, we cleaned the

6-inch wafers to remove possible contaminants such as organic matters and

metallic as well as non-metallic particles. Fig. 2.10 shows the full schematics

of Si BE nano-wedge RRAM fabrication. Si fin patterning and etch using a poly-

etcher is processed to form the fin width of 500 nm (Fig. 2.10 (a)). Then, the

wafer is dipped into the TMAH wet etchant for 10 minutes and 15 seconds to

minimize the tip of Si and form the wedge structure (Fig. 2.10 (b)). This

structure is obtained by different etch rate on different direction of the

crystalline Si (Fig.2.12 (d)). In detail, the silicon is direction-dependent while

dipped into the TMAH solution where the etch rate of <100> and <110>

direction with respect to <I111>is 37 and 68 times faster, respectively. Isolation

layer consists of Tetra-ethyl-ortho-silicate (TEOS) is deposited on top of the Si

wedge, which is followed by chemical mechanical planarization (CMP) and

hydro-fluro (HF) cleaning to planarize the layer and expose the Si wedge for the

next process (Fig. 2.10 (¢)). Ion implantation using As" ions with the energy of
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40 keV and dose of 5 x 10'° cm™ was carried out. After fully activating the

active bottom electrode Si wedge, TiO, as a switching layer is deposited on top

of the wedge by using a sputtering process (Fig. 2.10 (d)), which is followed by

deposition of Ti as a top electrode (TE) as shown in the Fig. 2.10 (e).

Photolithography of TE patterning is processed, and 300 nm thick SiO is

deposited on top of the Ti TE for hole etching. The purpose of creating holes is

to fill the metal stack of Ti/TiN/Al/TiN with the total thickness of 490 nm. Final

nano-wedge RRAM device is obtained after patterning the pad as illustrated in

the Fig. 2.10 (f). For comparison purpose, nano-wedge RRAM device with HfO,

switching layer was equally fabricated.

Fig. 2.11 shows the TEM image and EDS analysis of fabricated TiO,-

based nano-wedge RRAM device while Fig. 2.12 (a, b and c) are those of HfO,-

based device. Both images clearly formed the nano-wedge structure, where the

width has been scaled down to sub 4 nm.
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Fig. 2.10. Schematic of process flow for the fabrication of nano-wedge
structured RRAM. Patterning and dry-etching the active bottom electrode (a)
followed by TMAH anisotropic wet-etching to form the wedge structure of BE
(b). Deposition of TEOS layer and CMP process is accompanied in order to
expose the tip of BE, where As" ions with the energy of 40 keV and dose amount

of 5 x 10" cm? are injected to allow it conductivity (c). (d) 15 nm-thick
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switching layer (TiOy) is deposited using a sputter. Top electrode (Ti) patterning

(e) and pad photolithography (f) are sequentially processed, where the contact

hole etching connects the pads with BE and TE, respectively.

100 |
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Fig. 2.11. Cross-sectional TEM image of highly doped Si BE nano-wedge
RRAM device (a). Capacitive dividing during the voltage application (VTE and
gnd) is shown between TiOx and SiO2 (interfacial layer, formed in-between red-
dotted lines). EDS analysis of taken TEM image is depicted in (b). Light green

area represents the interfacial layer formation.
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Fig. 2.12. TEM images of the fabricated nano-wedge RRAM device (a) and

enlarged wedge-structure (~ 4 nm, (b)). Energy-Dispersive Spectroscopy (EDS)

analysis of the take TEM image (c) and the direction of the anisotropic wet

etching of silicon fin while dipping it into the TMAH wet etchant.
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2.3. DC characteristics

2.3.1. HfOx-based nano-wedge RRAM

In order to analyze the basic electrical properties of the fabricated HfO-
based wedge RRAM device, we applied DC bias scheme to switch the device.
In order to investigate the gradual switching characteristics, lower Icc with 10
pA was applied. The current compliance prevents current overshoot, which can
be further inhibited by setting lower Icc. Fig. 2.13 demonstrates the gradual reset
switching for both planar (a, b) and nano-wedge (c,d) RRAM device under the
low compliance current. Clearly, in the Fig. 2.13 (a) and (¢) which present DC
I-V curves for the planar and nano-wedge with Icc = 10 pA, less than an order
increase in current level is seen right after the set switching. This stands in
contrast with the abrupt set switching in Fig. 2.13 (b) and (d) with I.c = 100 pA.
Not limited to inhibited current overshoot in Fig. 2.13 (a) and (c), gradual reset
switching processes from both devices indicate the gradual rupturing of the

filament from the lower current level after set switching process. As a result,
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there is not much current drop during the reset switching. From the Fig. 2.13

(d), a conductive filament is formed around 6 V and the nano-wedge RRAM

becomes low resistance state (LRS). Negative bias is applied to reset the device

to high resistance state (HRS) which is occurred around — 3 V. Reset process is

done by rupturing part of the filament near the top electrode. Several cycles of

set-reset switching processes with the abrupt switching are shown in the Fig.

2.13 (b) and (d). By comparing the DC switching characteristics of the planar

and nano-wedge RRAM devices as illustrated in the Fig. 3 (b) and (d), both

figures show the abrupt switching without an exception. However, the current

level of the planar device (Fig. 2.13 (b)) is higher than that of the nano-wedge

(Fig. 2.13 (d)) due to reduced area of the switching layer in which the oxygen

vacancies are formed, contributing to decreased number of electrons flow.

Larger area may have higher number of defects, thus denser (thicker) oxygen

vacancies may form that lead to higher current levels.
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Fig. 2.13. DC I-V characteristics of the fabricated RRAM devices for the 4.9 x

10° nm? planar (a,b) and 4 x 500 nm? nano-wedge (c,d) structure under the

compliance current (Icc) of 10 pA and 100 pA.
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Underlying switching mechanism of the nano-wedge RRAM is

graphically shown in the Fig. 2.14. From the DC I-V curve, memory window of

at least an order difference clearly demonstrates the device’s switching

mechanism is based on the oxygen vacancy movement, causing an abrupt

FORMING switching. Once the filament is formed, both LRS and HRS

conduction mechanism fits well with trap-controlled Space Charge Limited

Conduction (SCLC) with three distinct slope regions, as observed in the Fig.

2.15. From high bias ‘III’ region in HRS and LRS, high slopes are seen where

the current rapidly increases due to positively charged vacancies excited toward

Ti top electrode.
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Fig. 2.14. Oxygen vacancy movement under different voltage polarities. (a) At
low positive bias, oxygen ions start evacuating within the HfO layer and leave
behind the oxygen vacancies (also known as hafnium ions). (b) As the bias
becomes higher, denser oxygen vacancies form a conductive filament through
which current flows. Oxygen ions are scavenged below the top electrode. (¢)
Applying negative bias on the top electrode causes reduction of oxygen ions
which lead to re-combine with hafnium ions to break the filament and limiting

the current back to HRS.
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Fig. 2.15. Double-logarithm I-V plot. Inset shows the original set transition of
nano-wedge RRAM device under the I of 10 pA, used to express the double-
logarithm I-V plot. Three distinct slope regions are marked with values of slope
above each colored line. ‘I’ region follows the ohmic conduction behavior
following I o<V (< 1 V region) regions while ‘II' and ‘III' regions follow
Child’s Law (I o V?). Third ‘III' region (blue line) also belongs to SET

transition from HRS to LRS.
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2.3.2. TiOx-based nano-wedge RRAM

DC characteristics of TiO.-based wedge RRAM device are depicted in
Fig. 2.16. Initial forming process is occurred above 6 V, which is large enough
compared to reported MIM structures [44, 45]. Not limited to this, cycle-to-
cycle variations are huge that distribution range is 4 orders of magnitude (Fig.
2.17), indicating the issues of uniform conductance (weight) requirement for the

synaptic device application.
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Fig. 2.16. DC I-V characteristics of Si BE nano-wedge RRAM device. HRS

variations are distributed over 4 orders of magnitudes.
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Fig. 2.17. Endurance of Si BE nano-wedge RRAM device. detailed switching

conditions are stated in the databox, and larger variations among conductance

values are illustrated.
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2.4. Pulse characteristics

For neuromorphic computing application, a pulse switching is practical

solution, which is the reason for the need of analysis of pulse switching

characteristics. As shown in Fig. 2.18, a pulse scheme with 6 V for set

(potentiation) and - 4 V for reset (depression) switching was applied with 100

us pulse width for both cases. The abrupt change in conductance variation is

seen from the planar device (Fig. 2.18 (a)) while that is gradually increasing for

both set and reset switching process of the nano-wedge RRAM device (Fig. 2.18

(b)). Gradual set and reset from the nano-wedge RRAM under the low Icc (10

pnA) indicates the smaller number of oxygen vacancies existing within the HfO,

layer, preventing an abrupt current level drop by gradual rupturing of the

conductive filament. This is significant to perform hardware implemented

neural network with fine weight tuning and high accuracy achievement. Further

pulse width modulation under certain threshold could not be able to set the nano-

wedge RRAM, leading to inability of switching process. The conductance level
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after the device being potentiated was 30.1 uS while that for the largest device

is 469 uS, achieving more than an order reduction in current level
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Fig. 2.18. Pulse measurement for investigating the potentiation (set) and

depression (reset) of the fabricated planar (a) and nano-wedge (b) RRAM

devices.
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2.5. Limitation of Si BE RRAM device

Although Si bottom electrode (BE) nano-wedge RRAM device proved

to be suitable for low power operation of hardware-implemented synaptic

device application, there exists number of drawbacks that prevent MIS RRAM

to be commercialized. First, switching power is still large due to unexpected

overshoot current while forming and set switching process. Fig. 2.16 shows he

severity of current overshoot, and large cycle-to-cycle and device-to-device

variations are another non-ideal aspects of Si BE RRAM device. These issues

eventually limit the RRAM device to be implemented as synaptic devices, and

the reliability of the system may be exacerbated.

According to the measured DC I-V curves in Fig. 2.19 (b), Si BE nano-

wedge RRAM with the width of 50 nm is suffering from the current overshoot

with more than 2 orders of magnitude. During the reset switching process, the

current level drops from 100 pA to a few pico-amperes, indicating the

seriousness of bottlenecks for multilevel conductance acquirement.
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Fig. 2.19. (a) is the fabricated Si3N4-based nano-wedge RRAM device with the

wedge width of 50 nm and (b) is the I-V characteristics of the device.
From the above results, it is undeniable that Si BE RRAM device still
prevents itself from becoming the ideal synaptic device. Thus, it is required to

search for other materials that are necessary to reduce non-idealities and make

the scaled nano-wedge RRAM practical for neural network application.
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2.6. Nickel silicidation to the bottom electrode

The biggest advantages of using MIM RRAM is its uniform switching

cycles and highly reliable electrical properties. Yet, high current levels from the

existing MIM RRAM device hinder its practical application to synaptic devices.

As a result, we suggest a novel application of Nickel (Ni) silicidation to a

highly-doped Si bottom electrode (BE) to achieve current levels lower than

those of MIM RRAM devices but still with reliable and uniform parameters.

The silicidation technique is used to reduce contact resistance of source/drain

regions as devices scale down. We used this technique to make the Si BE

metallic, thereby reducing the resistance of Si BE and the voltage drop across

the fabricated RRAM device.

The fabrication process of single NiSi BE RRAM device is exactly equal

to that of TiO-based Si nano-wedge RRAM device, except for deposition of Ni

(10 nm) and TiN (as a capping layer, 30 nm) followed by annealing at 450 °C

for 60 seconds. Fig. 2.20 shows the TEM and component of each element for
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the fabricated NiSi BE RRAM device.

d0mm
| —

Fig. 2.20. TEM image of fabricated NiSi BE RRAM device (left) and color

mapping analysis of the taken image (right).
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2.6.1. Effect of NiSi on its resistivity

In order to analyze the resistance of fabricated NiSi BE RRAM device,
we prepared a sample with Ni silicidation on top of highly-doped n*-Si. The
measured resistivity is shown in Fig. 2.21. The device for resistivity
measurement is 4-point probe, which measures the sheet resistance then
calculate the resistivity. As illustrated in the Fig. 2.21, the average resistivity is
1.25 pQ-cm, which is uniform throughout the 6-inch wafer. This also indicates
the uniform formation of Ni silicidation, proving the stability of this specific

fabrication process.
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NiSi resistivity [p-cm]

Fig. 2.21. Measured resistivity of fabricated NiSi BE RRAM device.
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2.6.2. Comparison of NiSi and TiSi

Silicidation is not necessarily limited to Nickel. Instead, Titanium is
another good candidate for the silicidation. As a result, we fabricated planar TiSi
BE RRAM device. The measured resistivity of TiSi and NiSi are illustrated in

Fig. 2.22. The average resistivity of TiSi was higher than that of NiSi by 22 %.

TiSi resistivity [pQ-cm]

NiSi resistivity [nQ-cm]

Fig. 2.22. Measured resistivity of TiSi (a) and NiSi (b) on the 6-inch wafer.

The fabrication condition of TiSi is to deposit 10 nm of Ti and 30 nm of

TiN (to prevent oxidation of Ti during the annealing process), which is followed
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by annealing at 800 °C for 240 seconds. Fig. 2.23 shows the full process flow
of TiSi BE RRAM device, its schematic and the TEM image. As stated in the
Fig. 2.23, after Ti silicidation the residual TiN and Ti is being stripped using
H2SO4 which is acidic solution. 15 nm TiO, and 100 nm Ti is sequentially

deposited using the sputter and electron beam gun (e-gun) respectively.

(a) (b)
‘ Ti 10nm / TiN 30 nm dep.

® Annealing @ 800°C for @ S

240 seconds B

@ Ti strip using H,SO, TiSi

TiO, 15 nm & Ti 100
nm dep. & etch

Fig. 2.23. (a) Process flow of the TiSi BE RRAM device, (b) a schematic of the

fabricated device and (c¢) taken TEM image of the TiSi RRAM device.
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The electrical characteristics of TiSi and NiSi BE RRAM device using

DC bias were measured to compare each other. Fig. 2.24 (a) shows the [-V curve

of TiSi BE RRAM where the red cycle indicates the initial switching at 3 V

under the I.c of 200 pA. For the grey cycles the I.c have been changed from

cycle to cycle since the device was sometimes un-switched at specific Ilcc.

Equally, NiSi BE RRAM also showed similar DC switching characteristics (Fig.

2.24 (b)) compared to TiSi BE, except for slightly increased range of Icc up to

500 pA. To make as accurate comparison as possible, we made statistical

distribution of switching parameters (forming/set/reset voltages) as well as

resistive states (both LRS and HRS). Fig. 2.25 (a) fully shows the distribution

of measured data from the Fig. 2.24. Vrorming of both devices are around 3 V

while average Vser of TiSi BE RRAM device (1.8 V) is slightly higher than that

of NiSi BE RRAM device (2.1 V). For Vreset, NiS1 BE RRAM device exhibits

at lower bias (-1.5 V) than TiSi RRAM device (1.65 V). It is interesting that,

however, the variation of switching parameters in TiSi BE RRAM device is less
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than that of NiSi BE RRAM device, suggesting the irrelevance of resistivity on

switching parameter improvement. Fig. 2.25 (b) depicts the measured LRS and

HRS of both devices. Equally, variations of TiSi BE are better than those of NiSi

BE RRAM device.
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Fig. 2.24. DC characteristics of TiSi BE RRAM (a) and NiSi BE RRAM (b) for
the compliance current (I.c) range of 100 ~ 300 pA and 300 ~ 500 pA,

respectively. Various I.c were applied to allow the device for full operation until

it reaches the stage of un-switchable state.
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2.6.3. Process flow of single NiSi BE nano-wedge RRAM

device

For the application of Ni silicidation to the highly-doped n*-Si bottom
electrode, we fabricated another Si wedge structure RRAM device. The process
flow of the single NiSi BE RRAM device fabrication is fully shown in Fig. 2.26
and Fig. 2.27. Fig. 2.26 (a) is the schematic of Si wedge-structure and (b) shows
right after the deposition of TEOS SiO> layer for the isolation. After a formation
of 500 nm width fin through dry etching process, the wafer is dipped into an
anisotropic wet etchant TMAH for 10 minutes. Based on different etch rate of
<100> and <110> with respect to <111> direction, the Si wedge structure is
obtained. Tetra-Ethyl-Ortho-Silicate (TEOS) layer is deposited via PECVD to
isolate the device. Planarization of TEOS layer through Chemical Mechanical
Polishing (CMP) process and hydro-Fluoro (HF) cleaning is done to expose the
tip of Si BE. In order to activate the Si BE, ion implantation with an energy of

40 keV and dose of 5 x 10'> cm™ were executed after growing a screen oxide
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layer (~ 10 nm) as illustrated in the Fig. 2.26 (¢). Ni (10 nm) and TiN (30 nm)

were sequentially sputtered on top of Si tip after the removal of screen oxide.

N2 gas annealing at 450 °C for 60 seconds was carried out to silicide the Ni into

NiSi (Fig. 2.26 (d)). TiN was used as a capping layer to prevent oxidation of Ni

during the silicidation. After etching the TiN using a Sulfuric acid, 15 nm thick

TiO, switching layer was sputtered onto the surface of NiSi, which is followed

by top electrode formation through depositing the Ti (~ 100 nm) as depicted in

the Fig. 2.27. the cross-sectional view of the fabricated NiSi and Si BE nano-

wedge RRAM devices are shown in the Fig. 2.27 (b). The fabricated RRAM

device size is 4 nm x 500 nm. TEM image of the fabricated NiSi BE nano-wedge

RRAM is shown in the Fig. 2.28 and energy-dispersive spectroscopy (EDS)

component analysis is plotted in the Fig. 2.28 (d). For comparison, a highly-

doped n"-Si BE nano-wedge RRAM device was fabricated as the reference

device.
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Fig. 2.26. Process flow of NiSi BE nano-wedge RRAM device. (a) is after
TMAH wet etching of Si fin, which is followed by deposition of TEOS SiO2

layer for the isolation (b). Activation of bottom electrode (c) is necessary before

Ni silicidation to the active (d).
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(b)

Cross-section of Cross-section of
Si-BE RRAM NiSi-BE RRAM

Fig. 2.27. Full schematic of the fabricated single NiSi BE nano-wedge RRAM
device (a). cross-section of the fabricated Si and NiSi BE RRAM devices are

shown in (b).
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Fig. 2.28. Top SEM image of the fabricated NiSi BE RRAM single device (a)

and enlarged wedge structure of NiSi BE (b). TEM image of full cross-section

of the fabricated device (c¢) with EDS analysis (d).
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2.7. Improvement of switching parameters in NiSi BE

RRAM device

Electrical characteristics of both highly-doped n*-Si and NiSi BE nano-
wedge RRAM devices were analyzed in order to demonstrate the improvement
of switching parameters and reliability properties. All DC and pulse switching
measurements were carious out using BIS00A Agilent Electrical Analyzer and
WGFMU ultra-fast IV measurement unit.

First, DC characteristics of Si and NiSi BE nano-wedge RRAM devices’
cycle-to-cycle variations are illustrated in Fig. 2. 29. The larger variation among
the cycles of Si BE device is seen, in the Fig. 2.29 (a), with HRS variations of
4 orders of magnitude. In contrast, cycle variations are minimized and LRS are
uniform except for the initial forming process of NiSi BE device (red curve, Fig.
2.29 (b)). Uniformity of conductance is statistically illustrated in the Fig. 2.29

(c). Si BE LRS shows a wider distribution within 1 order of magnitude, while
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both high and low conductance are tightly distributed over 200 cycles as

demonstrated in the Fig. 2.29 (d). HRS of Si BE device exist over the span of 4

orders of magnitude, but linear scale (Fig. 2.29 (¢) and (d)) plot the data near

zero conductance value. From the cumulative data shown in the Fig. 2, average

LRS and HRS value for NiSi BE nano-wedge RRAM device are 3.48 uS and

352 nS, while those of Si BE nano-wedge RRAM device is 45.6 uS and 711 nS,

respectively. We found the major factor contributing to increased conductance

level in Si BE device is due to high switching voltages.
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Fig. 2.29. DC I-V characteristics of Si BE (a) and NiSi BE (b) nano-wedge

RRAM device. Compliance current (Icc) is applied at 10 pA. (¢c) Cumulative

distributions of LRS and HRS within a single device and (d) enlarged parameter

distributions of NiSi BE RRAM at Vreap =1 V.
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Device-to-device variations of fabricated nano-wedge RRAM devices

are shown in Fig. 2.30. After measuring 100 different devices, an average

VrorMminGg of NiSi BE device is reduced to 4.37 V, which is a 17% reduction from

that of Si BE device (5.28 V) as depicted in the Fig. 2.30 (a). Both average Vst

and Vgreser of NiSi BE device were reduced from 5.13 Vand -3.94 Vto 2.34 V

and -1.61 V after the silicidation, respectively, as plotted in the Fig. 2.30 (b, c).

Smaller relative standard deviation (6/p) of NiSi BE device indicates that the

data are tightly distributed with less device-to-device variations. Main

Contribution of reduction of switching parameters comes from the Ni

silicidation of Si, which reduced the resistance of BE and thus a total voltage-

drop across the nano-wedge RRAM device decreased.
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Retention test as illustrated in the Fig. 2.31 (a) shows that both Si and

NiSi BE nano-wedge RRAM single device keeps stable states under the

temperature of 85 °C for 10* seconds. A set of pulses was applied to switch the

NiSi BE nano-wedge RRAM single device and detailed pulse conditions are

stated in the data box of Fig. 2.31 (b). Note that the endurance test result of Si

BE RRAM device is illustrated in the Fig. 2.17. Unlike larger cycle-to-cycle

variability of Si BE RRAM device in the Fig. 2.17, the endurance of NiSi BE

RRAM device, in linear scale, showed uniform conductance over 40k cycles.
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Fig. 2.31. Reliability data showing the retention characteristics (a) of Si and
NiSi BE nano-wedge RRAM devices at 85 °C for 10* seconds and endurance of

NiSi BE nano-wedge RRAM single device (b).

A single pulse was applied to show transient characteristics of the
fabricated devices as depicted in Fig. 2.32. Red arrows show the fast switching
speed (a few nanoseconds) for both types of nano-wedge RRAM devices,
demonstrating the independence of switching speed on device types. (a) ~ (¢)
and (d) ~ (f) respectively represent forming/reset/set switching transients of Si

and NiSi BE nano-wedge RRAM device.
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Fig. 2.32. Transients of Si (a ~ ¢) and NiSi BE (d ~ f) nano-wedge RRAM device.
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arrows represent the switching speed, which is independent from device types.

Values of the switching parameters are stated within each data box.
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Switching speed of the fabricated devices ranges from 30 ns to a few us,

depending on the level of pulse amplitude as illustrated in Fig. 2.33. The peak

current during the forming process of Si BE reaches to 1.1 mA (Fig. 2.32 (a))

while that of NiSi BE is kept to 160 pA. Equally, maximum current levels of

NiSi BE device during the reset and set switching are decreased to 250 pA and

150 pA. These values reduced by 58 % (from 600 pA) and 87.5 % (from 1.2

mA) compared to current levels of Si BE device. Decreased peak current levels

of NiSi BE nano-wedge RRAM device are attributed to reduction of switching

voltages as shown in each data box of Fig. 2.32.
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Fig. 2.33. Enlarged pulse transients from the Fig. 2.32 to show the switching

speed of Si (a ~ ¢) and NiSi (d ~ f) nano-wedge RRAM device. Switching speed

distributes from tens of nanoseconds to a few microseconds, depending on the

value of pulse amplitudes.
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To further analyze the reduction of switching parameters

(forming/set/reset voltages) of NiSi BE nano-wedge RRAM device, a TEM

image of highly doped Si BE nano-wedge RRAM device was taken as shown in

Fig. 2.34 (a). During the sputtering of TiOy, oxygen may have reacted with n"-

Si to form the SiO» interfacial layer (IL). EDS analysis in the Fig. 2.34 (b)

confirms the existence of oxygen and silicon between TiO, and n"-Si (light

green region). This IL, along with deposited TiO., increases the effective

thickness of switching layer. From the Fig. 2.34 (a), a capacitive divider is

drawn to show the effect of capacitive dividing during the voltage application

(VTE, Top Electrode voltage).
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Fig. 2.34. Cross-sectional TEM image of highly doped Si BE nano-wedge

RRAM device (a). Capacitive dividing during the voltage application (Vte and

gnd) is shown between TiOx and SiO> (interfacial layer, formed in-between red-

dotted lines). EDS analysis of taken TEM image is depicted in (b). Light green

area represents the interfacial layer formation.

. ) . Device
. Dielectric Thickness
Material Area
Constant (k) (nm)

Capacitance per

unit area (aF/nm?)

(nm?)
TiO, 80 ~ 170 15 4 % 500 0.1 ~0.47
SiO» 3.9 1~2 4 x 500 0.017 ~ 0.035

Table 2.1. Calculated capacitance of switching layer.
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In order to demonstrate the effect of capacitance on switching
parameters of Si BE nano-wedge RRAM device, capacitance per unit area of
Si02 and TiO, was calculated as shown in the Table 2.1. Commonly known
dielectric constant (k) of SiO2 is 3.9, while that of TiO, ranges from 80 to 170.
From the TEM image in the Fig. 2.34 (a), the thickness of interfacial layer is
around 1~2 nm. Thus, capacitances of two different dielectric layers were
calculated and divided by the fabricated device area (4 x 500 nm?). From the
Table 2.1, capacitance of TiO, ranges from 0.1 to 0.47 by taking different k
values into account, and these capacitances are larger than those of Si0; (0.017
~0.035 aF/nm?). From the principle of capacitive voltage dividing rule, higher
voltage drop occurs in SiO» than does in TiOy, which has higher capacitive value.
This ultimately breaks down the SiO; interfacial layer prior to TiO, breakdown.
At the moment of IL breakdown, the higher voltage is applied between Si BE
and Ti top electrode, resulting in switching layer (TiOy) breakdown. Compared

to NiSi BE nano-wedge RRAM device, the higher voltage-drop across Si BE
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device induces higher current levels (Fig. 2.29 (a)), which is the main

contribution to high power consumption of Si BE device. Furthermore, higher

current overshoot from the Si BE RRAM device degrades its reliability,

resulting in lower endurance test as demonstrated in the Fig. 2.17.

Another essential functions of synaptic device are to realize gradual and

multiple conductance levels, thereby improving the accuracy of neural network

processing [46-48]. Both bias ramp up and pulse were applied to NiSi BE nano-

wedge RRAM device to demonstrate the multiple conductance levels as

illustrated in Fig. 2.35. Fig. 2.35 (a) shows different read voltages by applying

different compliance currents from 10 ~ 11 pA with 0.1 pA step. Conductance

levels are sequentially increased from 400 nS to 9 uS, indicating more electrons

flow through thicker conductive filament. A set of pulse application was also

applied to acquire multiple conductance states in the Fig. 2.35 (b). In order to

set the NiSi BE RRAM device, initial pulse amplitude of 4.5 V with 80 mV

incremental steps was applied for the single pulse duration of 3 us. A set of
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pulse with negative voltage amplitude was also applied for the purpose of

depression. During the potentiation (or set switching cycle), conductance

increased from 0.3 puS to 4 uS while it diminished to 900 nS during the

depression (or reset switching cycle). Demonstration of gradual switching for

the NiSi BE nano-wedge RRAM device is attributed to reduced current

overshoot during the set switching and prevention of the interfacial layer

formation during the sputtering of TiO..

In order to analyze the conduction mechanism of the fabricated device,

linear fitting curve of hopping (LRS) and Space-Charge-Limited Conduction

(SCLC, HRS) conduction mechanism of the NiSi BE nano-wedge RRAM

device is illustrated in Fig. 2.36 (a) and (b). These mechanisms are commonly

reported mechanisms of MIS structures, indicating the conduction is similar to

other reported devices
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Fig. 2.35. Cross-sectional TEM image of highly doped Si BE nano-wedge

RRAM device.

1241 (a) 1 |
2 126} 1< .
< R2=0.99 3
o128 ‘ ]
= :
=2 E 2 :
£ -13.0 £ 1 =
S oo’ @) .
R T T 0.00 R TR TR TR
-13.2 L L L , Voltage [V] | L L L L Voltage [V]
00 02 04 06 08 10 00 02 04 06 08 10 12
2 2
Voltage [V] Voltage” [V7]

Fig. 2.36. Linear fitting curve of conduction mechanism of NiSi based nano-
wedge RRAM device during the low resistance state (a) and high resistance state

(b). Insets are linear IV curves.

68

.-;"4 -1l| ‘.l.l



Average switching power consumption of the fabricated nano-wedge

RRAM devices were statistically analyzed. As demonstrated in Fig. 2.37 (a),

pulse switching required higher biases than those for DC switching, indicating

the higher fields are necessary to switch the device within short period of time

(~ ws). The Fig. 2.37 (b) shows the average energy consumed during the set

switching of both devices. The average value of energy consumption for NiSi

BE nano-wedge RRAM device is 103.1 pJ, which is less than half of Si BE

device. This proves the lower resistivity of NiSi active induced lower switching

biases needed, leading to reduction of switching power consumption.
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Chapter 3

NiSi BE nano-wedge RRAM Cross-Point
Array

Operation of neural network requires hardware-implemented synaptic
devices in the cross-point array structure [49]. Prior to application of Ni
silicidation to the bit-line of cross-point array, we thoroughly investigated the
applicability of it in the previous chapter. From numerous data it was proved

that the application of NiSi not only helped the nano-wedge RRAM device to
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reduce switching parameters (Vrorming/VseT/VRreser) but to improved

reliability properties such as endurance and retention. Due to the unavoidable

wire resistance the current summation could be reduced, however, measured

resistivity demonstrated that NiSi has lower value compared to that of Si.

Results further support that decreased resistivity is able to contribute to

reduction of current summation during the vector-matrix multiplication process.

In this chapter, we introduce the characterization of TiO, based NiSi BE

nano-wedge RRAM cross-point array with the size expansion of § X 8 and 16

X 16. Deep analysis of fabricated RRAM array with two different sizes as well

as different active materials (highly-doped n"-Si and NiSi) are going to be

treated.
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3.1 Device structure and fabrication process

Fabrication process of Si and NiSi BE nano-wedge RRAM array has
been gone through exactly the same with that of single device, except for the
different layout we used. Fig. 3.1 depicts the layout of 8 X 8 and 16 X 16
cross-point nano-wedge RRAM array. Fig. 3.1 (a) is 8 X 8 array which is
integrated in two while Fig. 3.1 (b) is 16 X 16 array. For both array size the
pink layout is the active used for bit-line while green layout is word-lines. The
blue part is a screen layer layout for preventing a peripheral area from getting
ion implantation, which may short the device. The Fig. 2.26 and Fig. 2.27 is the
basic process flow of NiSi BE nano-wedge RRAM single device which follow
exactly the same when fabricating the cross-point array. Fig. 3.2 is the top view
of the Scanning Electron Microscopy (SEM) image taken after the wedge arrays
were fabricated. It is noticeable that there are two 8§ X 8 arrays integrated due

to remove the residual area left within the die.

73



Fig. 3.1. Layout of the fabricated cross-point nano-wedge RRAM array. (a) is 8
X 8 array which is integrated two arrays within the equal die thanks to the areal
utilization and (b) shows 16 X 16 passive array layout. Bit-line active bottom
electrode is located in a vertical direction while word-line top electrode in the

horizontal direction.
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Fig. 3.2. Top view of SEM images for 8 X 8 array (a) and 16 X 16 nano-

wedge RRAM array (b).
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Due to the non-automatic wet-etching process through TMAH wet

etchant, it is difficult to minimize all the wedge tip size to equal width. The

minimum width of wedge structure we achieved is around 4 nm (Fig. 2.28 (b)),

but there still exists variations among them. Fig. 3.3 illustrates the cross-

sectional view of TEM images taken after FIB sample is prepared. As seen from

the figure, it is confirmed that each bit-line of array is well-formed with wedge

structures.
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Fig. 3.3. Cross-sectional Transmission Electron Microscopy (TEM) image of

the fabricated nano-wedge RRAM array. Clear wedge-structure with the pitch

of 1 um is confirmed while TEOS layer (Si02) isolation is deposited in-between.
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3.2 Electrical characteristics

Switching characteristics of the fabricated nano-wedge RRAM array is

different from those of single RRAM device due to the existence of wire

resistance. Unlike metal bottom electrode RRAM array with almost no wire

resistance, silicon BE RRAM array suffers from current output reduction by the

wire resistance. Fig. 3.4 shows the DC IV of 8 x 8 array for NiSi BE (a) and

highly-doped Si BE (b) nano-wedge RRAM array. From the Fig. 3.4 (a), current

levels rise over hundreds of pA due to the addition of sneak path current. This

result is attributed to the worst case situation as depicted in Fig. 3.5. Each array

cell in red color indicates the switched ON state, where current flows through

every path and lead to sneak current addition while reading the selected cell

(SC). In order to prevent the sneak current issue, it is imperative to add a diode

or selector that prevents reverse-biased current flow. Yet, the fabricated nano-

wedge RRAM array has no such reverse current prevention function, thus it is

inevitable to apply a scheme to minimize the sneak path current. The Fig. 3.4
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(b) is the IV of Si BE 8 x 8 wedge RRAM array. Current levels range from a

few pA to sub-nA indicate some un-switchable cells exist. Due to a large wire

resistance of highly-doped Si BE RRAM device and an interfacial layer (IL)

formed above the wedge Si (as explained in the Fig. 2.11 (a)), un-switchable

RRAM cells are regarded as dead cells, leading to a reduction of array size.

Cells with a few pA may have lower resistance than the measured current level,

however, the reduction of current may be attributed to the existence of wire

resistance which is not negligible.
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Fig. 3.4. DC switching characteristics of NiSi BE (a) and highly-doped Si BE

(b) nano-wedge RRAM array for the size of 8 x 8 array. Due to the existence of

wire resistance, the IV curve exhibits at lower current level compared to that of

single device. Sneak path current from NiSi BE array affects the current level,

leading to increased output current.
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Fig. 3.5. Worst case passive RRAM array with all cells switched ON. Sneak

path current flows through every single cell when measuring the selected cell

(SC), leading to the current overflow.
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Fig. 3.6 illustrates the distribution of current level from single and array

level RRAM device. Fig. 3.6 (a) is the current level distribution of NiSi BE

while the Fig. 3.6 (b) is that of highly doped Si BE RRAM device. When the

bottom electrode consists of NiSi, the current reduction level is minimized with

difference 0f 9.7 %. In contrast, Si BE RRAM device exhibits in large difference

between single and array level cell. The average current level of Si BE single

RRAM device is 30.6 pA while that of 8 x 8 and 16 x 16 array is 3.24 pA and

2.94 pA, respectively. These values are more than 90% reduction from those of

single RRAM device, pointing out the huge current loss by large voltage drop

occurred in Si bit-lines.
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Chapter 4

Hardware implementation as a synaptic
device

Once the material and structural analysis of the optimized RRAM
synaptic array have been demonstrated from previous chapters, it is necessary
to operate the vector-matrix multiplication (VMM) to verify the feasibility of
the fabricated NiSi BE nano-wedge RRAM array. As suggested in the Chapter
1, one of critical requirement of synaptic devices is to operate at low power.
Unless diminished switching power is guaranteed, it is unable to implement in
large size cross-point array because of high energy load. As indicated in Fig. 4.1

(a), the biological function of synapse is achieved by transmitting chemicals
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while the electronic synaptic device works by receiving and transmitting spikes
(b). Furthermore, there are more than 10'! neurons and 10'* synapses in human
neural network. As such, total energy consumption within the network is only
about 20 W which is part of keeping human cognitive system. Similar to the
parallel computing system, it is imperative to keep the energy consumption as

low as possible to stabilize the neural network.

()

Synaptic
Pre-spike device Post-spike
——

e
Pre-synaptic cell l 2N
Neurotransmitter N
Synapse { ! ‘. :
ReceptorS\.l’ - ’l ”

Post-synaptic cell

Fig. 4.1. Schematic of biological synapse (a) and electronic synapse device with

pre- and post-spike used for input and output signal, respectively (b).
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In this chapter, we performed the VMM on the fabricated highly-doped

n"-Si and NiSi BE nano-wedge RRAM array to compare each other and confirm

the improvement achieved by Nickel Silicidation. Not limited to the

measurement, we made an effort to measure the approximate wire resistance of

the fabricated RRAM array. Spice simulation confirmed us to search for the

optimized ratio between cells and wire resistance to minimize the current

reduction during the VMM operation.
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4.1 Vector-matrix multiplication

Fig. 4.2 illustrates the schematic of the array we used for the vector-
matrix multiplication. We kept the unselected cells (USCs) in high resistance
states (HRS) while turning the selected cell (SC) in low resistance state (LRS)
to measure the current flow. For the biasing scheme, 1 V was applied to the
word-line (WL) while grounding the bit-line (BL). As explained in the Fig. 4.2,
Gi,1 1s the conductance of the SC while I; is the multiplication of the applied
bias (1 V) and the Gy,1. This is how the VMM is performed in the synaptic array.
By measuring each SCs in the selected BL while grounding all the rest
unselected WLs and BLs, we compared the current output when accessing the
WLs simultaneously as depicted in the leftist schematic in the Fig. 4.2. This way
we can calculate the current reduced (Irepuction) compared to the summation

of individual cells, as defined in the equation 4.1.
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Fig. 4.2. Schematic of the VMM operation on the fabricated nano-wedge RRAM

array. While keeping the unselected cells (USCs) in high resistive states, we

performed application of 1 V on the selected word-line (WL) while grounding

the bit-line (BL) to measure the single cell within the array and inhibit the sneak

current paths.

X Iindividual access - % Isimultaneous access
IrRepucTION [%0] = x 100

z IIndividual access

Equation 4.1. Definition of Irepuction during the vector-matrix multiplication

operation.
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Above equation 4.1 is the definition of the Irepuction, which is a result

of wire resistance. Existence of BL resistance lead to the series resistor

connected with the selected cell (SC), which forcefully induce the voltage

dividing effect and current reduction as a result of increased total resistance.

Only solution to this issue is to remove or minimized the BL resistance. As

shown in Fig. 4.3, the cells within the array were switched as applied to single

devices. Fig. 4.4 and Fig. 4.5 are data plotted for current measured on the

selected BL and simultaneous access of 8 x 8 and 16 X 16 size array, respectively.

In the Fig. 4.4, a variation of current levels is clear as the cell location

approaches to the BL (which is biased to ground, gnd). Due to the reduction of

BL length as the cell is getting nearer to the gnd, less current reduction is

measured as the total series resistance decreases. The difference of smallest and

biggest current levels is around 1 pA while nearly all cells have identical current

levels in NiSi BE nano-wedge RRAM array. The IrepucTtion, which is achieved

by simultaneous access to all the WLs as shown in the Fig. 4.2, has a value of
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42.7 % and 4.3 % for the highly-doped Si BE and NiSi BE cross-point array

(Fig. 4.4). The reduction level gets worse when the array size is expanded to 16

x 16 for both types of arrays, indicating the rise of wire resistances. In the Fig.

4.5, the reduction rate increases to 65.8 % and 19.1 %, respectively. Although it

is unavoidable to prevent wire resistances, we demonstrated the reduction of

current becomes significant with Si bottom electrode and large size array. This

also indicates that the NiSi BE nano-wedge RRAM array performed with less

current reduction which paves a way for application of synaptic device in the

hardware-implemented neuromorphic computing.

89



10"

BL, _~
/ Ew“
5 10°F

{3 }

12 3 4
Voltage [V]

Current [A]

Forming

0 1

2 3 4 5

Voltage [V]

Fig. 4.3. Forming process of the selected cells in the selected BL.

—#1
—
— 33—
< ||—w
=1 — 45
=,l
-
= —#7
e —#8
= 1F
=
U .
of Si-BE
0.0 0.2 0.4 0.6 0.8 1.0
Voltage [V]
—#1
—
— 33—
< ||—w
=1 — 45
=,l
-
= —#7
@ —#8
£t
=
U . .
or NiSi-BE

00 02 04 06 08 10
Voltage [V]

Fig. 4.4. Data showing the cell measurement of 8 x 8§ nano-wedge RRAM array

in the selected BL individually and simultaneously. IrepucTtion values are stated

beside.

Current [pA]

Current [pA]

—_
=

n

Si-BE

00 02 04 06 08 10
Voltage [V]

~
S

—_
=5

NiSi-BE

00 02 04 06 08 10
Voltage [V]

90

z Iindividuall access 22.7 HA
Isimultaneous access 13.0 P-A

Irepucmion =42.7 %

z I1'ndividual access 25.5 HA
Isimullaneous access 244 HA

IrepucTion = 4.3 %



15

—#—#9
3L|—r—o
—_ [ |—mB—sn —_ _
< H—m—mn Ty X Tindividual access = 30-8 LA
= N =
- [|——#6——#14 -
5 :Z;_ﬂi E Isimultaneous access 12.6 P-A
1= - 5}
= 1 _
S S I 65.8 %
. . = . (]
or Si-BE ol Si-BE REDUCTION
00 02 04 06 08 10 00 02 04 06 08 10
Voltage [V] Voltage [V]
—#—#9
— 2 ——#10 V/ 40t
3t ? _
= ||=hi=n = 2 Tindividual access = 90-2 HA
= 5 — s —— 13 = 301
[|——#6——#14 —_ _
E S = 20 Isimullaneous access 40.6 MA
e —#8 #16 )
= 1 / -
£ =
o S 1y Teepucrion = 19.1 %
. P REDUCTION .
or NiSi-BE NiSi-BE
s s s s s s 0 s s s s s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Voltage [V] Voltage [V]

Fig. 4.5. Data showing the cell measurement of 16 X 16 nano-wedge RRAM

array in the selected BL individually and simultaneously. IrepucTion values are

stated beside.
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Based on the current summation of selected BL as shown in the Fig. 4.4

and 4.5, IrepucTion has been further measured by expanding to rest BLs of 8§ X

8 and 16 x 16 wedge RRAM array as depicted in Fig. 4.6 and 4.7, respectively.

Bit-line # indicates the order of selected BL from the left to right side of the

array. In the Fig. 4.6 (a), larger differences between the summation of individual

access and simultaneous access are seen while those from the Fig. 4.6 (b) are

nearly negligible. This demonstrates that less current reduction occurs while

VMM is measured from NiSi BE wedge RRAM array. Similarly, for 16 % 16

wedge RRAM array the data of individual and simultaneous access are plotted

in the Fig. 4.7. Although both Fig. 4.7 (a) and (b) seem to have no large

difference in current summation amount, average Irepuction of NiSi BE wedge

RRAM array is only 18%, while that of n'-Si BE array reaches above 66%.
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4.2 Spice simulation for optimization of cell to wire
resistance

It is essential to keep the wire resistance of RRAM array minimum while
keeping the array cell resistance in its high state. In other words, the ratio of
wire resistance (Rpr) and cell resistance (Rirs) determines the current reduction
during the vector-matrix multiplication. In Fig. 4.6, parameters used for SPICE
circuit simulation are written with the range of values for inter-node BL
resistance. We multiplied the Rinter-node, BL With 8 and 16 depending on the target
array size. Cell resistance was fixed at 300 kQ and 2.84 MQ for low and high
resistance state, respectively. Fig. 4.7 is the simulation result of current as the
location is changing. As shown in the Fig. 4.7, the selected cells in blue and red
color indicate the one located at the farthest and nearest with respect to the
ground on the selected BL. This location dependent current level is plotted at
the right side of the Fig. 4.7, where the value is decreasing as both the location

and Rinter-node, BL Increases. Al is the current difference between the nearest (red)
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and the farthest (blue) cell. As the wire resistance increases, the Al also

increases. This proves that the current reduction exacerbates as the wire

resistance rises.

In order to search for the optimized ratio between cell and wire resistance,

we simulated the current summation by changing the wire and cell resistance as

well as the cell size. Fig. 4.8 depicts the simulated data of Irepuction during the

VMM operation. It is confirmed that the reduction rate in kept below 2 % when

the cell to wire resistance (Rrrs / RpL) is kept above 2 orders of magnitude.
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Fig. 4.8. Parameters and values used for SPICE circuit simulation.
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Fig. 4.9. Simulation results for reduction of the selected cell current as the bit-

line (BL) resistance increases. The Rrrs and Rurs values are also stated.
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reduced.
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4.3 Estimation of NiSi BE wire resistance

It is of utmost importance to utilized bi-lines with minimized resistance

so that the read current of the SC in the array is not reduced during the VMM.

In order to measure the accurate bit-line (BL) resistance of the fabricated NiSi

BE wedge RRAM array, read current (Ireap) through the SC was measured as

shown in Fig. 4.11. Left side illustrates the cell (Rcenr) and inter-node cell (Rinter-

cell) that form a single wire while reading the current by biasing the selected WL.

According to the Ohm’s Law, Ireap is determined by dividing the summation of

series connection of Reenn and Rinter-node by 1 V (read voltage). Array size (n)

indicates the number of nodes so that the Ireap depends on the position of the

selected cell with respect to the ground (gnd).

Fig. 4.12 and 4.13 depict the measured resistance of the SC in the

fabricated 8 x 8 and 16 x 16 nano-wedge RRAM array, respectively. As the

location of cell gets close to the gnd, the resistance decreases. This proves the

reduction of the BL effect as the cell is getting nearer to the gnd. Offset is the

98



resistance of Rinter-node. Compared to Si BE array, NiSi BE array has uniform cell
resistance (Rcen) regardless of the cell position with respect to the gnd,

demonstrating the low resistivity of the NiSi.

1Y 1[v]
Cell

% 11 Int 1
Rcell Ce nter—ce IREAD [HA]
II)_§_
R
RCe[[ Rlnter-cell Inter——cell X

Fig. 4.11. Schematic of the read current measurement according to the Ohm’s

n = array size

* Wire resistance (Ryie) = Ryyercen X array size (n)

Law. Wire resistance of the selected cell depends on the value of array size (n).
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Fig. 4.12. Resistance of the selected cell (SC) of n*-Si BE array with respect to
the gnd position. As the cell gets close to the gnd, the resistance also decreases,

indicating the reduction of BL effect on the SC.
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Fig. 4.13. Resistance of the selected cell (SC) of NiSi BE array with respect to
the gnd position. As the cell gets close to the gnd, the resistance also decreases,

indicating the reduction of BL effect on the SC.
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For all 8 BLs of the 8 X 8 wedge RRAM array, Rintercel has been
measured for both types of BL and results are plotted as shown in the Fig. 4.14.
In average, wire resistance of NiSi BE array is reduced by more than 1 order of
magnitude compared to that of Si BE RRAM array, indicating the purpose of

wire resistance reduction has been achieved by Ni silicidation of the highly

doped Si BE.
@ 100k &)
o 2281kQ
1V [* ] o .9
[* 2ai* ]
Rcell a 10k ]
35 > 1 order of
Rc 1 Rhner-cell ; magnitude
© £ 1kp i
=1 F 9 PS
& 546880 " %9 000
100

n+-Si BE NiSi BE

Fig. 4.14. Schematic of the cell measurement (a) and comparison of n*-Si and

NiSi BE array (b).
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Chapter 5

Conclusion

In this thesis dissertation, we investigated the electrical characteristics
of nano-wedge RRAM array with Ni silicided bottom electrode. Although
conventional Si BE proved several advantages over those of metal-insulator-
metal RRAM such as low current level and switching power, device-to-device
and cycle-to-cycle variations still hindered metal-insulator-silicon RRAM from
practically applied as synaptic devices. By silicidation process of Si BE, not
only resistance of the active reduced but the uniformity and gradual

characteristics were also improved. Current overshoot issue from the Si BE
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RRAM device was also relieved with silicided BE by applying the pulse

switching operation. We carried out SPICE simulation to optimize the resistance

ratio of cell and wire to reduce the current reduction.

First, the NiSi BE RRAM in single device was fabricated to analyze the

basic properties of DC and pulse switching characteristics. Anisotropic wet

etching via TMAH solution was processed to form the wedge structure of Si,

thereby minimizing the width of BE. Measurement results showed the reduction

of switching voltages and power consumption compared to those of Si BE

RRAM device.

Next, cross-point array was fabricated to operate the vector-matrix

multiplication. By reducing the wire resistance of NiSi bit-line by 3 orders of

magnitude, less current reduction was achieved during the current summation

operation. Low ON current as a result of overshoot current suppression proved

the wvalidity of NiSi BE RRAM as a synaptic device application for

neuromorphic computing.
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