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An assortment of emerging non-volatile memory (NVM) devices has displayed a surge of interest
in being investigated for their implementation in energy-efficient bio-inspired neuromorphic
computing. The intrinsic device physics of NVMs give them the capability to be employed for
emulating the dynamics of a biological neuron and synapse. NVM devices are connected in a dense
cross (X)-point circuit architecture thus enabling massive system-level parallelism necessary for a
neural network. However, the leakage/sneak current that typically arises from neighboring
unselected memory cells is considered as a stumbling block in enlarging X-point arrays. Metal-
filament threshold switch has been suggested as a selector device, demonstrated on low leakage
characteristics, that holds potentiality due to its straightforward metal-insulator-metal structure,
superior performance, and excellent CMOS process compatibility.

This dissertation demonstrates research study on the electrical and surface characterization of
nano-polycrystalline silver-doped zinc oxide (ZnO) thin films for threshold switching selector

device, to propose a way for amending the prevalent selector drawbacks: threshold voltage (V)

viii



variabilities i.e., intercell and cycle-to-cycle shifts and lousy DC cycling endurance. The current
work demonstrates a novel approach to subside system variabilities by uniformly doping a
crystalline selector medium i.e., ZnO with Ag metal atoms, rather than incorporating an Ag active
metal layer/electrode.

First, electrochemical deposition (ECD) process has been employed to slightly dope ZnO with Ag,
because of its admirable dopant concentration controllability having atomic percent precision.
ECD process helps in demonstrating the proof-of-concept experiment and provides an
understanding of volatile switching behavior when ZnO is lightly doped with Ag. Next, “super-
cycle ALD” technique has been evaluated, where alternating ZnO ALD and Ag metal ALD was
employed for lightly doping/delta doping ZnO with Ag.

To fend off the shortcomings/drawbacks associated with both the ECD and ALD processes, RF
magnetron co-sputtering process is the last fabrication method put to evaluation. Co-sputtering
technique provides the wherewithal to control Ag doping levels when lightly doped composite
targets (ZnO/Ag 100-x/x at. %, x=1,3,10) are employed. The switching parameters were observed
to significantly improve and the trends have been explained based on surface characterizations
with XPS, GIXRD, AFM, SEM, EDAX, ICP-MS, HR-TEM, and semiconductor parameter

analyzer.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 3D X-point Memory Array Motivation

For processing proliferating volumes of data, the semiconductor industry has been
confiding in the Dennard! and Moore’s Law? for scaling down the size and scaling up the
performance of traditional von Neumann based devices. Since last three decades, it has been the
trend to scale down chip size, accommodating more transistors, expecting a continuous dip in price
per bit and simultaneous enhancement in device performance and capacity. But the semiconductor
industry has been struggling lately with scaling effect, and memory wall has become a grave
challenge. Emerging non-volatile memories were thus developed to span the performance gap
between fast processor and memory technology. However, device performance and chip capacity
are directly driven by their application demand i.e., cognitive tasks aimed to be performed by next
generation computing systems, thereby driving the memory architecture to move in three-
dimensions (3D).

The first breakthrough in memory technology happened in 1999, where the memory
devices took advantage of the 3D structure with the development of 3D FinFET transistor.® It was
a SRAM memory device made of logic transistors that was able to successfully solve many scaling
issues, immediately followed by 3D DRAM. With the advancements in technology, DRAM device
with a 4F2 cross-sectional (F is minimum feature size) cell area was successfully demonstrated,*
that paved the way for future 3D memories having 4F2 cell area i.e., 3D cross (X)-point

architecture.



3D X-point architecture possess the potentiality for realizing a high-density memory
architecture with fast processing speed, random access and comprising of non-volatile memory
components having smallest possible cell size. In a X-point architecture, non-volatile memory
device or a memristor is situated at the intersection of a bit-line (BL) and word-line (WL)
constituting a cell area of 4F2 The density of this architecture can be enhanced by stacking
identical array layers on top of one another. So, if 100 layers are stacked over each other, the
density of memory elements amplifies by 100 times. Figure 1.1a shows an illustrative example of
a 3D X-point architecture,® and Figure 1.1b displays the commercially available 3D X-point
memory device named Optane. Nonetheless, X-point structure is a promising architecture for
implementation of massive parallel computing algorithms based on the weighted sum and resulting
weight update operations, carried out in conventional brain-inspired computing.t® Adopting a X-
point architecture for neural computing is expected to cut down the energy costs owing to parallel

processing capability.® Hence, X-point can potentially and effectively mimic brain functionality.

(a) WL (b)

lr RRAM
* Selector

lsensing = lreaa(ideally, Regiecied-cei/Va)
* licakage (through sneaky-path) - 1y, (by line R)

Figure 1.1. Schematic view of (a) typical 3D X-point array architecture with world lines and bit
lines having memory and selection devices at intersection points, and (b) commercially available
Optane - 3D XPointTM Memory. (Image Source- https://www.cleanpng.com/png-3d-xpoint-
intel-micron-technology-phase-change-mem-5896832/download-png.html).



1.2 Competing Characteristics of Non-Volatile Memory for Neuromorphic Computing

The evolution of information technology at an expeditious rate has quickly led to an
upsurge of artificial intelligence (Al). However, the von Neumann bottleneck i.e., the unwanted
delays between the memory and processor, makes the conventional computing systems unreliable
due to their volatile nature, thereby making them unfit for implementing Al systems. For
addressing these potential roadblocks, various brain inspired memristor-based neuromorphic
computing systems have been proposed which can adequately emulate synaptic responses.
Although, the learning mechanism of human brain is not fully comprehended but the constant
advancements in neurobiology have shed light on some of the operational principles behind the
working of neurons (CPU) and synapses (memory). Figure 1.2 highlights the analogy between

human brain operation and an artificial neural network.*°
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Figure 1.2. Comparative analysis of human brain operation and artificial
neural network.



In contrast to the conventional CMOS computing architecture which follows Boolean data
operations of saving data as either ‘0’ or ‘1°, human brain can save diversified states in individual
synapse intelligently by modulating the synaptic weights.’® Various types of non-volatile
memories (NVM) have been investigated which can accommodate the mentioned features by
changing their resistive states (I-V behavior) as per system requirement, in response to the applied
voltage bias, thereby displaying synaptic plasticity.''? Moreover, these memristive devices can
be conveniently integrated in a X-point array, eventually into a 3D structure reducing the footprint
to 4F2.1314 The comprehensive learning algorithms for neuromorphic computing are out-of-scope
for this dissertation, and thus will not be discussed.

In the last decade, numerous neuromorphic computing systems were proposed, and IBM’s
TrueNorth (Figure 1.3)* stands out as the best-case model for utilizing a highly energy-efficient
(20 mW/cm?) X-point architecture to emulate synaptic behavior.'® But this architecture suffered
from a major drawback of volatile synaptic weights (e.g. SRAM or capacitive memory) i.e., when
power is turned off, all the data stored in synaptic weights is lost, accentuating the urgent necessity
of emerging NVMs to be implemented in X-point array architecture for brain-inspired computing

technology.
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Figure 1.3. IBM’s TrueNorth architecture; a neuromorphic CMOS integrated circuit developed
by IBM.
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1.3 Synopsis of Emerging Non-Volatile Memory (NVM) Devices

As previously discussed, 3D X-point architecture has the capability to perform massive
parallel computing thus being a potential candidate for brain-inspired neuromorphic computing.
Memristive devices whose conductivity/resistance levels can be adjusted when subjected to
electrical stimuli, meeting the stringent requirements of area-efficient and energy-efficient
information processing, are quite attractive for brain-inspired computing. Alternatively, a memory
device that can attain multiple resistance or conductance states rather than just exhibiting binary
operation, is required for enabling futuristic neuromorphic computing.’

The ultimate vision for large-scale X-point architecture is having a 3D stackable array, and
individual cell addressability with minimum memory peripheral footprint of 4F2. The aggressive
advancements in field of logic and memory devices, led to the evolution of FInFET, V-NAND etc.
opening channels for emerging NVMs. Emerging NVMs or storage class memory breaks the
‘memory wall’ barrier having the computing functionality to store and process data
simultaneously.'® Resistive RAMs (ReRAM)**2° based on the concept of ionic migration, phase-
change memory (PCM)?22 based on chalcogenide materials, and ferroelectric memories
(FERAM), % are some examples of representative emerging NVMs. Figure 1.4 shows classification
of some of the most sophisticated memory technologies, highlighting their underlying device
physics, operational principles and electrical characteristics (current-voltage or resistance voltage
hysteresis).X® Emerging memories find an easy applicability in 3D X-point architecture owing to
their simple two-terminal structure,® where the switching layer (SL) is medially inserted in the
bottom and top electrodes, enabling resistance to be reversibly switched amongst two or more

states.?* Figure 1.5 displays the list of various emerging NVMs with their performance matrices.’
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Figure 1.4. Key emerging NVM device parameters with performance metrics.
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The aforementioned memristive devices typically have a metal/insulator/metal (MIM)
stack, where a nonvolatile resistance change happens with application of external bias, leading to
ionic movements due to local redox reactions. Figure 1.6 displays an exemplary I-V plot of a
bipolar RRAM memory device.?® In non-volatile memories, the ionic defects motion and local
reduction-oxidation reactions are the driving forces behind resistance change. There are three
different recognized mechanisms i.e., —electrochemical metallization (ECM) found in conductive
bridge random access memory (CBRAM) or metal-filament type switches; valence change
mechanism (VCM); and finally the thermochemical mechanism (TCM).2® ECM/VCM based
devices involve cation/oxygen defects motion, and thus referred to as cationic/anionic.?® This
dissertation is only focused on the bipolar switching operations, hence TCM being unipolar
operation mode is out-of-scope and will not be discussed here. The device physics for cation-based
ECM and anion-based VCM will be discussed in the following subsection.

The ECM cell stack (MIM) conventionally constitutes of an active metal electrode (e.qg.,
Cu or Ag), a switching layer, and a counter top electrode (inert).2® The switching or ion-conducting
layer serves as the primary solid electrolyte or a secondary solid electrolyte. Figure 1.7 illustrates

(a) ‘ (b)

1% M
fsr / Filamentary operation
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\
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IRESET

Figure 1.4. (a) |-V characteristics of a bidirectional memristive device, (b) switching
phenomenon showing filamentary growth operation.



Current [uA]

Figure 1.5. (A)-(D) SET, and (E) RESET process operations of an ECM device.
In the shown figures, Pt acts as the bottom electrode (BE) which is grounded, and
Ag serves as the top electrode (TE) where voltage bias is applied.

the typical I-V curves along with the electrochemical and physical events taking place in an ECM
device.?” During SET operation, a voltage (positive bias) is given to the active Ag electrode (Figure
1.7A). This oxidizes the electrode, leading to anodic reaction of Ag — Ag" + e, injecting Ag
cations into the electrolyte layer (Figure 1.7B). These Ag cations then drift under the effect of
electric field towards the cathode where a reduction reaction takes place, Ag* + e~ — Ag, and they
get reduced to metallic Ag. Figure 1.7C shows the growth of Ag conductive filament (CF) towards

the anode once a stable nucleus is formed. The device resistance drops significantly once the CF



touches the anode and electron tunneling comes into operation (Figure 1.7D). This configuration
states the device is in low resistance state (LRS) and undergoes metallic conduction. The
electrodeposition current density ‘i’ is given by Faradays law, i=zeR/VVm. Assuming a cylindrical
growth of CF, the time (tset) required to make the galvanic contact can be provided with following

expression,®

where z corresponds to charge of cations, g—charge on electron, d-solid electrolyte thickness, rs—
CF radius, Vm — atomic volume of metal, and I+ being the growth current. Since, it is very
challenging to precisely define these parameters, hence a more empirical version of this law has
been proposed, according to which the time (t1) required for CF formation at an applied bias of V¢
is given by the following expression,® where $ and to represents the fitting constants, k—

Boltzmann’s constant, and T— temperature (°K).

_gc
tlztoeﬁk'r

This implicates that there is exponential increase in programming speed with voltage, thus
complies with the first-order approximation studies which points towards ionic migrations being
responsible for CF formation. In the case of radial growth of cylindrical CF, the overall cell
resistance (Rc) is expressed as,?®

Eq Ve
ldRC — dRC,norm ~ 4—ae_ﬁeﬂcllc_T
dt R. dt D,

where a represents an arbitrary constant, Do—CF diameter at the formation time (i.e., t=t1), and Ea—
ion hopping activation energy. Now, a high negative bias on Ag electrode is needed to RESET the

device i.e., electrochemical dissolution of the CF. All the ionic and electrochemical process tend



to reverse if the tunneling gap persists after SET operation, leading to filament dissolution (Figure
1.7E). This represents a very traditional filamentary growth model where the growth mode can be
easily altered based on the reduction/oxidation rate,?® which could potentially be helpful in
controlling the threshold and hold voltages in switching devices.

A key thing to note here is that all the models discussed above, assumes that filament
growth is cylindrical. So various in-situ characterizations were then performed to identify the
actual morphology of filamentary formation. Interestingly, not just one but many filament
morpholgies were discerned, such as chain of nanoparticles (Figure 1.8a),® inverted triangle shape

(Figure 1.8b-¢),*32 and dendritical structure (Figure 1.8d),% making it unclear to understand.

Amorphous
TiO.

Pt

after forming

(d) before
forming

after
forming

Figure 1.6. CBRAM cell in-situ characterizations to observe filament formation. Filament
morphology observed, (a) nanoparticles, (b) and (c) inverted crystalline triangles, respectively.
(d) dendritical morphology.
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Moreover, it is not just that the filament morphology is diverse and hard to apprehend but it is
incredibly challenging to capture the exact moment of CF formation using conventional in-situ
characterization techniques because of the spatiotemporal tool resolution limit.

Although, CBRAM operating mechanisms have not be fully understood but in spite of that,
recent research work highlights many interesting aspects of CBRAM devices. CBRAM
functionality has been stated to be resembling the Ca?* synaptic behavior displaying short-term
and long-term plasticity, thus finding a direct application in neuromorphic computing networks.3*
As CBRAM contains electrochemically active metals (e.g., Cu or Ag), they are also known as
“diffusive or metal-filament type memristors”. Device scaling in CBRAM has been investigated
to cause significant enhancements in the switching characteristics, such as higher reproducibility,
reduced cycle-to-cycle device variance, and lower probability for complete device failures as
trimming down the device size leads to minimized joule heating in the vicinity of CF.® Possessing

these attributes make CBRAM devices worthy candidates for high-density 3D X-point arrays.

1.4 Synopsis of Selector Devices

The technological restraints put by device scaling led to the development of emerging
NVMs for novel parallel computational schemes beyond von Neumann, aiming brain-inspired
neuromorphic computing. But development in NVMs alone does not imply successful
implementation of 3D X-point arrays for neuromorphic computations. In a X-point array
operation, whenever a cell is tried to be accessed, a voltage drop happens on that specific cell and
in ideal conditions it is not expected to interfere with any other cells. When a voltage bias is applied
to specific word-lines or bit-lines containing our target cell, it is expected to have a net voltage

drop only on the desired cell, which then can be used to read, write/program or erase date from
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Word lines

Figure 1.7. (a) Generalized 3D X-point memory array having a memory device and a switch i.e.,
selector device. (b) Read error/interference in the array without the selector device. (c) Rectified
reading operation with selector device included in the circuit.

that cell. But intrinsic drawbacks of passive 3D X-point arrays involve parasitic current leakage in
unselected/half-selected cells and series resistance comprised by interconnects. Therefore, access
devices namely selectors are required to suppress parasitic leakages by adding them to the cross-
point regions of a X-point architecture (Figure 1.9).% One solution is to use a transitor in series
with a memory element. CMOS transistors can efficeintly serve purpose of a selector device by
blocking the unwanted current leakage but the scaling limits of a transistor pose a challenge in
achieving high scalability, due to their three-terminal structure, which is a must for ultra-high
density 3D X-point arrays. p-n diodes can rectify the current flow but their unidirectional operation
makes them unfit to be implemented with bipolar memories. Therefore, various kinds of novel
selection devices, such as mixed ionic—electronic conduction (MIEC) device,**® ovonic threshold
switching (OTS),%**' insulator—metal transition (IMT),***® and conductive bridging RAM

(CBRAM)/metal-filament type selectors,**-#" have been proposed. Having a simple two-terminal
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| Mechanism | | Pros | I Cons |

Transistor Si based 3-terminal Minority Carrier Well-known Non-stackable
| | Vertical Polysilicon-based Accumulation + Stackable >400°C
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Figure 1.8. Memory selector devices’ taxonomy and underlying mechanisms. Benefits and
shortcomings for each case have also been summarized.

structure makes them potential selection devices meeting 4F2 footprint criterion. A comprehensive
taxonomy of the selector devices has been summarized in the Figure 1.10, covering their detailed
specifications and process parameters,*3-

Typical 1-V characteristics of MIEC, IMT, OTS, and CBRAM-type selectors has been shown in
Figure 1.11.3739424651 MIEC is an example of nonlinear selector devices, where the I-V
characteristics resembles to that of the p-n junction diode and device operation is based on Cu-
ionic migration and oxygen defect vacancies.® Despite of having a lot of excellent switching
features, low on-current density, gradual subthreshold swing, low cycling endurance, and narrow
voltage margin, makes MIEC selectors less desirable than that of thresholding selection devices,
such as OTS, IMT, and CBRAM-type selectors. VO: is a classic example of representative IMT

selector where the changes in electrical conductivity are observed when its crystal structure shows
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rearrangement referred to as Mott-Peierls transition.*> IMT caught a great attention of researchers

due to its high ON current density, lower cycle-to-cycle variance but suffers from the flaw of
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Figure 1.9. MIEC, IMT, OTS, and Metal-filament type selectors summarized with
schematic switching mechanism and their typical 1-V behavior.
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having a high OFF-state (loff) current and a complex stoichiometry requirement thus leading to
reproducibility issues.*? Till date, OTS has been widely acknowledged as the most acceptable
selector device for X-point applications. As previously mentioned in section 1.1 (Figure 1.1b), a
3D X-point memory is commercially available by Intel, called “Optane”.* It consisted of PCM
memory cells integrated in series with OTS selector device. OTS offers many advantages due to
their favorable switching behavior which fulfill the criteria for ideal selector prerequisites, such as
abrupt TS slope (<1 mV/decade),* high cycling endurance (>10*! cycles),> fast turn-on speed (<2
ns) and delay time (<8 ns),>* and the newly reported binary telluride based OTS devices has good
thermal stability (>450 °C) that contains C and B as constituting elements,> enabling them to
survive back-end-of-line (BEOL) integration process. Additionally, in the stress measurements,
OTS shows very stable ON and OFF states making it a robust candidate for selection process in a
circuit. Following the discovery of threshold switching operation in amorphous chalcogenide glass
materials by Ovshinsky in 1968,°® OTS became a widely studied topic and many theoretical
models were put forward to provide understanding on its switching operation but still the OTS
phenomenon remains partially proven. The material complexity of OTS e.g., TeAsGeSiSe,
GezShoTes, or AsTeGeSiN, has always remained a downside of its selection device application.
Although, some recent breakthrough was made regarding the material complexity by H. Hwang’s
group at POSTECH developing a much simpler binary OTS composition, but the persisting high
OFF-state current leakage still hinders its successful application in ultrahigh density applications.

A typical selection device is ideally expected to satisfy a certain parameter requirement
criterion for its practical implementation. An ideal selector should exhibit extremely low OFF-

state leakage current (loff), enabling a bigger sense margin in a X-point array that can provide
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system functionality at a lower power budget. It is propsoed to have a high ON-state current density
for a selector, so as to deliver sufficient current to the co-integrated memory cell in order read/write
operations can be carried out. For this reason, a high selectivity ratio (lon/loft 1.€., high nonlinearity,
NL) is desirable. Additionally, an ideal selector should have a simple two-terminal structure, a
stable AC endurance, fast switching speed, superior device uniformity, broad voltage margin
between ON and OFF states, memory device compatibility, high thermal stability, low temperature
fabrication, and 3D stackability.*®>° Table 1.1 summarizes all the detailed specifications
necessitated for a selector.

Table 1.1. A summary of requisite characteristics for an ideal selector device.

FEATURES TARGET parameters
Selectivity ratio (Ion/lof) ~ 108
On-state current density, Jon > 1 MA/cm?
Switching slope (subthreshold swing, SS) < 10 mV/decade
Switching speed (turn-on and dissolution) <100 ns
Thermal budget <400 °C
Device uniformity (variances) ANL, Alon, ASS, AVih < 5%
AC endurance >10%
Thermal stability >85°C
Bipolar operation Yes
Vih & Vi tunability Desired
Memory collocation Yes
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1.5  Synopsis of Silver-based Metal-filament Type Selector Devices

Metal-filament (CBRAM) type threshold switching (TS) selector devices represents
another class of selection devices where thresholding properties are based on the instability of the
metallic CF. At first, a voltage bias at low compliance current is applied to the CBRAM, which
tends to form an unstable filament, programming the device. This phenomenon of weak and
permanent filament formation is called as electroforming (EF). To implement this device for
threshold switching operation, the property of spontaneous self-rupturing of unstable CF on
removal of applied bias, is exploited. The underlying device physics for metal-filament type TS
devices is very similar to that of CBRAM-type memory devices (Section 1.3). Figure 1.12
schematically shows the difference between filament formation process of a CBRAM-type
memory i.e., non-volatile switching (memory switching) and metal-filament type TS device i.e.,
volatile switching (threshold switching).?® Metal-filament type selector operation can be
alternatively achieved if there is only a limited passage of current through the selector device

giving rise to a laterally narrow and unstable filament. In-situ TEM characterization clarifies the

MeTory TS

Figure 1.10. Schematic comparison between CBRAM-type memory operation (left) and
TS device (right). As shown, TS happens when weak and unstable filament ruptures after
removing external bias.
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morphological difference between the filament formation (Figure 1.13),%! showing that the thick

and stable filament formation is the origin of non-volatile memory switching, whereas in the case

of volatile TS, a thin and unstable filament is formed. Shukla et al.>’ recently reported the first-
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Figure 1.11. (a)-(b) respectively show I-V behavior and TEM, for a non-volatile memory
switching at a high compliance current. (c)-(d) show I-V behavior and TEM, for the volatile TS
at a low compliance current, respectively.



principle calculations of TS characteristics of several metal-filament type selector devices. For
understanding the cause of memory switching and TS operation, a quantitative analysis was
performed on the energy of formation, between cluster configuration at HRS, high-resistance state

and filament configuration at LRS, low-resistance state, as shown in Figure 1.14a.%" It was

Volatile vs. Non-volatile Switching Criterion
(a) H Rs L R |AI? E‘:Iu‘;lur ;Eﬁ'llgi_e_.rllgfiﬂdﬂ
’WT‘ T‘ 5461 vAvEnfused in this
L Cin AN 1 4 e~
8% HO,~ 83 o010
v o p T 8
Localized ) v 3 Q608
to clusters” @ clusters delocalized ' @ ?\'g d =
ilamen
Pt Pt 0.00 l
Ag Cu Co
(b) ¥ : Wave-function Active Electrode (AE)
CB-RAM | Volatile (I < ln,) |Non-Volatile (I > Iyay)
Active Imax = 100pA
Electrode: E—;—‘—“FWOHA 1:=500pA
— 10'5[— { 10pA 10.55 N
Ag L WA e |
5 F 5
RO B 8ol |
1 3
10" E / 10" J
00 02 04 06 -0.2 0.0 0.% 0.4
Voltage (V) Voltage (V)
= 10pA
'max
10°F 1;=100pA
10° lc=10pA F -
< WA 210}
€107 =
HfO, |8 g ol
3 . 310°F ||
Pt 10 s 4/,/’]
-10
10™ : : ’ i
0.0 Vi (Sigge (\8.4 : N/A-O.Z OV(())Itagéz(V) 0.4
max= ! T
10°§ N
FYN v -=100pA
Co 0%y 1004
HfO, No Volatile &0l )
Pt Switching observed 3 | i\
10°
A\
10™ L
- 0 2
Voftage (V)

Figure 1.12. (a) Formation energy calculations and quantitative criteria for volatile and non-
volatile (memory) switching. (b) Experimental 1-V behavior for switching characteristics of Ag,
Cu, and Co active electrodes.
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concluded that spontaneous rupturing happens when the formation energy difference is large. Ag,
Cu, and Co as active reservoir electrodes (Figure 1.14b)%" were evaluated for this quantitative
analysis. This study provided an understanding that Ag could be a better choice for electrode
material for implementing TS behavior.

A theoretical explanation has been suggested to elaborate on the spontaneous self-rupture
process of the unstable CF when voltage bias is removed (Figure 1.15).% As per this theory, the
filament is believed to grow in a spheroid manner where the growth radius is given by, Rsph = aRo,
o being the geometric factor.>® The net nucleation barrier energy W(E) with respect to E, electric

field is equated as per the following relationship.
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Figure 1.13. Physical explanation for the distinction between non-volatile memory, and volatile
threshold switching characteristics considering theory of field-induced nucleation.
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where Wo—represents the zero-field nucleation barrier energy and Eo represents the factor
for voltage acceleration which is independent from any external temperature/field. Eo typically has
a value of 1 MV/cm, d and V represents switching layer (SL) thickness and applied voltage,
respectively. This theory states that when the filament radius is smaller than the nucleation barrier
Ro, then filament will rupture spontaneously, resulting in threshold switching. For the case when
filament continues to grow laterally resulting in a thick and stable filament, exceeding Ro, then
memory switching is observed (Figure 1.15b). For the switching behavior of aforementioned
metal-filament type selector, delay-time, zq, as per the given square pulse, can be represented by

following equation.®®

W(E) Wya3/2E,d
Tqg = To€Xp (T) = TpxXp <W>
In the above equation, zq stands for the point of abrupt increase in the output current in response
to the input voltage, k—Boltzmann constant, T-temperature (°K). Figure 1.15a shows the schematic
and qualitative description of the field-induced nucleation theory.

Wang et al.®® has reported a summary of the various selector structures and materials
investigated over time, that demonstrated metal-filament type threshold switching behavior.
Metal-filament type TS selectors have garnered a lot of attention for their figure-of-merit over its
other competitors, such as extreme-low off current (<1 pA), ultra-steep subthreshold swing (<10
mV/decade), high ON-state current density (>1 MA/cm?), high selectivity ratio (> 107), and fast

switching (turn-on and dissolution) speed (< 100 ns). During the switching operation, under

continuous formation and rupturing of the CF during the application and removal of external bias,
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there is no electrical breakdown of switching layer, thus it helps in maintaining a low leakage
current under DC/AC cycling.®

However, metal-filament type selectors suffer from two major drawbacks of (a) large
switching parameter variability, specifically threshold voltage (V) variances, and (b) lousy
cycling endurance (Figure 1.16a).5! Device-to-device (d2d) and cycle-to-cycle (c2¢) AVi shifts
are some inevitable issues that are primarily observed in various CBRAM-type devices along with
metal-filament type selector devices. These switching parameter variabilities are ascribed to the
non-uniform SL composition along its thickness, and the surface roughness at the cathode
interface, which drives the metallization process on energetically favorable sites rather than

allowing uniform deposition on the cathodic surface.?® Also, the metallic filament formation by

a Non-ideal device performance
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Figure 1.14. (a) Metal-filament type selector devices common
drawback. (b) Possible microscopic origins for the stochasticity.
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the active reservoir electrode is a stochastic process, giving rise to intrinsic variabilities (Figure
1.16b).2661

As previously discussed, (Figures 1.12, 1.13, and 1.15), TS behavior fades away and the
devices go into memory switching mode when there is laterally thick and stable filament
formation. This ultimately leads to permanent filament formation, where the filament does not
rupture when the applied voltage bias is removed. This is referred to as stuck-ON state (OFF-
failure) i.e., continuous low-resistance state (LRS). Additionally, the uncatered supply of Ag metal
ions to the switching layer could also contribute to unrestricted radial filament growth. In
conclusion, the radially thick and stable filament becomes the bottleneck for endurance operation.
So further research to rectify the shortcomings such as switching device uniformity, reliability,

and endurance is mandatory.

1.6 Dissertation Outline

CHAPTER 1 provides background information on the benefits and challenges of realizing
a 3D X-point memory architecture, emerging non-volatile memories (NVMs) proposed for X-
point arrays, various selector devices investigate till date, and specifically Ag-based metal-filament
type selector devices. It has been discussed that how Ag-based metal-filament type selectors hold
the potential to satisfy ideal selector requirements, as compared to its competitors, but still suffer
from variability and endurance issues. This dissertation is focused on developing a reliable and
robust threshold switching selection device with enhanced performance, having reduced variances
and improved cycling endurance and reproducibility, whilst maintaining all other figure-of-merits.

CHAPTER 2 provides a description of the experimental procedures, thin film deposition

methods/techniques, electrical and material characterizations, performed in this dissertation.
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CHAPTER 3 discusses the “super-cycle ALD” technique for selector device fabrication.
Alternating ZnO ALD and Ag metal ALD were employed in this method for delta/layered doping
ZnO with Ag. Our first fabrication approach of ECD has also been briefly discussed here.

CHAPTER 4 focusses on the final fabrication technique evaluated in this dissertation for
selector fabrication i.e., RF magnetron co-sputtering. Although ECD and ALD processes gave
reasonable selector device performance but the shortcomings of both the ECD and ALD processes,
demanded another method to be investigated for fabricating TS selector devices. Co-sputtering
process confirmed outstanding TS behavior with remarkable switching parameters which were
found to exceed our targeted results discussed in Chapter 1.

All the findings discussed in Chapters 3 — 4 collectively aims at improving the selector
device variances and cycling endurance issues realized in conventional active electrode-based
structure by exploiting a novel doping-based approach. Though this dissertation mentions three
different deposition techniques, but all the process outcomes can be conclusively summarized as;
doping the ZnO switching layer curtails the accessible influx of Ag ions to selector medium, and
crystalline ZnO growth in preferred (002) orientation favors anisotropic Ag ion diffusion in the
wurtzite ZnO matrix, both resulting in parameter variance and device endurance augmentation.
Results and shortcomings of every deposition method have also been examined.

CHAPTER 5 concludes this dissertation and provides insights to the potential ideas that
could bring innovation in selector implementation in a 3D X-point array such as ferroelectric X-

point array (1F1S) for future neuromorphic computing studies.
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Furthermore, | have submitted many original research papers in various journals, on the
discussed deposition techniques during the course of writing my dissertation and will be reflected

accordingly in the respective chapters.
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CHAPTER 2

EXPERIMENTAL PROCEDURE
2.1  Deposition Techniques

2.1.1 Electrochemical Deposition (ECD)

Thin films play a crucial role for electrochemical studies and their applications. The thin
film (<1 pum) behavior typically relies on the electrode surface morphology. There are many
prevalent deposition techniques for thin film deposition for instance chemical vapor deposition
(CVD),%2%% chemical bath deposition,®*® electrochemical deposition (ECD)® etc. Amongst them,
ECD process is quite popular as it is a fairly cost effective, easy, and efficient method for

fabricating a variety of thin films. ECD can be used for depositing metals, metal oxides/alloys and

DC-Power supply

) Multimeter
T
Cathode —— Anode
‘ Glass cell
Thermometer Reference electrode
. A&
Electrolyte

Magnetic Stirrer

< Hot Plate

Figure 2.1. Schematic for three-electrode based ECD
setup.
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other hybrid materials.®”-"° The basic process of electrochemical deposition involves the migration
of metallic ions in electrolytic solution, towards the cathode, when an external electric field is
applied. There is an occurrence of a redox reaction where ions either accept or lose an electron and
get deposited on cathode or anode, respectively. Figure 2.1 shows the schematic setup for small
scale electrochemical deposition.’™

ECD process can be carried out with a two-electrode system or a three-electrode system.
Two-electrode system proves advantageous in terms of process simplification with excluding any
possible chances of contamination from the reference electrode (RE). However, the drawback of
two-electrode ECD setup lies in fluctuating potential between the counter electrode (CE) and,
working electrode (WE), which intensifies with film thickness growth during the deposition
process. On contrary, the three-electrode system is quite immune to fluctuations in the potential as
it measures the WE and RE potential difference, while measuring the current flow between CE
and WE, thus minimizing fluctuations during the deposition process. There are many other factors
that can adversely influence the ECD process such as solute/solvent purity, deposition temperature,
current density, pH of the electrolyte, deposition time etc.”? Although, ECD has a strong advantage
of fabricating doped films with extreme control over the dopant concentration, but the downside
of the process lies in unwanted extrinsic doping by electrodes, fluctuating current density during
deposition process, non-uniform and non-conformal film growth.’

We previously reported the ECD process for verifying our proof-of-concept of doping the
switching layer in threshold switching selector instead of implementing an active reservoir

electrode. Kim et al.,*’ has discussed in detail the volatile switching behavior per doping for the
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metal-filament type TS selector devices fabricated via ECD process. Figure 2.2 shows the ECD

setup used by our group already discussed in detail elsewhere.*’

Electrode I .

y g
(Substrate) ' y,
aS_useo

Figure 2.2. A three-electrode ECD process setup used in this work.

2.1.2 Atomic Layer Deposition (ALD)

Atomic Layer Deposition, which falls under the chemical vapor deposition category, is a
vapor phase technique used extensively for fabricating thin films. ALD offers many potential
advantages over other existing deposition methods because of its excellent control over film
conformality, thickness and composition.” Figure 2.3 illustrates a general ALD process.” The
deposition process comprise of sequential alternating gaseous chemical precursor pulses reacting
with the given substrate. The entire material synthesis process is split into ‘half-reactions’ which
involves individual gas-surface reactions. Every half-reaction process includes pulsing of the
precursor into the vacuum chamber for a definite time allowing ample time for the precursor to

completely react with the substrate through a self-limiting reaction. Any unreacted precursor or
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Figure 2.3. Schematic illustration of one full cycle of ALD deposition process.
by-products of the reaction are then purged out by flowing an inert Ar or N carrier gas. Purge
process is then followed by a second precursor pulse of the counter-reactant again trailed
immediately by purging, thus creating a monolayer of the desired material. This whole process is
then repeated continuously until the desired thickness level is attained. Therefore, ALD process
can offer atomic thickness controllability by tuning the number of deposition cycles. This is an
extremely desirable feature for scaling down the transistor device dimensions for highly complex
device architectures.”

In this dissertation, the ALD deposition technique was investigated to elucidate the
fundamental understanding of polycrystalline ZnO material properties as a switching layer for TS
selectors. In the design of experiments, ALD ZnO along with Ag doping has been evaluated for
its operation as a volatile switching layer. The Zn precursor — Diethylzinc (DEZ), Ag precursor —

Silver  hexafluoropentanedionate  trimethylphosphine  complex, CsH11AgFsO2P, high-
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concentration ozone (Os, 400 g/m®), and deionized water (H20) were used in the discussed ALD
process. The carrier gas and the purge gas functionalities were both performed by high purity
(99.9999%) BIP grade inert gas — Ar or N2. The elaborate details on experimental process of TS
selectors fabricated via ALD are discussed in CHAPTER 3.

Figure 2.4 displays the Cambridge Nanotech/Ultratech Savannah S100 (CNT) crossflow
ALD reactor used for thin film deposition in this dissertation. CNT tool was used to deposit TiO>
layers discussed at CHAPTER 4. Figure 2.5 displays the NCD D100 crossflow ALD reactor

installed in our laboratory which is equipped with (hfac)Ag(PMes), DEZ, O3, and H,O. NCD D100

Figure 2.4. Cambridge Nanotech/Ultratech
Savannah S100 (CNT) ALD reactor.
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ALD reactor tool was used for depositing Ag doped Oz-based ZnO volatile switching layer by
‘supercycle” ALD method discussed at CHAPTER 4. The aforementioned ALD reactors employed
in this thesis were decked with an ozone generator catered by Toshiba-Mitsubishi-Electric

Industrial Systems Corporation.

Sideview [

Figure 2.5. NCD D100 ALD reactor equipped with ZnO and AgOx, employed for ‘super-cycle’
ALD process.

2.1.3 Sputter Deposition

Sputter deposition method is an extensively used physical vapor deposition (PVD)
technique presenting several advantages over other prevalent techniques like molecular beam
epitaxy or pulsed laser deposition when large-scale films need to be deposited. PVD technique
allows atom by atom coating growth on the substrate by atomization of material from a solid
source, called as target.”” It enables to deposit extremely high-quality epitaxial thin films and
complex oxide materials superlattices at a significantly cost effective rate when compared to other
methods.”®"® The overall adaptability and flexibility of the PVD processes led to the development

of varied processes and thus several variants have originated over a period of time as shown in the
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Figure 2.6.77 In this dissertation, sputtering via only radio frequency and direct current methods
have been investigated, discussed in detail at CHAPTER 4.

The sputtering process depends on the generation of plasma through electrical discharge

MAGNETRON RF-RADIO FREQUENCY
T BaaT DC-DIRECT CURRENT
ibe MEP-MAGNETICALLY ENHANCED PLASMA
iy UBMS-UNBALANCED MAGNETRON SPUTTERING
; » DMS-DUAL MAGNETRON SPUTTERING
Reactive Sputter Deposition HiPIMS/HPPMS-HIGH-POWER IMPULSE/PULSE
MAGNETRON SPUTTERING

Figure 2.6. Physical vapor deposition methods segmentation for various coating techniques.

and acceleration of energetic ions (e.g., Ar*) towards the desired target to be deposited (ZnO, Ag
or Ag-doped ZnO, in this work) which is biased as cathode terminal in an electrically grounded

vacuum chamber. Figure 2.7 shows an illustration of sputter/co-sputter deposition setup. The

” Rotating Substrate Holder
|

H l Substrate H
2 - - J’J l Ar
Ag/Ag:ZnO Target

RF Magnetron

Guns
4 A\
Figure 2.7. Diagram of the sputter/co-sputter deposition process.
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accelerated high energy ions are bombarded on the target surface causing sequential collisions
with the exposed atoms of the target. These continuous collisions provide outward momentum to
the atoms thus ejecting them from the surface. These ejected atoms finally get deposited on
substrate surface creating a thin film. Now the utilization of magnetron sputtering greatly enhances
the process yield by confining the charged particles of plasma closer to the target surface. The
magnetron process is based on a combined principle of exploiting the effect of electric field
working in the sputter process and magnetic field acting behind the target, which together helps in
trapping electrons in helical trap paths surrounding the vicinity of the target. The sputter process
sequence involves — ramp up, etching/conditioning, coating, and ramp downstage, shown in Figure
2.8.77

In this dissertation, sputter/co-sputter deposition techniques have been employed to
fabricate volatile switching layer for the metal-filament type TS selector devices discussed at

CHAPTER 4. ZnO, Ag and Ag-doped ZnO (Ag:ZnO) targets have been individually sputtered or
Vacuum | ~ Substrate

Pumping Contamination

Heating ~ Cleaning

Cooling

Venting 5 i
Unloading eposition
Machine

COATED SUBSTRATE REMOTION

SUBTRATES ON HOLDERS

Figure 2.6. Schematic process flow for the sputtering deposition.
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co-sputtered as per the design of experiment to deposit ZnO or Ag-doped ZnO thin films. Figure

2.9 displays the ATC Orion sputter deposition system (AJA International) used in this work.

# % & AJAINTERNATIONAL, Inc, # # %
ATC ﬂﬂlgﬂ

Figure 2.7. ATC Orion Magnetron sputter deposition system by AJA International.

2.2 Electron Beam Lithography

Electron beam lithography, EBL, is a technique of forging nanoscale patterns in integrated
circuits. EBL process involves transferring an intended pattern onto the substrate surface by first
scanning a thin organic film layer i.e., resist, by exposure from a narrow and precisely focused
electron beam and then removal of the particular resist regions- exposed/non-exposed, in a
developing solvent.8%8! Figure 2.10 shows an illustrative diagram of the EBL process,®? where

Figure 2.10b displays the top view of fabricated nanohole structure discussed in CHAPTER 4.
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EBL tools comprise of three main parts: electron gun, vacuum, and control system. A

filament tip emits electrons which are attracted by an anode terminal. The spot size diameter of

electron beam

-/SOU rce

1st condense lens -

beam blanker—l ’I/ electron beam

2nd condense lens <-

aperture ——
i F deflector

final condense lens «a )
resist

Exposed pattern

Figure 2.8. An illustration diagram of the electron beam lithography technique. A focused e-
beam is projected on the organic resist layer for creating a pattern by dot-by-dot exposure: (a)
EBL setup- side view; (b) top view of the nanohole selector structure used in this dissertation.

the beam is defined by focusing the emitted electrons using electromagnetic lenses. The vacuum
system plays role in cutting any outer interference by isolating the beam. The final pattern is then
created using a computer aided software. Figure 2.11 shows the image of the EBL system (Raith

150™9) used in this work.



Figure 2.9. Raith 150TWO e-beam lithography system used in this work.

2.3 Electrical Characterization Methods and Tools

2.3.1 Four-point Probe

The four-point probe is generally utilized for measuring surface conductivity of nanoscale
thin films and any semiconductor material. It can measure either of the bulk or thin films,
depending on the measuring tip structure using a different mathematical expression. The usual
four-point setup comprise of four equally spaced tungsten (W) metal tips with known radius,
though other probe spacing configurations are also utilized in some cases. It was first used in 1915
by Wenner & for avoiding contact resistance. The four-point probe has an auto-mechanical stage
that contains the four metal tips which move up and down while measuring. The two outer metal

probes deliver current supplied by a high impedance current source, while a voltmeter is used to
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Figure 2.10. (a) Schematic illustration of the four-point probe system, (b) An image of Alessi
four-point system.
measure the voltage across the two inner metal probes for determining the resistivity of the wafer
under test, as shown in Figure 2.12a 8. The resistivity measured by a four-point probe, p, can be

expressed by

= 2ms—
p TS

Figure 2.12b displays the Alessi four-point probe system employed in this dissertation to
determine ZnO thin film conductivity. The Alessi tool uses Cascade C4S probe head that has

tungsten carbide probe tips with Imm of equal spacing between them.

2.3.2 Cascade Probe Station

The cascade probe station is generally used for performing device characterization
measurements. All the devices that need to be protected from electromagnetic interference and

light, can be conveniently measured using the cascade probe station as it provides shielding to the
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chuck from above mentioned effects. This system allows fA-level current measurements as the
chuck here is electrically guarded.

Figure 2.13 shows an image of the Cascade probe station integrated with semiconductor parameter

»
.
-3
-}
2
e
L}
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L

Figure 2.11. Cascade probe station decked with Keithley 4200 semiconductor parameter
analyzer, and HP 4284 LCR in Prof. Chadwin Young’s eCOMETS lab.

analyzer — Keithley 4200and HP 4284 LCR meter, extensively used in this dissertation for deriving
current-voltage characteristics (I-V) of selector devices fabricated via various fabrication methods.
The selector devices were clamped on the chuck, held by vacuum, and measurements were
performed in dark environment. All the measurements discussed in this dissertation were acquired
at room temperature, though the tool had the capability to be heated up to 200 °C chuck

temperature for any temperature-dependent measurements.
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2.3.3 Semiconductor Parameter Analyzer

The semiconductor (or device) parameter analyzer is a testing tool utilized for performing
high accuracy electrical measurements like capacitance—voltage (CV), capacitance-time (C-f),
capacitance—frequency (C-f), and current—voltage (IV) measurements. Figure 2.14 shows an
exemplary DC sweep cycle diagram. The entire DC sweep has been divided into four parts for
understanding purposes. First, at the beginning of each sweep, a hold time (HT) is added for
measurement stabilization, followed by a pre-programmed default delay. This delay factor can
either be limited auto or best fixed, depending on the measurement requirement, which is typically
the time that SMU waits before initializing next measurement whenever a voltage is applied to
device under test (DUT). Next component is the sweep delay (SD) which is an extra time added
before the actual measurement begins, and finally the measurement time (MT), which is the time
taken for measuring current in the given DUT. In this work, the measurement setup has been
frequently varied as per experimental design requirements e.g., measurements at fast integration
time were performed whenever hundreds of DC-1V cycles were required to be swept and recorded
whereas, slow integration time measurements were conducted when the priority was to record

ultra-low leakage currents.
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Figure 2.12. An exemplary DC sweep sequence.
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Figure 2.13. Semiconductor parameter analyzer — Keithley 4200A-SCS, connected to a probe
station in Prof. J. Kim’s lab.

Figure 2.15 displays the Keithley 4200A-SCS semiconductor parameter analyzer which
was used in this dissertation additionally to the Cascade probe station discussed in previous

section. Also, AC transient measurements were performed using the same setup but utilizing

LabView program, designed by Mr. Mohamed Abrar Sait.
2.4  Material Characterization Methods and Tools

2.4.1 X-ray Diffraction (XRD) Analysis

Max von Laue discovered in 1912 the phenomenon of X-ray diffraction using crystalline
materials. In 1915, Lawrence Bragg and his father explained the X-ray diffraction process. XRD
now has become a very common method for studying crystallographic structures and atomic
spacings. The basic principle of XRD exploits the advantage of constructive interference of the

monochromatic X-rays after suffering diffractions when incident on the crystalline sample. X-rays
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Figure 2.14. A schematic illustration of X-ray Diffraction
principle.

are an appropriate choice for this study as their wavelength is typically of the same magnitude
order as the crystal spacing. When X-rays are incident on the sample, it produces constructive
interference if it meets the Bragg’s Law condition of nA=2dsin8 (Figure 2.16) . The diffracted
X-rays are then spotted by the sensing detector, processed, and finally counted to tell the intensity.
The captured diffraction peaks are then converted to d-spacings, compared with reference patterns,
and interpreted to identify the crystal structure of given specimen.

The conventional scanning mode in XRD is out-of-plane 6/20 but if the crystal sample has
ultrathin thickness of <20 nm, 6/20 scanning mode fails to provide any meaningful data due to
weak specimen signal as compared to stronger substrate signal, thereby making it difficult to
acquire crystalline diffraction peaks. & To resolve this issue, grazing incidence X-ray diffraction
(GIXRD, 26 scanning mode) is employed to enhance the surface sensitivity by avoiding intense
signals from the substrate. Here the fixed angle is usually set a little higher than total reflection’s

critical angle in order for the substrate to show total external reflection.®’
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Figure 2.15. Rigaku SmartLab X-ray diffractometer system.

Figure 2.17 displays the Rigaku SmartLab X-ray diffractometer system used in this
dissertation, which is decked with 0.1542 nm wavelength Cu ko X-ray source. In this work,
scanning modes of 260 and 6/26 have been exploited to understand crystal structure and phase of

the nano-polycrystalline ZnO.

2.4.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, XPS, is a computable method employed for determining
the surface-sensitive composition of elements in a material as well as can identify the binding
states of the constituent elements, by exploiting the principle of photoelectric effect. The usual
probing depth of XPS is 10 nm and utilizes photoelectrons possessing kinetic energy (KE) in 300—

1500 eV range for surface analysis. When photoelectrons are emitted from the surface material,
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Figure 2.16. Versa Probe 11 scanning X-ray Photoelectron Spectroscopy system.

their energy corresponds to a specific element characteristic. The expression for calculating the
binding energy (BE) of ejected electrons from KE is given by,

BE = hv — KE — ®s
where BE indicates binding energy of core electrons, hv — photon energy of X-ray, KE — ejected
photoelectrons kinetic energy, and ®s — represents the work function.

Figure 2.18 shows the Versa Probe Il scanning XPS system used in this work, which is
decked with an Al ko monochromatic X-ray source having 1486.6 eV photon energy. In this
dissertation, XPS analysis was extensively performed for determining elemental composition,
oxidation states and binding energies of fabricated Ag-doped ZnO thin films for evaluating doping
concentrations as per the experimental design as well as the film’s overall stoichiometry for varied

deposition conditions.
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2.4.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM)® js a distinguished kind of the scanning probe
microscopy having a nanometer order resolution. AFM tool acquires data by measuring the force
sensed by probe atoms and the ones in sample. This is performed by a cantilever having a sharp
tip made typically of silicon or silicon nitride, which picks any deflections and convert them into
data. As the topography of the given specimen changes, the interaction between the cantilever and
specimen surface also changes, thus producing deflections which are mapped as a topographic
image. Figure 2.19a shows the schematic diagram of AFM working principle.®* AFM can be used
in two different image modes — dynamic (tapping/non-contact) and static (contact) as per user
requirement. In general, dynamic mode has advantages over the static mode, due to its capability
to scan the samples more gently. This involves probe tip oscillations at a fixed frequency where
the oscillation amplitude changes accordingly with the interactions between cantilever tip and the
material surface.

Figure 2.19b displays the Oxford Asylum Research Jupiter XR Atomic Force Microscope

system used in this work. Prior to this tool, Veeco Dimension V SPM AFM system had been used

(a) (b)
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Sample ‘ ; / > ,‘7 .-
Figure 2.17. (a) Schematic for AFM working principle, (b) An image of Oxford Asylum
Research Jupiter XR Atomic Force Microscope system.

44



for obtaining tapping mode images. The measurements were performed with tool housing on as
the AFM image quality can be degraded due to ambient noise as the tool is quite sensitive to any
environmental disturbance. In this dissertation, AFM has repeatedly been utilized for confirming
the crystallinity of doped/undoped ZnO thin films as well as to estimate the surface average
roughness (Ra) to examine any surface damages while deposition and Gwyddion software was

used for image analysis.

2.4.4 Scanning Electron Microscopy (SEM)

Scanning electron microscope, SEM, is a prominent electron microscopy subclass utilized

for obtaining a high-quality detailed image of a specimen with spatial resolution. A high-energy

Figure 2.18. Zeiss SUPRA 40 scanning
electron microscope.
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beam is incident on the sample in SEM, which provides information on surface morphology,
grain/crystallographic orientation, composition of a material. SEM primarily detects two types of
electrons — a) backscattered electrons (BSE), and b) secondary electrons (SE), though X-rays could
also be produced. BSE are the ones reflected back following an elastic interaction whereas SE
originate from inelastic interaction, between the sample and electron beam. SE originate from
superficial surface while BSE come from broad regions in the specimen. SEM can generate 3D
surface maps with 50,000x magnification offering extremely-high lateral resolution for >10 nm
range, and ability to do energy dispersive X-ray (EDAX) analysis.

Figure 2.20 shows Zeiss SUPRA 40 SEM tool capable of scanning images with 1-2 nm
resolution for imaging. In this dissertation, SEM images were captured to image cross-sectional
Ag-doped ZnO polycrystalline layer structure as well as to confirm SL crystallinity. Moreover,
EDAX analysis feature offered in the SEM tool was also used for determining ZnO film’s chemical

composition/detection limits to estimate Ag doping levels.

2.4.5 Inductively coupled plasma mass spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS)%? is an analysis method for
measuring the elemental trace levels in a specimen. In this technique inductively coupled plasma
is used for ionizing the sample, atomizing it, then creating atomic and polyatomic ions, finally
sensed by the detector. This technique can detect metals/non-metals in a liquid sample (typically
nitric acid), even if present in extremely low concentrations. It can also identify the isotopes of an
element thus offering very precise results with great speed and sensitivity. In ICP-MS method, a
quadrupole extracts ions from the plasma using a series of cones on the basis of ratio of mass-to-

charge of the detected ions. A reference material (standard) is used for calibration first, which is
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utilized as a reference scale to estimate the concentration of sample of interest. ICP-MS can be
used to determine elemental composition in 7-250 atomic mass range.

Figure 2.21 shows an image of the Perkin-Elmer Sciex Elan 6100 DRC inductively coupled
plasma mass spectrometer (ICP-MS) tool, used in this dissertation. We performed ICP-MS
analysis to estimate the Ag doping levels in the Ag-doped ZnO thin films when the doping
concentration was so low that it could not be determined with either XPS or EDAX analysis. The

tool access was provided by Professor Gabriele Meloni from the Chemistry and Biochemistry

department and Ms. Rhiza L. Villones aided with the measurements.

|

ihf

Figure 2.19. Perkin-Elmer Sciex Elan 6100 DRC inductively coupled plasma mass spectrometer.
2.5  Home-made Nanohole Device Fabrication and Mask Layout

In this dissertation, 250250 nm nanohole structure devices were used as selector devices
which were provided by our project collaborators from Pohang University of Science and
Technology (POSTECH). Additionally, home-made nanohole devices have been furbished at
UTD cleanroom facility situated in Natural Science and Engineering Research Laboratory

(NSERL) building.
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Figure 2.20. Home-made nanohole structures mask layout, (a) Entire 4-inch wafer, and (b)
zoomed-in images of single cell design in (a).

Figure 2.22 shows an image of the mask layout designed for fabricating home-made
nanohole structures in this work. Varied device sizes were prepared ranging from 50 to 500 nm.
Figure 2.22a shows the entire patterned 4-inch wafer, while Figure 2.22b shows the zoomed-in
images of various mask layout features. All the TS selector devices discussed in this dissertation
were completely or partially fabricated in either the UTD cleanroom facility or Professor Jiyoung

Kim’s lab.
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The contents of this Chapter are partially (or in parts) adapted from a manuscript — under
preparation, entitled “Novel Approach using Atomic Layer Deposition of Ag Doped Oz-based
Crystalline ZnO Films for Ultra-Steep Threshold Switching Selector”. The authors are Harrison
Sejoon Kim, Akshay Sahota, Xin Meng, Jaidah Mohan, Yong Chan Jung, Jang-Sik Lee, Si Joon
Kim, and Jiyoung Kim. | am a co-first author in this manuscript together with Dr. Harrison S. Kim,
and contributed towards the experimental execution, device fabrication, electrical characterization

in conjunction with manuscript preparation and corrections.

3.1 Preface

For the technological advancement of emerging non-volatile memories (NVM), several
selector devices have been investigated for suppressing sneak/leakage current arising in a X-point
array framework. Leakage current originating from neighboring unselected cells is a big roadblock
for expanding the hardware design to achieve ultrahigh density (e.g., 3-dimensional crossbar
architecture). Metal-filament type atomic switches have been proposed as TS selector devices that
could enable the realization of ultrahigh density architectures by reducing read/write disturbance
and thus controlling unnecessary power dissipation. In this dissertation, the common flaws of Ag
active electrode-based TS selectors i.e., cell-to-cell and cycle-to-cycle Vi fluctuations and lousy
cycling endurance, have been rectified. In order to obtain this functionality, ZnO SL was lightly
doped with Ag rather than incorporating Ag active metal layer which acts as the infinite source of
Ag ions to the SL. We investigated and evaluated selector performances i.e., threshold switching
characteristics fabricated via three different methods: ECD, ALD and co-sputtering.

Volatile switching behavior of selector devices in aforementioned three cases has been

studied per selector medium structure (i.e., amorphous or crystalline), and per doping level (i.e.,
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Ag concentration) for the undoped (with active metal layer) and doped (uniform or delta doping)
cases. DC I-V and transient characteristics were studied to evaluate various electrical properties,
in addition with the device failure analysis.

The first fabrication method evaluated by our group for selector fabrication was
electrochemical deposition, already discussed in detail elsewhere.*” ECD was used due to its
remarkable controllability on doping concentration. However, due to its tendency to go towards
non-conformal film growth and challenges in thickness and roughness control over the deposited

films, atomic layer deposition was followed as the second alternative deposition technique.

3.2 Introduction

For the advancements in the information processing, storage class memory (SCM) is
needed for cutting-edge computing hardware architecture.t”?* The newly explored X-point
architecture facilitates 3D stackable integration of the two-terminal SCM, thus sidestepping the
potential memory wall that came into being due to intensive data processing.®%%-% The X-point
array requires the SCM device to be collocated with the selection device to inhibit any crosstalk
between adjacent nodes so as to prevent any degradation of sense margin window as well as keep
the net power consumption under check.%-% Till date, a variety of two-terminal selection devices
have been investigated for X-point operation, such as Schottky junctions, %t poly-Si
transistors,1921% jnsulator-metal transition (IMT),*>1% mixed-ionic electronic conduction device
(MIEC),3"% field-assisted super-linear threshold (FAST),%1% QOvonic threshold switching
(OTS),341107 and electrochemical metallization (ECM)-based steep-slope TS selectors,34:4546.108
ECM-based TS selectors have garnered attention because they can meet the selector device

requirements due to their abrupt non-linear 1-V transition.’® An ECM-based selector device
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typically involves diffusion of active metal ions e.g., Ag or Cu facilitated by an active metal
electrode under applied bias to form a conductive path, and undergoes spontaneous rupture process
of the thin and unstable filament due to steric repulsions originating between metallic atoms, 31-58:109
In broader sense, the formation of multiple filament growth points leads to stochasticity in the
filament growth process, thereby making multiple bias channels with different voltage values when
a filament is formed. Another encountered challenge is poor cycling endurance (Figure 3.1). In
conventional approaches where an active metal electrode is employed, it acts as a source of infinite
metal ions that will keep changing the filament morphology and eventually the device will become
permanently shorted after repeated cycling due to radially thick and stable filament formation.
These random events of multiple filament origin points could be avoided by preventing over-
diffusion of active metal ions. This over-diffusion can be prevented by using alloy electrodes,*'%-

13 highly ordered Ag nanodots,*** and metal doping.*>*22
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Figure 3.1. Schematic illustration of doping profile structure and filament
morphology for conventional selector structures and layered doping in ALD
case.
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In this chapter, atomic layer deposition (ALD) technique, super-cycle ALD in particular,
has been investigated to develop TS selectors as it offers precise control on dopant concentration
by allowing to regulate the sequence and pulsing ratio of the dopant. Figure 3.1 shows the
schematic of layered doping achievable by ALD process. Restricting the Ag ions concentration in
the SL would result in a localized filament formation. In this work, ZnO has been chosen as the
SL material which has been doped with Ag as per the design of the experiments. It is expected that
the crystalline ZnO (wurtzite) structure allows anisotropic diffusion of Ag ions,'212* thereby
cutting down the randomness (Brownian motion) involved during isotropic diffusion in
conventional amorphous SL structures. Moreover, when Ag is introduced as a dopant in the ZnO
matrix, it lowers the leakage current as it acts as a shallow acceptor.'?>128 But ZnO is intrinsically
n-type, 213! so switching is enabled by formation and rupturing of a metallic filament rather than
the conduction path formed by the dielectric breakdown. This helps in sustaining a low leakage
current under persistent cycling when external voltage is applied to the insulator SL. In this
dissertation, ZnO works as the insulator SL which is doped with Ag to derive TS characteristics.
Although, previously published articles are available for doped ZnO with super-cycle ALD

technique using various dopants,**? but Ag-doped ZnO has been realized for the first time.

3.3  Experimental Methods

For fabricating the SL, our NCD D100 crossflow ALD reactor had been equipped with
deionized water, high-concentration Oz, and DEZ. Silver hexafluoropentanedionate
trimethylphosphine complex, was used as Ag precursor as per DOE. Carrier and purge gas

functionality was carried out by high purity (BIP grade, 99.9999%) Ar or Nz inert gas. There was
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Figure 3.2. Schematic diagram of super-cycle ALD technique showing deposition sequences of
Zn0O, AgOx, and ZnO/AgOx layers for achieving delta-doping.

a continuous flow of 50 sccm N through the reactor at 150 mtorr working pressure of the ALD
system. DEZ (=52 wt. % Zn basis, Sigma-Aldrich) and 380 [g/m®] of Os served as the Zn
precursors and oxidant for Os-based ZnO ALD process, respectively. One cycle of Os-based ZnO
ALD consisted of 0.1s/15s/0.1s/30s, exposed with DEZ/N2/Os/N2, respectively. We tested 100 °C,
120 °C, 150 °C, and 225 °C deposition temperatures while keeping remaining process parameters
as same. The ZnO SL physical thickness was kept as ~5 nanometers.

Layered doping or the Ag delta doping was achieved by alternately depositing Ag and ZnO
following a fixed ZnO deposition cycles sequentially inserted with Ag deposition cycles. One Ag-
doped ZnO super-cycle comprised of ‘n” ZnO cycles followed by ‘m’ silver oxide (AgOx) cycles,
as schematically shown in Figure 3.2.

A two-terminal MIM structure was fabricated for the selector devices consisting of a
TE/SL/BE stack. Here Pt served as the BE material deposited via e-beam evaporation process. 5
nm of ALD ZnO served as the SL, while Ag TE was deposited on top of it via e-beam evaporator
using a shadow mask of 25 um radius. For demonstrating the device scaling effect, 250 nm x 250

nm nanohole structures (provided by POSTECH) were used.
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Growth per cycle (expressed as nm/cycle) was calculated using ellipsometry (SE, J.A.
Woolam, M-2000DI) method. Ohmic correlation check was first performed to make sure that the
worst case with Ti/Au (20 nm/80 nm) metal contacts was greater than 0.9990 for a van der Pauw
pattern. The carrier concentration was then measured at room temperature with Hall measurement
(Lake Shore 8400 Series). The elemental composition was estimated using X-ray photoelectron
spectroscopy (XPS, PHI Versa Probe I1). The sensitivity factor and peak area were used to extract
quantitative information for the SL film stoichiometry,!3 using an Al Ka monochromatic X-ray
source of 1486.6 eV. Ar" sputtering was done to remove any adventitious surface carbons and
surface oxidized species for minimizing the matrix effect of ZnO for conducting XPS study. X-
ray diffraction (XRD, Rigaku SmartLab) with 1.5406 A wavelength, was used to evaluate the
crystallinity of the film. Atomic force microscopy (AFM, Veeco Dimension 5000) with the tapping
mode was used to scan the surface morphology. Keithley 4200A-SCS semiconductor parameter
analyzer was utilized for electrical characterization capturing DC-IV data. For all the device

measurements, a voltage bias was applied to the TE while keeping the BE grounded.

3.4 Results and Discussion

First, the steep-slope TS behavior has been investigated for Oz-based ALD ZnO for the
conventional selector structure containing Ag active electrode as TE for providing metal ions
during filament formation. We prepared a simple two-terminal MIM selector structure, as shown
in Figure 3.3a. DC-1V plots for the varied deposition temperatures i.e., 100 °C, 120 °C, 150 °C,

and 225 °C (Figure 3.3b) shows that Os-based ALD ZnO can act as a volatile SL for selection
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Figure 3.3. (a) Schematic illustration of process flow for selector device fabrication and device
structure, (b) DC-IV characteristics with varied deposition temperatures.

behavior. It is common that the formation of zinc vacancies (Vzn) happens more readily in Os-
based ALD ZnO, as compared to H.O-based ALD ZnO,"** hence Vzn» can be formed additionally
using Os to provide more routes for Ag ion migration.? Now this ion migration via vacancy routes
might be responsible for metal-filament formation in the ZnO SL, thus facilitating sequential
formation of Ag filament at low applied bias.®® It can be seen in the Figure 3.3b that there is an
enhancement in off-state current with the deposition temperatures. This is in accordance with the

other literature that discusses the electrical behavior using Hall effect measurement with
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temperature change, involving Os-based ALD ZnO.!* Figure 3.4 shows the statistical chart
analysis for the threshold voltages and off-state current for investigated devices. Os-based ALD
ZnO TS selector devices at 100 °C deposition temperature shows acceptable switching behavior
with a decently low off-state current. Here, the off-state current can also be comprehended in terms
of Zn/O atomic ratio, meaning when oxygen vacancy (Vo) defects are reduced, then the leakage
current tends to reduce too, and a better crystallinity is obtained. It is reported by other groups that
Vo leads to free carriers i.e., electrons, in ZnO causing an enhanced off-state current.®*1% But still
it is not easy to specify Vo concentration by XPS or other methods. Usually, carbon impurities
also contribute to higher leakage currents, thus a study was conducted to determine C 1s for Os-
based ALD ZnO films (data not shown here), which was found to be under the tool detection limit.

Although, it is quite difficult to pinpoint the exact reason behind off-state current increase, but it
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Figure 3.4. Statistical box chart analysis for threshold voltage and off-state current for varied
deposition temperatures.
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can be safely concluded that an increased Vo gets introduced as the deposition temperature
increases, thus leading to an increased leakage current. Figure 3.5a displays the effect of device
scaling on electrical properties of the selector device, keeping similar structural layout. As the
conductive metal filament is the only entity responsible for entire conduction process when the
selector device is in ‘on’ state, it basically rules out the effect of device size on the on-state current,
but the lateral scaling would rather lead to amplification in the current density, Jon for the on-state.

Hence, when the device size is decreased to ~0.06 um? (Figure 3.5b), Jon got amplified to 0.1
MA/cm?. On contrary, the off-state leakage drops down when the size reduces as it commonly is
affected by any change in the device size. These two effects of decreased off-state leakage currents
and increased on-state current density when combined together, results in a high selectivity (Ion/loff)
ratio i.e., ~10° in this case. Next, transient behavior has been evaluated for the selector devices to

determine the turn-on speed (Figure 3.6a) and the time taken by the conductive filament for
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Figure 3.5. (a) Effect of device scaling on the electrical characteristics of the Os-based ALD ZnO
selector, (b) Schematic representation of the used device sizes.
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Figure 3.6. Transient behavior of O3-based ALD ZnO selector devices showing (a) Switching
speed, and (b) Filament dissolution time.

completely dissolving (Figure 3.6b). A waveform generator serially connected to a shunt resistor
of 3 kQ was used to input a square pulse to the TS selector device (inset image). Turn-on/switching
speed represents the time taken by the selector device to exhibit any change in the output voltage
oscilloscope channel after the application of the input square pulse, while the dissolution time is
dependent on how quickly the metal filament can spontaneously rupture under zero bias in an
effort of minimizing steric repulsions.**3” Os-based ALD ZnO selectors showed a switching time
of <50 ns (Figure 3.6a) which is decent enough as compared to other prevalent ECM-based TS
selectors.*+45138 |t is available that the ECM-based TS selectors typically show a dissolution time
(1) >10 ps.58109139-142 \We also confirmed that the dissolution time in our case of Os-based ALD
ZnO selectors, incorporating an Ag active electrode, display a relaxation time of more than 10 us
(Figure 3.6b).

As discussed in Figure 3.3, Osz-based ALD ZnO selector devices showed an interesting DC-
IV trend when deposition temperature was increased. So, to further understand this behavior, we
investigated the physical and chemical characteristics of the various Os-based ALD ZnO thin

films. The deposition temperature can alter the preferred orientation of the ZnO, thus usually
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determines the crystal structure in the ALD ZnO. The crystallization happens in most preferred
hexagonal wurtzite phase for the H>O-based ALD ZnO, even for the relatively low deposition
temperature such as ~130 °C.1*® When the deposition temperature is less than 70 °C, there is an
observance of a strong preferred c-axis orientation for the ZnO films.1*414 |n the 160 — 200 °C
deposition temperature range, ZnO grains are found to be oriented in a non-preferred orientation
along a-axis due to the formation of (100) dominant direction above 70 °C.1*6-148 When the
deposition temperature is further increased beyond 220 °C, the (002) preferred orientation returns
back.'*® But the Os-based ALD ZnO case is surprisingly different from H.O-based ALD ZnO. X-

ray diffraction (XRD) spectra with /26 scanning mode shows an increase in  — integral breadth
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Figure 3.7. (a) X-ray diffraction spectra of Os-based ALD ZnO thin films at varied deposition
temperatures, (b) (002) crystallite sizes as calculated from Scherrer equation, and (c) AFM
images of Oz-based ALD ZnO at 100 and 225 °C.
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with increasing deposition temperatures (Figure 3.7a). g is normally dependent on the full width
at half maximum and can be utilized for crystallite size estimation of the desired plane.}*® This
acquired g (in radians) value was then plugged into the Scherrer equation, expressed as — crystallite
size = KJ/pcosd, where K denotes correction factor, 4 — X-ray wavelength, @ — Bragg’s angle,>
and crystallite sizes of Oz-based ALD ZnO were calculated for (002) plane. Figure 3.7b shows the
plot of crystallite size vs deposition temperatures (100 — 225 °C). The plot shows that for the Oz-
based ALD ZnO, (002) crystallite size is largest for the lowest deposition temperature of 100 °C.
AFM study was then carried out for further verification of the microstructure (Figure 3.7¢) for Os-
based ALD ZnO at 100 and 225 °C, which shows an evident morphology difference between the
two cases. For the 100 °C case, average grain size turned out to be roughly 20 nm, while it was 10
nm for Os-based ALD ZnO at 225 °C. This anomaly between the microstructure results obtained
by AFM imaging and Scherrer equation are not perfectly consistent because grains do not always
consist of a single crystal. However, it visually confirms that for the lower temperature, the grain
size will be larger for Oz-based ALD ZnO. This result is quite interesting as H.O-based ALD ZnO
typically shows a complete inverse trend of poorer crystallinity at lower deposition temperature.
This could possibly be happening because Os-based ALD ZnO has dominant nucleation rate
regions of heterogeneous nucleation, thus there is a decrease in nucleation sites at lower deposition
temperature, resulting in a bigger grain size and thus enhanced crystallinity.

The volatile switching results discussed until now were for the case of Ag active electrode-
based TS selector devices. The current section discusses the delta doping or layered doping of the
ZnO by Ag metal through Os-based ALD ZnO. So, the first step is to prepare a recipe for the Ag

ALD process, which was carried out by using Silver hexafluoropentanedionate trimethylphosphine
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complex as the Ag precursor (Figure 3.8a) and ozone (380 g/m®) as the reducing agent. Ag
precursor (99% purity, Strem Chemicals) typically comes packaged in a stainless-steel cylinder
for its utilization in the deposition systems. For achieving desired vapor pressure, the precursor
bottle was heated at 95 °C and for the prevention of precursor condensation at the reactor inlet, the
precursor lines were maintained at a temperature of 105 °C. One full cycle of Ag ALD comprised
sequential exposures of Ag(10s)/N2(100s)/03(30s)/N2(100s) (Figure 3.8a). We chose a deposition
temperature above 115 °C because of the temperature matching between the ALD reactor and the
Ag precursor. Additionally, Ag ALD processes using PMesAg(hfac), are known for their low
reactivity, hence a higher deposition temperature is preferable.’™®! Below 200 °C, there was a
significant delay in nucleation process and it is known that a few noble metals can be conveniently
deposited below the process temperature 200 °C by using thermal ALD process with ozone,5>-1%
hence we carried out our deposition at a temperature of 225 °C. Ag ALD process ran for 500
cycles, yielded a film thickness of 15 nm which gives a GPC of 0.03 nm/cycle using PMesAg(hfac)

and Oz. The XPS spectra of the Ag 3d peak has been shown in Figure 3.8b, which gives
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Figure 3.8. Schematic for Ag ALD and delta-doped ZnO. (a) PMeszAg(hfac) precursor. (b) XPS
spectra for Ag 3d. (¢) AFM image for delta-doped ZnO substrate. (d) Schematic structure for
selector device by layered doping, and super-cycle ALD sequence used in this work. (e) DC-IV
characteristic for delta-doped threshold switches.
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information on the chemical bonding at the interfacial Ag and ZnO surface. Since the penetration
depth of XPS is approximately 10 nm because of its low energy (20 —2000 eV), so if Ar* sputtering
is not performed (Figure 3.8b, bottom plot), then most commonly the subsurface information
would be dominant. In the XPS spectra, it can be observed that the Ag 3d peak corresponds to a
single Gaussian peak which is assigned to metallic Ag. 3ds» peak for metallic Ag is found to
position at 368.3 eV. It was observed that if Ar* sputtering is continued (Figure 3.8b, upper plot),
the 3ds/2> peak can be deconvoluted into two subpeaks — a) metallic Ag positioned at 368.3 eV, b)
AgO positioned at 0.5 — 0.7 eV lower than metallic Ag.'?®% It has been noted that at Ag/ZnO
interface, a part of AgO subpeak shows dominance compared to metallic Ag, which could possibly
be happening as per our in-situ QCM study employing PMezAg(hfac), which states that the Ag
precursor reacts with Al-O surface, with a byproduct of PMes.*>® Figure 3.8c displays the AFM
image of the ALD grown Ag on ZnO surface which clearly displays crystalline growth of Ag
achieved without any thermal treatment. The coalescence results in varied grain size distribution
due to continuous growth of different nuclei. AFM result shows that there is a uniform deposition
of the Ag even for a larger area but contains some delays at certain nucleation sites which is a
common observation in case of ALD grown noble metals/oxides.®21%

Figure 3.8d shows the delta/layered doping profile that was achieved using Ag and ZnO
ALD processes ran alternatively. In this doping profile, Ag layers were repeatedly sandwiched
between the Oz-based ALD ZnO layers using super-cycle process. Now this one super-cycle
comprised of 20 ZnO cycles, followed by 10 Ag cycles. When three such super-cycles were
repeated, it yielded a thickness of 5 nm. The concentration of dopant (atomic percent) was

challenging to quantify by XPS due to tool detection limit but could be estimated to be around ~17
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at. % based on deposition rate. For determining the threshold switching behavior, we fabricated a
simple two-terminal MIM (Pt/Ag:ZnO/Pt) selector structure without an active Ag metal layer,
instead Ag was delta-doped inside the ZnO matrix as previously discussed in the super-cycle ALD
process (Figure 3.8d). Figure 3.8e shows the volatile switching characteristics (DC-1V) of the
steep-slope TS selector fabricated via super-cycle delta-doped ALD process. The selector devices
show enhanced control over threshold voltage variances which could be attributed to restricted Ag
amount via metal doping of SL,115-117121.122157-160 \yhjch helps to lower down the randomness in
local filament growth/nucleation. It was observed that in both the cases of Ag active electrode-
based and Ag delta/layered doping-based selector devices, they exhibit a steep switching slope
(subthreshold swing) of 10 mV/dec. It was observed that delta-doping based selector devices
returned to off-state quickly as compared to Ag active electrode-based selectors, with a hold
voltage of ~1 V, while the latter case had a hold voltage of nearly 0 V. Although, there is no exact
explanation for this behavior, but it is expected that the unwanted phosphorous and fluorine
elements coming from the PMesAg(hfac) precursor could be the reason for hold voltage increase
for super-cycle ALD based selector devices. Also, the off-state leakage current is lower in this case
in contrast to Ag active electrode-based selectors case. This is expected to happen as the Ag
substitution at Zn site (Agzn) is the most stable dopant state which act as a shallow acceptor in
ZnO (wurtzite) matrix, lowering the leakage current.1?6-128.161 A can be seen that the difference in
off-state leakage is not that significant, it is expected to happen due to delays in nucleation cause
by initial ALD cycles during the Ag ALD process. Additionally, the threshold voltage for delta-
doping based selector devices is also higher than that of electrode-based selectors. The restrained

influx of Ag ions into the SL in case of delta-doped devices could be responsible for this high
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threshold voltages which is in indirect indicative of threshold voltage tunability by regulating Ag

dopant concentration in the SL by well-controlled super-cycle ALD process.

3.4.1 Super-cycle ALD process challenges

Although, super-cycle ALD process presented as a novel alternative option to develop
ECM-based TS selectors providing atomic percent control over Ag doping levels and gave benefits
like threshold voltage tunability and higher hold voltages, but there were some serious downsides
of the process as well. The super-cycle ALD process posed severe reproducibility issues due to the
non-uniformity of the Ag precursor i.e., PMesAg(hfac). Figure 3.9 (a-c) shows the AFM images
of different super-cycle Oz-based ALD ZnO thin films fabricated at same deposition process
parameters but shows completely inconsistent morphological behavior. The grains size was
measured to be ~1.5 nm by ellipsometry which is significantly different from what discussed
previously in Figure 3.7b. Due to this major reproducibility issue, the super-cycle ALD process
was discontinued and succeeded by the sputtering/co-sputtering process, discussed in next chapter,

to evaluate the selector device feasibility.

200nm & &
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Figure 3.9. AFM images for same deposition conditions for super-cycle ALD process showing
reproducibility issues.
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3.5 Summary

In conclusion, we report a novel approach of threshold switching selector fabrication via
super-cycle ALD process. Before implementing the super-cycle ALD process, we developed two
different type of films —a) ZnO SL with low off-state current, b) Ag thin films for interlayer in the
delta-doping case. As the Oz-based ALD ZnO process shows nucleation rate preferred growth
mode, it led to enhanced crystallinity at low deposition temperatures. It was also confirmed by the
Os-based ALD ZnO stoichiometry that lesser defective films can be grown at lower deposition
temperatures. We also demonstrated the feasibility of a volatile switching layer using Os-based
ALD ZnO0, that exhibits decently low off-state current leakages, with < 50 ns switching speed. Ag
delta doping-based TS selectors were successfully fabricated with the sequential introduction of
Ag ALD into the ZnO ALD process thus constituting a super-cycle ALD method. Ag delta doping-
based TS selector devices show benefits of lowered variability in threshold voltages and quicker
filament dissolution thus resulting in faster turn-off speed compared to Ag active electrode-based
TS selectors. Finally, this work shows the possibility of a new pathway for metal doping in addition

to sputter technique, with precise controllability on the dopant concentration.

66



CHAPTER 4
SPUTTERING/CO-SPUTTERING APPROACH FOR DEVELOPING METAL-

FILAMENT TYPE VOLATILE THRESHOLD SWITCHING SELECTORS

Authors — Akshay Sahota,? Harrison S. Kim,? Jaidah Mohan,” Yong Chan Jung,? Heber

Hernandez-Arriaga,” Dan N. Le,” Si Joon Kim,® Jang-Sik Lee, ¢ Jinho Ahn,® and Jiyoung Kim &P

& Department of Electrical Engineering, EC 33
The University of Texas at Dallas
800 West Campbell Road
Richardson, Texas, 75080, USA

® Department of Materials Science and Engineering, RL 10
The University of Texas at Dallas
800 West Campbell Road
Richardson, Texas, 75080, USA

¢ Department of Electrical and Electronics Engineering
Kangwon National University
1 Gangwondaehakgil
Chuncheon, Gangwon-do, 24341, Republic of Korea

d Department of Materials Science and Engineering
Pohang University of Science and Technology (POSTECH)
77 Cheongam-ro
Pohang 790784, Republic of Korea

¢ Division of Materials Science and Engineering
Hanyang University
222 Wangshimni-ro, Seongdong-gu
Seoul 04763, Republic of Korea

67



The contents of this Chapter are partially adapted from two manuscripts entitled “Nano-
polycrystalline Ag doped ZnO layer for steep-slope threshold switching selectors” — accepted and
“Highly Reliable Selection Behavior with Controlled Ag Doping of Nano-polycrystalline ZnO
Layer for 3D X-Point Framework” — under journal review. | am a first author in both the
manuscripts, and contributed towards the experimental design and execution, device fabrication,
electrical characterization in conjunction with manuscript preparation and corrections. The content
of this Chapter is adapted with permission from (Nano-polycrystalline Ag doped ZnO layer for

steep-slope threshold switching selectors). Reproduced with permission from AIP Advances.

4.1 Preface

As discussed in previous chapter, ALD and ECD processes provided a basic understanding
on the delta/layered doping and the uniform doping of the ZnO switching layer with Ag and the
associated benefits for minimizing the filament growth stochasticity; a common flaw primarily
found in Ag active reservoir electrode-based TS selectors. Both the ALD and ECD methods
demonstrate the effects of doping on TS characteristics, specifically the enhancements in Vi
variances and device cycling endurance. However, the interpretation of operational mechanism
per Ag doping concentration remains cryptic. Moreover, ALD and ECD processes have their own
challenges like reproducibility issues, thickness/roughness controllability and both enables only
one specific type of doping profile to be investigated at a time. Sputter/co-sputter technique on the
other hand offers some benefits over the ALD and ECD processes— a) High thickness
controllability, b) Uniform film morphology, c) Ability to support both layered/delta and uniform
doping profiles, and finally, d) Process versatility to grow amorphous and polycrystalline thin films

by tuning sputter deposition parameters.
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Hence, sputtering/co-sputtering method has been investigated for fabricating simple MIM
structured TS selector devices with varied Ag concentrations. Delta and uniform doping profiles
have been tested for their feasibility and respective switching characteristics have been
demonstrated. Also, a comparative study has been conducted to identify differences in the

switching behavior for polycrystalline versus amorphous ZnO films.

4.2 Introduction

Recent breakthrough in 3D X-point architecture arrays has put them in spotlight for the
studies related to implementing the next-generation high-density non-volatile memory technology
for futuristic neuromorphic, and stand-alone memory applications.*”-?#93162 3D X-point structure
fulfills the requirements of extremely high memory density using a simple device structure and
also offers cost benefits in memory industry owing to the 3D stacking viability, thereby lessening
bit cost per memory chip.*163-16> However, a X-point architecture suffers from an inevitable issue
of sneak leakage path which is detrimental for its practical application as it increases overall power
consumption as well as amplifies the read/write disturbance,*9105106166 Thys developing a
selector device that prevents the sneak-current for an unselected cell within a X-point array, is
required to mitigate this issue. An ideal selector device should inhibit any leakage current through
the unselected cells offering high resistance at low bias, while turning on after crossing certain
threshold voltage (Vi) enabling current flow for the selected memory cell.'®” A lot of selector
devices have been engineered until now to satisfy the X-point architectural requirements,*3-*° but
amongst them TS selectors, namely MIT selectors,*>* OTS selectors,***! and Ag (or Cu)-based

steep-slope TS selectors, 344547168169 haye garnered a lot of attention. MIT and OTS selectors
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despite of having exceptional endurance and reliability, suffer from a big flaw of high los (~107
A) which makes them unsuitable for next generation high-density memory applications.*8-98170.171
Ag-based steep-slope TS selectors alternately, outshine all other selector devices due to their
exceptional features like extremely low leakage (OFF-state) current (<1 pA), high lon/lofr ratio
(>10"), small subthreshold swing (<10 mV/decade) and high current-density (>1 MA/cm?), yet

having a simple MIM structure,34444547.172.173

The traditional approach of Ag-based TS selector fabrication involves depositing
individual layers of metal oxide and Ag active reservoir electrode to form a MIM stack where the
Ag electrode provides metal ions to the oxide layer for conductive filament formation once enough
operational voltage (>V) is applied to the device. But as this conduction mechanism of metallic
filament formation in an active reservoir electrode-based system has a stochastic nature, it
therefore gives rise to unavoidable intrinsic variabilities.?®?” Hence, parameter variability, e.g.,
shifts in Vi and poor cycling endurance are inherent issues predominantly found in active reservoir
electrode-based TS selectors.®! Majority of the prevailing selector devices comprise of amorphous
SL structure,*#8 thus commanding isotropic diffusion of Ag ions, incorporating randomness.
Another undesirable factor in Ag-based TS selectors is the necessity of electroforming (EF)
process that requires higher applied voltage than the operating voltage.'* During the EF process,
large Ag clusters having several nanometers of diameter are formed which do not diffuse out
completely from conductive path when applied voltage is removed and these residual Ag clusters
thus lead to high lot in subsequent off-state, causing significant device performance
deterioration.®*115172 TS selectors suffer from the issue of having non-volatile filament formations

at high on-currents, possibly due to uncatered supply of Ag ions from active reservoir electrode to
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the SL, leading to memory switching behavior, which is unpreferable for a selector device. 14182
184 Metal doping 47115119120 js thus one of the methods that has been adopted to inhibit the active
metal ion over-injection but the understanding of operational mechanism per dopant concentration,

still remains unclear.

In our previous studies, TS selectors fabricated via electrochemical deposition process have
been discussed,*"11°1% phut a big drawback of ECD process is difficulties on film thickness
precision and smooth film growth thereby leading to non-reproducible results.®%7218518 Ajsg,
solution-based ECD process is not desirable for executing conventional fabrication processes in
semiconductor industry. Sputtering method on contrary, is an extensively used thin film deposition
method employed by coating industries due to its capability to deposit large-scale metal-oxide
films, simultaneously offering excellent controllability on thickness and doping concentration by
simply adjusting sputter target power and deposition conditions.'?1:128187-189 Hence, in this work,
we present a metal-filament type TS selector with a novel doping-based nano polycrystalline
structure, using RF magnetron co-sputtering process. ZnO has been specifically chosen as the SL
in our study because of its workability when doped with Ag,*?° hence crystalline ZnO SL with
preferred c-axis (002) orientation can be conveniently deposited via RF magnetron co-sputtering
technique.*®%-1% Doping helps to regulate the influx of Ag ions during filament growth, while ZnO
in its crystalline phase (wurtzite) allows facile anisotropic diffusion of Ag ions.1?3124 Although,
the literatures using a multilayer selector structure to limit active metal ions influx mentioning
reliability and endurance improvements are available,'®"1% but a selector employing a
polycrystalline SL has rarely been reported. The presented doping-based nano polycrystalline TS

selector shows enhanced TS characteristics of extremely low lott (<102 A), high lon/loss ratio
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(~108), improved cycling endurance, and free from the need of EF process. The results demonstrate
that doping-based polycrystalline structure holds the potential to be utilized in selector devices for

ultra-high density memory applications like 3D X-point arrays.
4.3  Sputter Working Conditions for Ag Active Electrode-based Selectors

4.3.1 Experimental Methods

All the experiments were performed using AJA Orion sputter deposition system, by AJA
International. ZnO switching layer was fabricated using a high-purity ZnO target (99.99%, Kurt J.
Lesker) at varied powers from 50 W to 250 W as per our experimental requirements. Target was
sputtered in Ar+O> gas mixture maintaining the total flow (Ar + O2) constant at 12 sccm. Though
as per experimental requirements, Ar/O; ratio was varied from 2:1 to 15:1 to find the working
range. The main sputter chamber was maintained at ~5 — 8x10~7 torr during depositions which
involved a pre-sputtering for 15 — 30 minutes before every run. Working chamber pressure was

tested in the range of 10 — 40 mtorr but as only 10 mtorr gave meaningful results, so all the

(a) (b) 250 nm % 250 nm
BE of Pt blanket nanohole substrate

with 0.25 pm
TE of 25 ym radius >
25 um

Pt

@ Pt TE (e-beam evaporator)
© Switching Layer (Sputter)
SiO, (o)) @ SiO, (PECVD)

Pt (BE) @ Pt BE (Sputter)

SiO,/Si ® SiO,/Siwafer

Pt (inert)
Si0,/Si

Figure 4.1. Schematic illustration of device structures and process flow for substrates
with (a) Pt blanket BE having Pt TE of 25 pum radius, and (b) 250 nm x 250 nm
nanohole structure substrate.
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depositions discussed in this section were carried out in 10 mtorr pressure conditions. All the
targets used in this dissertation were 2 inches in diameter and 0.25 inches thick. The substrate-to-
target distance was ~5 inches. Sputter guns were tilted at an angle of ~30° and RF mode was used
to sputter ZnO target. ZnO thin film was sputtered on top of Pt layer or 250 nm x 250 nm nanohole
substrate, which is the bottom electrode in our MIM stack. Figure 4.1 shows the schematic and
process flow of device structures used in this section. As previously discussed at CHAPTER 2, the
nanohole structures were obtained from our project collaborators from POSTECH — Prof. H.
Hwang and Prof. J.-S. Lee. The substrate was constantly under rotation at the speed of 10 rpm
during deposition process. Based on the structure of our selector device, Pt or Ag top electrodes
were deposited by Temescal 1800 e-beam evaporator using 25 um radius shadow mask.

The sputter deposited ZnO switching layer’s crystalline structure was determined using
RAMAN spectroscopy and X-ray diffraction (XRD, Rigaku SmartLab) technique in 6-26
configuration. The chemical state of ZnO switching layer was analyzed using X-ray photoelectron
spectroscopy (XPS, PHI Versa Probe 1) after Ar* pre-sputtering to get rid of any air-oxidized top
species. Quantitative details about the SL elemental composition were extracted from sensitivity
factor and the peak area.'®* Atomic force microscope (AFM) — Veeco, Model 3100 Dimension V
was employed for examining the surface morphologies using tapping mode contact. The electrical
properties were characterized using a Keithley 4200A-SCS parameter analyzer. For the electrical

measurements, a voltage bias was applied to the TE keeping BE always grounded.

4.3.2 Results and Discussions

For demonstration of volatile threshold switching behavior in sputtered ZnQO thin films, we

first fabricated conventional Ag active electrode-based TS selectors. The first and foremost task
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was to determine the working conditions for sputter tool as there were number of parameters to be
tuned such as Ar/O ratio, target power, and working pressure. Figure 4.2 shows the DC-IV data
captured for different devices having Ar/O; ratio from 8:1 to 15:1 and devices having 100% Ar
flow. It was observed that devices fabricated under high O2 concentrations i.e., Ar/O> ratio of 2:1
and 5:1 did not show any threshold switching behavior (data not shown). TS characteristics were
first observed in the case of Ar:O> = 8:1 but the devices suffered from stuck-on failure i.e.,
permanent filament formation or continuous low-resistance state, after repeated cycling. As the
oxygen concentration was further reduced in cases of 10:1 and 15:1, the TS properties became
better, with Ar:O, = 10:1 showing the best switching behavior. On contrary, when only Ar was
flown through the chamber, the devices exhibited non-volatile memory switching rather than
showing volatile switching properties. So, an interesting inference was drawn from this experiment
that an introduction of slight oxygen content is mandatory to realize volatile switching behavior.

To further understand this anomaly, various material characterizations were performed on the
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Figure 4.2. DC-1V characteristics for different devices having Ar/O; ratio from 8:1 to 15:1 and
100 % Ar.
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Figure 4.3. lllustration of Ag active electrode-based selector devices with sputtered ZnO volatile
switching layer. Top row displays various system characteristics for 100 % Ar case that shows
non-volatile memory switching due to short-range order and bottom row shows switching
characteristics for Ar:O; = 10:1 case that shows volatile switching due to long-range order.

Ar:0; = 10:1 and 100% Ar cases. X-ray diffraction spectra, 6/26 scanning mode (Figure 4.3)
shows that ZnO has poor crystallinity when grown under Ar only ambient conditions while the
ZnO grown under Ar:0, = 10:1 condition showed enhanced crystalline structure. This could be
attributed to lesser induced defects in the presence of oxygen.'®*-1% Moreover, (002) crystallite
size was found to be larger for the Ar:O, = 10:1 case meaning high crystallinity possibly because
of the material exhibiting long-range order that enables high diffusivity as Ag ion migration will
be quicker between Pt TE and BE.X"%" On contrary, when ZnO has poor crystallinity, the
switching is supposed to be slow due to short-range order of the material system making it difficult
for Ag ions to travel from one electrode to the another.3"1%" This is in direct relation to the time
or voltage bias needed for filament formation per material system crystallinity. Kozicki et al.1%®

has demonstrated that the active metal ion drift velocity is exponentially dependent on the diffusion
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barrier height. The height of this hopping barrier typically reduces on application of voltage bias
to the system, resulting in longer voltage pulse or high voltage amplitude for ion migration in
disordered (poor crystallinity) systems. Contrastingly, the ion hopping barrier is low for material
systems having a long-range order. This behavior can also be explained with the radius of metal-
filament. For long-range order materials, a low voltage amplitude and time is needed for filament
formation, thus the resulting filament is thin i.e., small diameter while it is vice-versa for the short-
range order material systems.?®

From the results discussed at CHAPTER 3, it was inferred that crystallinity affects the TS
selector operation significantly. So, to verify the same affect in sputtered films, we performed

certain experiment sets varying the process parameters like working pressure, ZnO target power,
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Figure 4.4. Material characterization for Ag active electrode-based sputtered ZnO films
fabricated at varied Ar:O- ratio. (a) AFM, (b) GIXRD, and (c) Raman spectra are shown.
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and Ar:O; ratio, as ZnO thin films showed chemical/physical changes under the influence.'®
Figure 4.4 shows the material characterization of the devices discussed in Figure 4.2 previously.
All the AFM, GIXRD and RAMAN spectra points that the highest crystallinity with preferred c-
axis orientation for ZnO wurtzite phase was obtained for the case of Ar:02 = 10:1 when other
deposition parameters were kept constant i.e., ZnO target power — 150 W, working pressure — 10
mtorr and deposited at RT. The results demonstrate that introducing oxygen resulted in larger grain
size which is consistent with our previous inferences.'®1% So, it is believed that presence of

oxygen helps the grain to grow stably with minimized defects resulting in enhanced crystallinity.
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Figure 4.5. DC-1V characteristics and corresponding statistical
device analysis for the selector devices deposited at ZnO target
power of 150 W and 250 W.
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Another regime that we tested to investigate its impact on the ZnO SL film quality, was
ZnO sputter target power.?® Different selector devices were fabricated at ZnO target powers
ranging from 50 W to 250 W. Figure 4.5 shows the DC-IV characteristics and respective statistical
analysis for the devices with SLs deposited at target power of 150 W and 250 W, when rest of the
deposition parameters i.e., Ar:O ratio, working pressure, and deposition temperature were
maintained constant at 10:1, 10 mtorr, and RT respectively. No TS was observed below the target
power of 150 W with the devices showing immediate stuck-on failure, so those plots have not been
shown here. It was observed that ZnO at 150 W showed better TS properties with lower Vi
fluctuations as compared to the 250 W case where more variances in the Vi were observed. To
understand this behavior, material characterization was performed (Figure 4.6). As per the AFM

images, ZnO deposited at 50 W grew as an amorphous film rather than showing crystallinity which
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Figure 4.6. Material characterization for Ag active electrode-based sputtered ZnO films
fabricated at varied ZnO target powers, showing (a) AFM, (b) GIXRD, and (c) Raman spectra.
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was observed for higher powers of 150 W and 250 W (Figure 4.6a). This observation was further
complemented by GIXRD (Figure 4.6b) and RAMAN (Figure 4.6¢) analysis which showed largest
grain size for (002) plane and high E2 peaks for RAMAN, respectively. This interestingly points
out that highest crystallinity is not directly dependent on target power as there is a probability of
surface damage to the deposited ZnO film by high energy ion bombardment during sputtering at
higher powers. At the same time, if the film is grown at very low target power like 50 W, then the
film shows amorphous nature with lots of ZnOH incorporation and lacks any volatile switching
behavior. This can be further correlated to our proposed theory at Figure 4.3, that disordered
material arrangement requires higher voltage bias for filament formation, ultimately leading to a

stable and radially thick filament.
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Figure 4.7. Material characterization for Ag active electrode-based sputtered ZnO films
fabricated at varied working pressures, showing (a) AFM, (b) GIXRD, and (¢c) Raman spectra.
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The last parameter tested was the working pressure, when other deposition parameters i.e.,
Ar:0; ratio, ZnO target power, and deposition temperature were respectively kept constant at 10:1,
150 W, and RT. As per the AFM images (Figure 4.7a), GIXRD spectra (Figure 4.7b), and RAMAN
analysis (Figure 4.7c¢), it can be seen that the film growth at highest working pressure of 40 mtorr
is amorphous. It is possibly because the kinetic energy of the sputtered target material lowers at
high pressures due to shorter mean free paths. This in turn lowers down the probability of the Zn
adatoms on the surface to find a thermodynamically favorable site in the wurtzite structure of ZnO,
which eventually results in a poor crystallinity. As previously mentioned, ZnO whenever has a
disordered arrangement, it does not show any switching characteristics. Particularly in this case it
was observed that the TS selector devices suffered from stuck-off failure i.e., continuous high-
resistance state which implies that the Ag ions encountered a difficulty in filament formation
possibly due to low probability of Ag ion aggregation at cathode interface. Table 4.1 summarizes
all the working conditions evaluated for the TS selector devices.

Table 4.1. Working conditions evaluated for the Ag active electrode-based selector
devices via sputtering.

Pressure  Power Ar:0O,

SmTorr € sow @ g1 ®
10mTorr 100w @

10:1
20mTorr 150W
40mTorr (B 250W 15:1
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4.4  Doping Profile Engineering

As discussed in the section 4.3, the working conditions for sputtering process were first
sorted out for the conventional Ag active electrode-based selector device structure. As per the
obtained results, working pressure of 10 mtorr, ZnO target power at 150 W, deposition temperature
at RT, and Ar:O> ratio of 10:1 showed the best non-volatile TS selector behavior. Next, two
different doping profile i.e., delta/layered doping and uniform doping were investigated, discussed

in detail in the following sections.

4.4.1 Delta/layered Doping

For the demonstration of volatile switching characteristics of the TS selectors, a simple
two-terminal structured delta-doped devices were fabricated in two different device sizes of 25 um
radius, and 250 nm x 250 nm nanohole structure as per experimental design. Fabrication conditions
were same as previously discussed at section 4.3.1, except for that Ag was introduced as the dopant
for delta doping via DC co-sputtering with ZnO target (Figure 4.8). For achieving the delta doped

profile, sequential depositions of ZnO and Ag were made as shown in Figure 4.8, by controlling

ZnO
Targe Target

énc RF&

Figure 4.8. Schematic illustration of the delta doping profile showing sequential ZnO and Ag
interlayers.

Delta-doped
Ag interlayer

Thickness of
} ZnO =5 nm

Delta Doping
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the thickness of each deposited layer. In this case, the ZnO interlayer thickness was kept constant
at ~5 nm and Ag interlayer thickness was varied from ~0.3 nm — 0.8 nm, while the general film
thickness for SL was maintained at ~30 nm. The Ag target DC power was varied from 15 W
(lowest tool power) to 48 W. Two different Ar/Ozratios of 8:1 (Figure 4.9) and 10:1 (Figure 4.10),
were investigated. Figure 4.9 displays the volatile switching characteristics of Ag delta-doped
ZnO for Ar:O2 = 8:1. No TS is observed when the Ag interlayer thickness is <0.8 nm. Devices
show stuck-off failure i.e., no filament formation happens possibly due to Ag deficiency in the
ZnO SL. When Ag interlayer thickness is ~0.8 nm, TS behavior is observed but the device yield
is extremely poor. Figure 4.10 displays the volatile switching behavior of the Ag delta-doped ZnO
when Ar:0. = 10:1. In this case, poor TS is observed for the Ag interlayer thickness of ~0.3 nm
with majority of the devices showing stuck-on failure (I o< €) meaning the Ag amount was not

sufficient for filament formation. Interestingly, when the Ag interlayer thickness was further
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Figure 4.9. Volatile switching characteristics of the Ag delta-doped ZnO for Ar:O, = 8:1, for
varied Ag interlayer thicknesses.
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Figure 4.10. Volatile switching characteristics of the Ag delta-doped ZnO for Ar:0, = 10:1, for
varied Ag interlayer thicknesses.

increase to ~0.5 nm, the selector devices exhibited decent TS properties with a high device yield
of around ~80% and >50 DC cycling endurance. Though the devices showed a significant Vi
fluctuation pointing towards further scope of improvement. All the devices having a thicker Ag
interlayer >0.5 nm primarily showed stuck-on failure due to permanent filament formation
possibly due to excessive Ag amount in the ZnO SL. The results from Figures 4.9 and 4.10 once
again confirm that switching properties are better for Ar:O, = 10:1 case compared to Ar:O; of 8:1.

Finally, device scaling effect was investigated using devices sizes of 25 pum radius, and 250
nm x 250 nm nanohole structure (Figure 4.11), for Ag interlayer thickness of ~ 0.5 nm. It was
observed that the scaled down devices showed enhanced filamentary formation with non-volatile

memory switching instead of volatile switching. Though the exact cause for this origin is not clear
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Figure 4.11. Demonstration of device scaling effect using devices sizes of 25
um radius, and 250 nm x 250 nm nanohole structure for TS selector devices
having delta-doped Ag interlayer with thickness of ~ 0.5 nm.
but two possibilities can be raised —a) Film deposition conformality issue with sputtering process
when using a nanohole structure as the filament may be easily formed near the region where
Ag:ZnO is thinly deposited, and b) Lessened grain boundaries effect.
To summarize, these results successfully demonstrate the delta-doped profile for restricting
the Ag amount in the ZnO switching layer medium, although due to tool limitations of not having
a better control on Ag interlayer thickness due to lack of tool automation capabilities, this doping

profile was not further studied but could be a wonderful topic for future studies due to its

interesting results.
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4.4.2 Uniform Doping

Next, we demonstrated the uniform doping profile exhibiting the volatile switching
characteristics for two-terminal MIM structured TS selector devices (Figure 4.12). We fabricated
Ag-doped nano-polycrystalline ZnO based (Pt/Ag-doped ZnO/Pt) TS selector devices by using
two different device sizes of 25 pum radius, and 250 nm via-hole structures on Si wafer. The detailed
procedure for 250 nm via-hole structure fabrication has already been discussed elsewhere.*?° A Pt
layer was used as the bottom contact electrode. Ag-doped ZnO served as the SL of the steep-slope
TS selector devices and was deposited using ATC Orion (by AJA International) sputter deposition
system. Ag doping-based amorphous ZnO SL was deposited using ZnO target (Kurt J. Lesker,
99.9 % purity) at a RF power of ~150 W and Ag target (Kurt J. Lesker, 99.9 % purity) at a DC
power of ~27 W, at room temperature. Ag doping-based polycrystalline ZnO layer was deposited
under same conditions except for ZnO target sputtered at ~250 W. For evaluation of Ag

concentration effects, Ag doping-based polycrystalline ZnO layer was deposited at room

~5 inches

Ag/Ag:ZnO S S

Target

RF RF

Zn0
Target

Figure 4.12. Schematic illustration of the uniform doping profile showing homogeneously doped
ZnO medium with Ag.
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temperature by co-sputtering ZnO target at a RF power of ~250 W and Ag:ZnO (ZnO/Ag 100-x/x
x=1, 3, 10 at. %; SCI Engineered Materials, 99.99 % purity) composite target at varied RF powers
(~50 W to ~150 W). Ag concentration has been tuned by adjusting Ag:ZnO composite target
power. The deposition thickness for SL was ~30 nm. A 30 nm thick Pt layer was deposited via an
e-beam evaporator (Temescal 1800) using a shadow mask, which served as the top contact
electrode. The surface of fabricated thin films was characterized using X-ray diffraction (XRD,
Rigaku SmartLab), X-ray photoelectron spectroscopy (XPS, PHI Versa Probe 1), and scanning
electron microscopy (SEM, Zeiss Supra 40). Keithley 4200A-SCS parameter analyzer was used
to evaluate electrical properties.

First, 25 um radius devices were fabricated under the process conditions previously

discussed in section 4.3.2, i.e., ZnO target power at 250 W, Ag target power of 27 W, working
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Figure 4.13. Volatile TS characteristics for uniformly doped selector devices having 25 pm
radius (leftmost plot) and 250 nm x 250 nm nanohole devices at varied Ag target powers.
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pressure of 10 mtorr, Ar:O> ratio of 10:1, and deposited at RT. Surprisingly, the devices did not
show any TS but rather suffered from stuck-off failure (Figure 4.13, leftmost plot). When under
the same process conditions, a scaled down device of 250 nm x 250 nm nanohole via structure was
fabricated, excellent TS properties were observed. Filament formation is possibly found to enhance
with device scaling due to —a) Joule heating resulting from increased current density with reduced
device size, and b) localized electric field enhancement due to smaller BE contact area available
for filament formation. The devices showed improved Vi variances of 0.4V £ 0.2 V even in the
worst-case scenario. A stable bidirectional switching operation over >100 DC cycles was observed
with the off-state leakage current of ~10 fA when operated at compliance current of 100 pA
displaying a ~0.1 MA/cm? current density and a massive lon/loff ratio of ~10°. The reason for high
selectivity with ultra-low off-state current is that Ag acts as a p-type dopant in intrinsically n-type
ZnO thereby compensating its n-type nature. 126:127201-203 \When Ag target power was increased to
33 W, TS properties were still realized with good endurance of >100 DC cycles but the Vi
variability increased significantly. On further increase of target power to 48 W, switching
properties became even worse with majority of devices showing stuck-on failure mode indicating
excessive Ag concentration in the ZnO SL. Potential of uniformly doped TS selector devices for
Ag 27 W was further checked by performing various electrical characterizations (Figure 4.14).
The co-sputtered Ag doping-based selector device exhibits reversible unipolar TS operation up to
100 pA (selectivity ~10%%). This corresponds to the current density of >0.1 MA/cm?. Ultra-low
leakage current (~10 fA) is also confirmed when the DUT is measured under slow integration time.

Cycle-to-cycle Vi variation was just, AV + 0.2 V. The main failure mechanism is stuck-off failure
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Figure 4.14. Varied electrical characterizations showing volatile switching behavior
for different cases of cycle-to-cycle, integration time, device-to-device, and
compliance current.

possibly due to Ag ions getting stuck at grain boundaries or forming stable Agzn—Agzn clustered
agglomerations that further restrict filament growth. The devices could sustain more than 100 DC
cycles. A good device-to-device uniformity was observed for the devices where 8 out of 12 tested
devices show outstanding volatile threshold characteristics but in this scenario device #8 is

considered as an outlier (Vi ~1 V). Remaining 2/12 devices showed memory switching and other
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2/12 showed TS behavior but with lof ~ 100 nA, indicating that further process optimization is
required for improved device-to-device uniformity.

To properly understand the effect of Ag in supersaturated ZnO matrix, several material
characterization processes were performed on the selector devices (Figure 4.15). It was expected
that due to excessive silver in the selector medium, severe distortions were created in the pristine
ZnO wurtzite structure, 126:127:201.202204 \yhich were characterized by various techniques of TEM,
XPS, XRR, GIXRD and RAMAN analysis. The distortions were happening because even when
Ag was introduced at the lowest possible tool power of 27 W, Ag exceeded the solubility limit of
ZnO. Figure 4.15a displays the HR-TEM (cross-section) image of the co-sputtered uniformly
doped ZnO SL. A poly-nanocrystalline phase for ZnO can be clearly seen in the image showing
multiple orientations for ZnO crystals with a few lattice matched nanocrystals dispersed randomly
throughout the film, implicating lattice distortions caused by the Ag supersaturation. Using XRR,
pure ZnO gives a bulk density and theoretical value of 5.6 g/cm?, and 5.44 g/cm?, respectively. In
our case, the Ag-doped ZnO film showed a bulk density of 5.03 g/cm?® (Figure 4.15b). Comparing
it with theoretical value, we can see that the film density has decreased. It is expected to decrease
because of the increased Agi or Ago in the film rather than just Agz,, which induces more
distortions and lead to a fall in the bulk density. When Ag concentration was measured using XPS
(Figure 4.15c¢), it turned out to be 12 at. % even for the lowest sputter target power. The lattice
distortions due to Ag supersaturation were further confirmed by GIXRD (Figure 4.15d) and
RAMAN (Figure 4.15¢) analysis. (002) peak was found to be broadened in the GIXRD pattern

indicating the presence of Ag* having radius of 126 pm or Ag? with 97 pm radii, inducing

89



No preferred orientation but
exist as in nanocrystalline

ZnO
(e) Raman
(b) ~ .
> (d)[ GIXRD | Lvm
S = (Adzn-0) E, A,
) V(high) (LO)
"E g \Y V
& > o002 ; '
‘é’ F Fitting model (0] 45 g
& rl—ZnO (I:ICP) . Ag 12 g i
06 09 12 15 = b o
incident angle (deg)

32 34 36 38 400 500 600
20 cm-1

Figure 4.15. Material characterization of the Ag-doped ZnO fabricated via co-sputtering process

showing, (a) HR-TEM, (b) XRR, (c) XPS, (d) GIXRD, and (e¢) Raman confirming induced
lattice distortions.

distortions compared to Zn?* (74 pm). Also, the disappearance of Ez (high) mode in RAMAN is
attributed to the lattice distortions in the crystalline ZnO structure. Moreover, local vibrational
modes (LVM) were observed at 394.5/cm, 201:203:204

Hence, efforts were made to reduce Ag concentration in the switching layer by changing
the process parameters for co-sputtering system involving pure ZnO and Ag targets. As mentioned

earlier that the co-sputtering process was already carried out at the lowest target power of 27 W
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Figure 4.16. Volatile TS characteristics for uniformly doped selector devices having a working
pressure of 40 mtorr, deposited at varied Ag target powers.

for the Ag target, so the only available option to achieve an even lower target power was to increase
the working pressure. So, new selector devices were fabricated at a working pressure of 40 mtorr
while maintaining ZnO target power at 250 W, Ar:O, = 10:1 and Ag target powers were varied as
per design of experiment. As expected, with the increase in working pressure, the new lowest
achievable target power was 18 W. Figure 4.16 displays the DC-1V characteristics of the fabricated
selector devices at lower Ag target powers with an aim to reduce the Ag concentration in the film.
But as evident from the IV behavior, none of the devices showed TS, although we were able to
reduce the Ag content in film. This is possibly because we previously mentioned that selectors do

not exhibit threshold switching behavior at 40 mtorr as films grow as amorphous rather than
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crystalline. So, it became imperative to figure out a way to reduce Ag amount without having the

need to change the deposition conditions which were producing good switching properties.

The next approach that we adopted to control Ag doping was introducing a lightly doped

composite target instead of using a pure Ag target for co-sputtering. Three different composite

targets i.e., ZnO/Ag 90/10 at. %, ZnO/Ag 99/1 at. %, and ZnO/Ag 97/3 at. % were tested in this

dissertation, respectively. Before evaluating the composite targets, we performed proof-of-test

experiment to re-verify the working conditions for the case of uniform doping as shown in Figure

4.17. Three different device structures were fabricated — a) undoped ZnO with no Ag active

electrode, b) undoped ZnO with Ag active electrode, and ¢) Ag-doped ZnO using pure Ag target

with ZnO target. First the breakdown field for deposited ZnO film was calculated which turned

140
120
100

Voltage (V)

20

60
40

m MV/cm
/ V =a'd¥

Breakdown
Field for
undoped ZnO

&/

80

~10.76

0

25 50 75100

Thickness (nm)

Current (A)

Reference
(Unavailable Ag)

= — — —
@ © ©o o
o o & A

—
Q
O

10™

No TS

ik Bekbion B By Bl Ry |

:

0 10203040
Voltage (V)

Ag
Electrode-

based
(Unlimited Ag)

LY

o Bk Bobbi Bk B Bk Bk B Bekioin Bk

00 05 1.0
Voltage (V)

Ag
Doping-
based
(Limited Ag)

10°®

00 05 1.0
Voltage (V)

Figure 4.17. Proof-of-test experiment performed to re-verify the working conditions for the case
of uniform doping.
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out to be ~10.76 MV/cm which was very close the theoretical value of ~11.0 MV/cm. This means
that the deposited films did not have too many defects. The devices with undoped ZnO and no Ag
active electrode showed no TS behavior due to absence of Ag. The devices with undoped ZnO and
Ag active electrode showed TS behavior after following electroforming (EF) process (~1-2 V) in
their pristine state. Though significant amount of Vi fluctuations were observed with a relatively
higher off-state current. The Ag-doped ZnO TS selector devices exhibited EF-free switching
behavior and a low leakage current.

The first composite target evaluated was ZnO/Ag 90/10 at. %. Figure 4.18 shows the
schematic process flow for Ag-doped nano-polycrystalline ZnO based TS selector device
fabrication. Figures 4.18 b — ¢ shows the cross-sectional SEM image of the TS selector device

without Pt top electrode (TE), and the top-view of selector devices with TE, respectively. We did

b
) Ag-doped
# ‘wl)"crystallinc Zn@™» -
'
® Pt top electrode "[‘ — _Si0;

Pt (BE) (via e-beam evaporator) *® Pt

Ti/Si0,/Si
100 nm
Ag-doped ZnO Switching

Pt (88) Layer (via Sputter) C)

Ti/Si0,/Si
> Pt Top Electrode
Pt (BE) 250 nm via-hole structures

Tifsiogsi on Si wafer

Figure 4.18. Schematic illustration of the (a) Selector device fabrication process flow, (b) Cross-
sectional SEM image of Ag-doped nano-polycrystalline ZnO based threshold switching selector
device, and (c) Top-view of the threshold switching selector devices with Pt top electrode.
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a comparative analysis between amorphously doped and crystalline doped ZnO to further our
understanding on if the crystallinity actually aids the threshold switching operation. Figures 4.19
a — b shows a comparative analysis of the volatile switching characteristics between the selector
devices having an amorphous and a polycrystalline ZnO SL, respectively. For the case of Ag-
doped amorphous ZnO SL, no TS behavior was observed while the Ag-doped polycrystalline ZnO
based selector devices exhibited EF-free TS characteristics with a tight threshold voltage (Vi)
distribution having Vi standard deviation (SD) of = 0.05 V. These results are in good agreement

with our earlier proposed hypothesis that crystalline ZnO allows facile anisotropic diffusion of Ag

a) Amorphously doped b)  Polycrystalline doped
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Figure 4.19. Representative volatile switching characteristics of the selector devices deposited
(a) Amorphously, displaying no threshold switching characteristics, and (b) Polycrystalline,
showing threshold switching characteristics (blue line represents first DC cycle); inset images
show X-ray diffraction (XRD) pattern showing amorphously doped ZnO and polycrystalline
doped ZnO, respectively. Ag concentration in both cases is ~12 at. %.
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ions, 123124 thereby reducing the Vi, variabilities.*®”1%3 However, the Ag-doped polycrystalline ZnO
based TS selector devices showed a high leakage current los (~10° A), and the presence of strong
(100) and (101) peaks, inset Figure 4.19b, indicates suppressed crystallinity with no preferred
orientation possibly due to higher Ag concentration of ~12 at. %, thereby giving the scope of
further switching characteristics improvement by reducing the Ag doping concentration in the ZnO
switching layer.

Figures 4.20 a — b demonstrates physical and chemical properties of sputtered Ag-doped
polycrystalline ZnO thin films deposited with very low Ag concentrations (~1 to 3 at. %). Figure

4.20a ratifies that all the sputtered ZnO thin films, lightly doped with Ag have polycrystalline

a) b) Ag 3d Ag (3dsp)
Ag at. % Ny
Ag at. %
Ag at. % D
=
<
100 ~—
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=
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Figure 4.20. (a) X-ray diffraction (XRD) patterns showing preferred (002) orientation and, (b) X-
ray photoelectron spectroscopy (XPS) spectra of the Ag 3ds/2, Ag 3ds/2 (Agzn), and O 1s, ; of the
Ag-doped ZnO films at varying Ag concentrations of ~1 at.% (black line), ~2 at.% (blue line),
~3 at.% (red line).
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Figure 4.21. Deconvoluted XPS spectra of the Ag 3d; of the Ag-doped
polycrystalline ZnO films at varying Ag concentrations of (a) ~1 at.%, (b) ~2 at.%,
and (c) ~3 at.%. (d) X-ray photoelectron spectroscopy (XPS) spectra of the Zn 2p; of
the Ag-doped polycrystalline ZnO films at varying Ag concentrations of ~1 at.%
(black line), ~2 at.% (blue line), ~3 at.% (red line).

phase with preferred c-axis (002) orientation which implies that doped ZnO maintains its wurtzite
structure when slightly doped even without any thermal treatment. Thus, depositing ZnO SL with
low Ag concentration levels reasonably enhance the crystallinity of the SL. The lattice parameters
for the Ag-doped ZnO case do not show any significant changes because of the most stable Ag
substitution on the Zn site (Agzn) dopant state as compared to Ago (Ag substitution on O site) or
Agi (Ag interstitial) which induces considerable lattice distortions as per the calculations based on

the density functional theory (DFT).1? Figure 4.20b shows the XPS analysis, performed to confirm
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Figure 4.22. AFM images of the Ag-doped polycrystalline ZnO films at varying Ag
concentrations of ~1 at.%, ~2 at.%, and ~3 at.%.

the chemical state of doped Ag in the ZnO matrix. In Ag 3d spectra, 3ds,> peak is positioned at
368.2 eV for metallic Ag/Agi, whereas the binding energy for Ag* in Agzn is positioned 0.5-0.7
eV lower.128:205 The XPS analysis for Ag 3d and O 1s narrow scans shows dominant Agz, dopant
state and thus demonstrates that ZnO wurtzite structure has been successfully doped with
substitutional Ag at Zn sites. XPS spectra of Zn 2p and Ag 3d are shown in Figure 4.21. Figure
4.22 shows AFM images of deposited Ag-doped ZnO films for which the lowest average film
roughness was observed in Ag concentration of ~1 at. %.

Figure 4.23 shows the comparative analysis of volatile switching characteristics of non-Ag
based, Ag active reservoir electrode-based and Ag-doping based steep-slope TS selectors. Direct
current (DC)-voltage (I-V) sweeps measured for five different types of TS selector devices show
evident characteristics. No TS behavior was observed in the non-Ag based ZnO device which is
neither Ag-doped nor contains Ag active reservoir electrode (Figure 4.23a). On the incorporation
of an Ag active reservoir electrode, the selector device starts exhibiting TS behavior following the
EF process in its pristine state (Figure 4.23b). The device current reaches the compliance current
(lec) at the voltage of 2.72 + 0.12 V during the EF process (the initial first voltage sweep) and

thereafter, the selector device continuously showed TS behavior even at a switching voltage lower
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than the forming voltage. However, the TS selector device shows degraded properties in terms of
high leakage current (lorr) of ~10® A and significant Vi variability (0.47 + 0.33 V). It has been
discussed earlier that los increases after EF process due to the existence of Ag clusters,**® and Vi
variability is observed possibly because the growth of metallic filament is a stochastic process (or
random event of multiple filament occurrence).?®4” On the other hand, los for devices having Ag-
doped (~1 at. %) polycrystalline ZnO SL (Figure 4.23c), was observed to dramatically subside by
~10* times as compared to the TS selectors containing Ag active reservoir electrode. When Ag
concentration is varied in the polycrystalline ZnO SL from 1 to 3 at. %, the lofs further decreases
by a magnitude of 10 (Figure 4.23 ¢ — e). The underlying phenomenon responsible for trimming

down the loss has been discussed in the next section.

a) Non b) Ag active C) Ag doping- d) Ag doping- e) Ag doping-
Ag-based electrode-based based based based
(Undoped ZnO, (Undoped ZnO, Ag Ag
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Figure 4.23. Representative volatile switching characteristics of the fabricated devices (a) non-
Ag based (highly insulating state), (b) Ag active electrode-based, showing EF process and
subsequent TS behavior. Volatile switching characteristics depending on Ag concentration (c)
Ag ~1 at.%, (d) Ag ~2 at.%, and (e) Ag ~3 at.%, showing no EF process. The threshold voltages
of (c-e) are 0.40, 0.64, and 1.18 V, respectively. Black arrows indicate the measurement
direction.
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Figures 4.24 a — b shows the statistical box chart for the device-to-device analysis on Vi
and lofr distribution for varied Ag concentration in Ag-doping based steep-slope TS selectors. For
each Ag concentration case, we tested at least 10 devices and measured a minimum of 10 DC-IV
cycles per device. Device-to-device Vi (Figure 4.24a), for infinite Ag amount case i.e., Ag active
reservoir electrode-based TS devices display a Vi SD of + 0.23 V whereas for Ag doping-based
ZnO TS devices by choosing a lightly doped selector medium (~1 to 3 at. %), Vi SD could be
minimized to = 0.07 V. As mentioned earlier, the source of Vi variability in Ag active reservoir
electrode-based TS devices is the stochastic nature of metallic filament nucleation process,?%%’
whereas the reduction in Vi variability in Ag-doping based steep-slope TS selectors case could be
attributed to fewer low resistance paths available for filament growth,* 26297 constrained by
doping. Interestingly, Vi (mean) was observed to increase when Ag concentration was increased
from 1 to 3 at. %, for which the thermal energy involved during filament formation might be
responsible, though a thorough investigation on Vi shifting with increasing Ag concentration is

imperative for more clarity. Figure 4.24b shows extremely high I (~10 nA) for all the measured

a) b)
2.0 _ E-4
15 > E-6p
Z 10‘ , ~ E-8
£ ® E-10}
> ~ [
03] = E-12
0.0 ; : E-14 . T
0.0 1.0 2.0 3.0 ©o 0.0 1.0 2.0 3.0 ©O
Ag Concentration (at. %) Ag Concentration (at. %)

Figure 4.24. Statistical analysis box chart of (a) Threshold voltages, and (b) Leakage current,
with varying Ag concentration, showing mean values, standard deviations, and min./max.
outliers.
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Ag active reservoir electrode-based selector devices. Whereas, for Ag-doping based steep-slope
TS devices, fewer than 40% of the measured devices show a leakage current of ~0.1 nA, 20%
devices showed lofr with a magnitude of ~10 pA, while the remaining devices exhibited an los ~1
pA or lower. This is because of the shifting of fermi-level towards the valance band edge owing
to Agzn which acts as a shallow acceptor in ZnO wurtzite structure, eventually curtailing the
lors.47125:126.128.208 Y timately, TS selector devices with extreme-low leakage current (~10 fA), high
lon/lofs ratio (~108), and extremely small subthreshold swing/switching slope (< 1 mV/decade) can
be realized.

Based on the DC cycling endurance studies on the Ag active reservoir electrode-based and
Ag-doping based steep-slope TS devices, a noteworthy difference in number of DC cycles
sustained before TS device fails, is noticed. Ag active reservoir electrode-based TS devices shows

continuous stuck-ON state (i.e., low resistance state) even for less than 10 DC cycles while for the

f >100 DC cycles
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Figure 4.25. Representative single sweep
volatile switching characteristics of selector
devices with Ag ~1 at.% showing >100 DC

cycling loops.
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Ag doping-based TS devices, more than 100 consecutive DC cycles (Figure 4.25) could be
acquired before the device goes into permanent stuck-ON state. For the Ag active reservoir
electrode-based TS devices, the plausible explanation is, because of the unrestrained supply of Ag
ions from the Ag active reservoir electrode, successive radial growth of metallic filament is easier,
which leads to laterally thick and stable filament formation thereby leading to permanent stuck-
ON state. Whereas, for the Ag doping-based TS devices, the radial growth of metallic filament is
subdued by slight doping of Ag in polycrystalline ZnO selector medium.

The final regime tested for this composite target was the effect of switching layer thickness

on the TS characteristics. Figure 4.26 shows the DC-IV characteristics for three different SL

* Figures not drawn to scale
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Figure 4.26. DC-1V characteristics of TS selector devices with SL
thicknesses of 10 nm, 30 nm, and 100 nm, respectively.
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thicknesses of 10 nm, 30 nm, and 100 nm. For the lowest thickness of 10 nm, no TS behavior is
observed. The devices immediately showed stuck-on failure due to quick and permanent filament
formation on the application of voltage bias. Excellent TS characteristics were obtained for the SL
thickness of 30 nm where the devices could be swept more than 100 DC cycles with a tight Vi
distribution and no significant degradation in device performance. When SL thickness was further
increased to 100 nm, TS behavior was observed but the devices needed electroforming (~ 4-5 V)
in their pristine state before they show switching properties. Moreover, the devices showed a
significant Vi fluctuation in this case possibly due to difficulty in filament formation due to
increased distance between TE and BE and reduced probability for Ag ions to connect. This event
has been explained using a numerical approach as discussed below.

Some assumptions were made for numerical calculations simplicity — a) only single strand
of filament is formed, and b) every ZnO crystalline SL contributes only one Ag atom to filament
formation.

Let’s assume a system of ‘n” ZnO layers

Favorable Outcomes

Probability (Switching ON) =

Total Number of Outcomes
Number of favorable outcomes (Switching ON) =1
(" Switching ON happens when all Ag atoms gather to form the filament)
Total number of outcomes = Favorable + Non-Favorable Outcomes
= 1 + (Total cases when 1 Ag atom is missing) + (Total cases when 2 Ag
atoms are missing) + (Total cases when 3 Ag atoms are missing) +...

=1+"C1+"Cy+ "Cs+...

1
1+°Ci +"C2+ "Cst...

Probability (Switching ON), =
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Probability (Switching ON),= = , Probability (Switching ON)s= 3 ,

Probability (Switching ON)s = — ...

Probability (Switching ON)n = —

Thus, this numerical approach shows that with the increase in ZnO switching layer thickness or
ZnO layer by ‘n’, the probability for filament formation decreases by a factor of ‘n’. Hence, this
explanation justifies our previously obtained IV behavior for SL thickness study.

To summarize our findings for composite target ZnO/Ag 90/10 at. %, we fabricated a
doping-based polycrystalline metal-filament type TS selector which facilitated enhanced control
on filament formation due to the restricted availability and anisotropic diffusion of Ag ions in the
polycrystalline ZnO SL. TS characteristics were found to be improved compared to the selector
devices with amorphous ZnO SL. The effects of Ag concentration with respect to los were
investigated for the Ag doping-based TS selectors having different Ag concentrations. An
impressive 99.99% reduction in lofr is observed when Ag is introduced as a dopant in the
polycrystalline ZnO matrix which is attributed to Ag that serves as a p-type dopant thus balancing
the intrinsically n-type nature of ZnO, lowers down the lof. In addition, doping the selector medium
eliminates the requirement for EF which otherwise leads to degraded device performance as
evident from Ag active reservoir electrode-based TS selectors where EF is vital. loff for Ag doping-
based (~1 at. %) TS selectors, was found to be reduced by an order of 4 as compared to the Ag
active reservoir electrode-based TS selectors. By varying the Ag concentration from 1 to 3 at. %,
the loss further tends to drop by one order and an lon/loff ratio of ~108 can be achieved. Moreover,

device-to-device Vu distribution for Ag doping-based TS shows merely + 0.07 V of SD. The
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reduced Vi variability is ascribed to only a few low resistance paths available for filament growth.
It has been demonstrated that with Ag doping approach, DC cycling endurance could be
augmented as doping strictly confines the Ag concentration in the ZnO SL, thus impeding the
successive growth for metallic filament. Additionally, it was noticed that doping-based
polycrystalline SL could potentially help in providing a better control over Vi, for TS devices.
Finally, we demonstrated the SL thickness effect where the TS selectors with 30 nm SL thickness
exhibited the best device performance.

The major challenge encountered in the case of ZnO/Ag 90/10 at. % composite target was
that the Ag concentration could not be decreased below 1 at. % due to tool limitations. Also, from
the GIXRD pattern analysis (Figure 4.20), the presence of (100) and (101) peaks show scope of
further process improvement to obtain (002) dominant peak only to have c-axis preferred
orientation as desired. So, in order to go further below 1 at. % of Ag concentration, we next tested
an extremely lightly doped composite target — ZnO/Ag 99/1 at. %.

Two-terminal selector devices were fabricated using composite target of ZnO/Ag 99/1 at.
%. The fabrication conditions are same as mentioned previously for ZnO/Ag 90/10 at. %
composite target. Figure 4.27 shows the volatile switching characteristics for the selector devices
fabricated with co-sputtering pure ZnO (250 W, RF) and ZnO/Ag 99/1 at. % composite target
(varied RF powers). For the lowest tool power of 30 W, the devices show TS behavior after EF
process with a relatively high off-state current of ~10° A. Similar behavior was observed for higher
target power of 60 W. In both the cases the device yield was also poor (~10 %). When target power
was further increased, the devices immediately showed stuck-on failure i.e., permanent filament

formation (data not shown). To understand this behavior, material characterization was performed

104



4 4 60 W
10 10 OFF
107 10° W]
<
S 10° 10°F!
£ 7
()] D
t 10-10 10-10 j o
= ON ﬁ
Z 0 1072 /
Electroforming
14 14 Process
10 01 2 3 10 0 1 2
Voltage (V) Voltage (V)
3.0 E-4
2.5¢ T, F OEBf Tc |
s 2.0} I e | 3 gl
&~ I min =~ Eor
5 1.5¢ A - (—— $
> 100 [ =5 @ E-10f ot
0.5} € BE-12p -y
[ = [ *Measured at slow integration time
0.0 0 50 E-14 30 50

Composite Target Power (W)
with ZnO RF 250 W

Figure 4.27. Volatile switching characteristics for the selector devices fabricated with co-
sputtering pure ZnO (250 W, RF) and ZnO/Ag 99/1 at. % Composite target at 30 W and 60 W,
respectively.

shown in Figure 4.27. AFM images shown in Figure 4.27a show least average roughness for 60 W
case indicating high crystallinity as compared to other deposition conditions for target power,
confirmed by GIXRD plot (Figure 4.27b) and (002) crystallite size (Figure 4.27c). Since, EF
process was required in all the working conditions, implicating insufficient Ag amount in the SL
and thus initial EF process was required to gather all the Ag ions for filament formation. XPS study

was conducted to estimate the Ag concentration in the films, but it was found that Ag was under
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Figure 4.28. Material characterization for the selector devices fabricated with co-sputtering pure
Zn0 (250 W, RF) and ZnO/Ag 99/1 at. % Composite target at 30 W and 60 W showing, (a)
AFM, (b) GIXRD, (c) (002) crystallite size, and (d) XPS spectra, respectively.

the detection limit for the tool (~1 %), Figure 4.27d. So, it is highly probable that we went too
low on the Ag concentration in an attempt to reduce the net Ag amount in the film which needed
to be further rectified. It is notable from the results that if Ag concentration is too low in the ZnO
matrix, then preferred c-axis orientation can be obtained without any other visible peaks, but it is
obligatory to extensively study the optimum Ag concentration to achieve preferred orientation
without the need of electroforming.

The last composite target studied in this dissertation is the ZnO/Ag 97/3 at. %, having Ag

doping in between the previously studied targets with 10 at. % and 1 at. % Ag doping
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concentrations, respectively. Where 10 at. % doped target had excess Ag amount issues, the
devices fabricated with 1 at. % target were Ag deficient. We fabricated Pt/Ag-doped ZnO/Pt
stacked nanoscale TS selector devices utilizing 250 nm via-hole structures,*?® where Pt served as
the bottom electrode (BE). A 30-nm-thick Ag-doped ZnO SL was then deposited using RF
magnetron co-sputtering process at RT. For SL deposition, a pure ZnO target (Kurt J. Lesker,
99.999% purity) at 250W, RF source and a composite target — Ag:ZnO (ZnO/Ag 97/3 at. %; SCI
Engineered Materials, 99.99% purity) at varied RF powers were co-sputtered. Ag-doping
concentration in the SL was controlled by varying Ag:ZnO composite target power. Finally, a 30-
nm-thick Pt top electrode (TE) was deposited via an e-beam evaporator (Temescal 1800) using a
shadow mask. The surface morphology was characterized by scanning electron microscopy (SEM,
Zeiss Supra 40) and X-ray diffraction (XRD, Rigaku SmartLab). Zn/Ag concentration was
measured using ICP-MS (Perkin-Elmer SCIEX Elan 6100 DRC). All the electrical measurements
were performed using Keithley 4200A-SCS parameter analyzer and AC pulse measurement setup
using a pulse generator and an oscilloscope.

Figure 4.29 shows the COMSOL simulation results for the proposed anisotropic diffusion
of Ag inside the crystalline ZnO matrix. It shows the in-plane (x-y plane) motion of Ag ions under
the applied bias in z-direction. Figure 4.30 shows the comparative DC I-V analysis of volatile
switching behavior of the selector devices. No TS characteristics were observed in the selectors
fabricated at the lowest composite target power of 20 W (Figure 4.30a), due to the absence of Ag
(confirmed by ICP-MS analysis) which is expected not to be effectively sputtered out at the lowest
tool power. On increasing composite target power to 25 W (~0.097 at. % Ag concentration, Figure

4.33), selectors showed TS behavior after EF process in their pristine state with a relatively higher
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Figure 4.29. COMSOL simulation results showing anisotropic diffusion of Ag ions inside the
crystalline ZnO matrix, near the filament.

off-state current (loff) of ~10"** A, Figure 4.30b. Jeong et al.*® have also shown similar behavior
of lofr increase following EF process, in Pt/Ag-doped HfO,/Pt structure, due to formation of Ag
clusters, thus making EF process undesirable. When composite target power was further raised to
30 W (~0.14 at. % Ag concentration), EF-free TS behavior was observed with ~10 fA lqff, and a
high device yield of ~90 % for devices fabricated in academic common user lab environment,

Figure 4.30c. It is noteworthy that EF-free selectors showed 3 orders of magnitude lof reduction
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Figure 4.30. Representative volatile switching characteristics of selector
devices, with ZnO/Ag (97/3 at. %) composite target power at (a) 20 W,
stuck-OFF state showing no TS, (b) 25 W, EF process and subsequent TS
behavior, (c) 30 W, high-yield EF-free TS behavior, (d) 40 W, low-yield
EF-free TS, and (e) 50 W.
as compared to devices that needed EF. The selectors continued to show EF-free TS when
composite target power was increased to 40 W (~0.19 at. % Ag), Figure 4.30d, but the device

yield significantly dropped to ~30 %. This is expected to happen because the crystallinity dropped
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Figure 4.31. Material characterization for the selector devices fabricated with co-sputtering pure

Zn0 (250 W, RF) and ZnO/Ag 97/3 at. % Composite target at varied powers, showing (a) cross-
sectional SEM, (b) GIXRD, (c) (002) crystallite size, and (d) XPS spectra, respectively.

by ~12.55 % per GIXRD results (Figure 4.31b) when Ag concentration increased from ~0.14 at. %
to ~0.19 at. %. The increased Ag amount possibly created lattice distortions in the wurtzite ZnO
matrix, thus reducing the crystallinity, and causing an immediate degradation in selector
performance. Figure 4.31 shows the cross-sectional SEM image, XRD spectra, (002) crystallite
size and XPS analysis, respectively. AFM images (Figure 4.32) show the highest crystallinity for

30 W case which shows significant improvement as compared to our previous best case of Ag:ZnO
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Figure 4.32. AFM images for the selector devices fabricated at varied target
powers for ZnO/Ag 99/1 at. % Composite target.
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Figure 4.33. ICP-MS analysis for estimating Zn and Ag concentration, for
composite target power of 25 W.

50W Ag 10 at.% doping, with ~5 % increase in grain size and ~63 % reduction in film roughness.
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Since, the Ag concentration was under tool detection limit, so ICP-MS analysis was performed to
estimate Zn/Ag concentration.

The potential of proposed doping-based polycrystalline ZnO-based TS selector was further
evaluated by performing varied electrical characterizations (Figure 4.34). Figure 4.34a shows TS

behavior of same device as in Figure 4.30c by changing compliance current (lcc) levels from 1 pA
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Figure 4.32. Excellent performance of Ag-doped ZnO based TS selector. a) TS behavior of Ag-
doped ZnO based selector device at different compliance currents (lcc) from 1 pA to 1 mA,
showing extremely high selectivity (on/off ratio) around 10, (b) Reliable selector device

operation up to 100 DC cycles (measurements in slow integration time). (c) Bidirectional TS
behavior of selector device in 100 DC voltage sweep cycles (measurements in fast integration
time). (d) Subthreshold switching slope showing <1 mV per decade for selector device. (e)
Cumulative probability of turn-on voltage (threshold voltage, Vi) and turn-off voltage (hold
voltage, Vh) as cycle-to-cycle. (f) Vi variation measured for first cycle vs subsequent cycles in
100 successive DC cycles.
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to 1 mA. A gigantic selectivity (lon/loff) of ~10! was achieved, and a reliable device operation was
observed for >100 successive DC cycles at 10 pA Icc. Also, the devices showed an ultra-steep SS
of ~0.8 mV/decade, and on-current density of ~1.6 MA/cm?. Results in Figure 4.34 ratify that an
optimum Ag concentration is critical for achieving EF-free, enhanced crystallinity resulting in
superior selection behavior.

Figure 4.35 shows the AC characteristics of ~0.14 at. % Ag-doped selectors. A write pulse
of 1 ps with an amplitude of 1.5 V was applied to the selector device followed by a read voltage
pulse of 0.5 V after a delay of 1 ps, as shown in Figure 4.35a. It is shown that the selector turns-
on in ~38 ns, while it can relax to off-state in ~64 ns. Figure 4.35b shows the AC endurance test
where a stably repeatable behavior up t010° pulses is exhibited. Figure 4.36 shows the comparative
analysis of DC-IV characteristics for the different SL thicknesses. No TS is observed in the lowest
thickness of 15 nm for SL (Figure 4.36a). The devices showed stuck-on failure immediately after

applying voltage bias. For the SL thickness of 30 nm, excellent EF-free TS was observed with a

a) b)
1.8 — = 107
" —| — 64dns "L pulse F
1.5F 1 i 3
! H 3 10" fg—0—0—0—0—0—0
12 B i i i You — -4 i + LRS
> ! L < ] == HRS
09+ i T :’ f 1ps
i 107
gﬁ ! = S F 1sv 1ps u
= 0.6 F 1 2 [ 0.5V
: — (| g~ 38ns H (- 10'6 L e
S 03} : | =
f : [l —pg—E—H—pg—pn
> : : U 10,? L \.
0.0 i 3
|: : 1 -8 -....J FPETOT PRTYRT BT RTINS BRI ERE T BT |
0.3 - PyI — — 10° 10° 10° 10° 10° 10° 10° 107
0.0 1.0x10° 2.0x10 3.0x10
Time (S) Cycles (#)

Figure 4.33. (a) Transient characteristics of the selector devices with AC pulse test showing
switching speed (~38 ns) and relaxation time (~64 ns). Input and output signals are shown in
black and blue respectively. (b) AC endurance (up to 10° cycles) of the selector device.
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Figure 4.34. Representative volatile switching characteristics of the Ag-doped ZnO based TS
selector devices, with switching layer thickness of (a) ~15 nm, stuck-ON state showing no
threshold switching, (b) ~30 nm, showing EF-free TS behavior with tight Vi distribution for
cycle-to-cycle, and (c) ~75 nm, showing TS behavior following EF process, with widely
distributed Vi for cycle-to-cycle. Black arrow indicates the measurement direction. Blue lines
represent the first respective DC voltage sweep in (a-c).

tight Vi distribution (Figure 4.36b). When a very thick layer of SL, 75 nm, was deposited then the
devices showed TS after EF process and exhibited stuck-off failure after repeated measurements
(Figure 4.36¢). As previously discussed, that with the increase in ZnO SLs by ‘n’, the probability
for filament formation drops by ‘n’, which explains the volatile switching behavior with the
thickness increase.

Finally, the reliability and reproducibility has been investigated for ~0.14 at. % Ag-doped
selector devices. Figure 4.37a shows the normal probability plot of cycle-to-cycle Vi variation
analyzed for the case of (i) device-to-device for same batch and sample, (ii) batch-to-batch, and

(iit) sample-to- sample, for same batch. Here, one batch has 3-4 samples, and one sample contains
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Figure 4.35. (a) Normal probability plot of Vi variation for selector devices analyzed in
the case of device-to-device for same batch and sample, batch-to-batch, and sample-to-
sample for same batch, showing variances along the reference line. (b) Probability
Density Function of the Vi, variation for case (a). (¢) Comparison of loff VS o/ realized
in our work, and amorphous selector devices in other reported literatures.

20x20 selector devices. For each analyzed sample, we tested at least 5 devices selected randomly
and recorded Vi for a minimum of 10 DC-1V cycles per device. Standard deviation (c)/ mean ()

— coefficient of variation, for all the tested selector devices is ~0.09, with ~8 % variance in V.
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The reduced variances are attributed to anisotropic diffusion of Ag ions in the well-developed
preferred c-axis oriented (002) crystalline ZnO (wurtzite) phase,*?*1%* in addition to restricted Ag
ion influx modulated by doping.*"115119120 Figure 4.37b shows that ~70 % of all the measured
devices fall in a narrow Vi range of 0.21 V, having mere ~4 % V', variance. Figure 4.37c compares
the loff vs o/p in this work with the conventional amorphous SL structures reported in previously
published literatures.*6:13%209-212 Qur devices exhibit one order los reduction compared to lowest
reported lofr, Simultaneously having an improved coefficient of variation.

In conclusion, implementing a (002) preferred c-axis oriented, wurtzite polycrystalline
ZnO SL structure to control Ag ion diffusion, a highly robust TS behavior is realized such as EF-
free high selectivity (~10'%), extremely low off-state current (~10 fA), high on-current density
(~1.6 MA/cm?), ultra-steep SS (~0.8 mV/decade), satisfactory AC endurance (>10°), fast operation
speed (~38 ns) and relaxation speed (~64 ns), with an outstanding device-to-device uniformity
having just ~8 % Vu fluctuations. The demonstrated results show that our proposed low
concentration (~0.14 at. %) Ag-doped polycrystalline ZnO structure could be a promising next-

generation selector candidate for ultrahigh density 3D X-Point applications.

4.5 Summary

This chapter summarizes the sputtering/co-sputtering approach for fabricating nano-
polycrystalline Ag-doped TS selector devices. Delta/layered doping and uniform doping profiles
have been demonstrated as feasible techniques to restrict Ag concentration in the SL and respective
switching characteristics have been demonstrated. In this work, a nano polycrystalline Ag-doped
ZnO based TS selector via a facile co-sputtering technique is investigated without using an Ag

active metal layer. The effects of Ag concentration with respect to OFF-state leakage current (loff)
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were studied, and the results demonstrate that by regulating Ag doping concentration in the
switching layer, an electroforming-free switching with an Ion/loff ratio of ~108 could be achieved,
having an extremely low lo of ~10™® A. Furthermore, cycling endurance can also be improved as
the formation of laterally thick and stable filament does not happen promptly with consequent
measurements when there is limited amount of Ag in SL. The selector device performance
enhancement is attributed to the doping-based polycrystalline structure that facilitates enhanced
control on filament formation due to the restricted availability and anisotropic diffusion of Ag ions
in the polycrystalline ZnO SL, thereby trimming down the overall stochasticity during metallic
filament growth. The present study demonstrates that a doping-based polycrystalline SL structure
can be implemented in a selector device to augment TS characteristics i.e., device variances and
cycling endurance for adoption in ultra-high density memory applications. When Ag concentration
was further reduced by using an extreme-lightly doped composite target, remarkable switching
characteristics were realized. The TS selectors with extremely controlled doping of ~0.14 at. %
Ag concentration showed remarkable electroforming (EF)-free selection behavior such as gigantic
selectivity (~10!1), extreme-low off-current (~10 fA), high on-current density (~1.6 MA/cm?),
ultra-steep switching slope (~0.8 mV/decade), satisfactory endurance (>10°), fast switch-on speed
(~38 ns) and relaxation speed (~64 ns), and high device yield (~90%). Furthermore, selector
devices showed reproducible selection behavior with stable threshold voltage (Vi) having merely
~8% variances. Table 4.2 summarizes the final accomplished parameters for the threshold
switching selectors in this dissertation which exceeds the expected target values mentioned
previously in Table 1.1. Table 4.3 provides a comparison between the most eminent and

commercially available OTS 23 selector and the Ag doping-based polycrystalline ZnO threshold
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switching selector realized in this dissertation. Table 4.4 compares our work with other reported

literatures based on amorphous threshold switching selectors, #6:139.209-212

Table 4.2. Summary of the final accomplished parameters for the Ag doping-based
polycrystalline ZnO threshold switching selector fabricated in this dissertation.

FEATURES ACCOMPLISHED parameters
Selectivity ratio (lon/loff) ~ 10t
Leakage Current (loff) ~ 10 fA
On-state current density, Jon ~ 1.6 MA/cm?
Switching slope (subthreshold swing, SS) ~ 0.8 mV/decade
Switching speed (turn-on and dissolution) ~ 38 ns, 64 ns
Thermal budget N/A (@ RT)
Device uniformity (variances) ~ 8%
AC endurance > 106
Bipolar operation Yes
Vih & Vi tunability Yes
Memory collocation Yes

Table 4.3. Comparison between the most eminent and commercially available OTS selector and
the Ag-doped polycrystalline ZnO threshold switching selector realized in this dissertation.

FEATURES OTS Ag-doped Polycrystalline
ZnO TS Selector
Material AsTeGeSiN ZnO
Leakage current (lorf) [A] ~0.1-1 x 10 ~1x101
On. J [MA/cm?] 10 ~1.6
Off. J [kKA/cm?] 2 ~2.5x 1013
Selectivity ratio (Ion/lof) >103 ~101
SS [mV/dec] <50 ~0.8
Turn-ON speed [ns] 5 ~34
Process Temperature [°C] ~200 @RT
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Table 4.4. Summary of the selector parameters realized in this work compared with the
conventional amorphous SL structures reported in previously published literatures.

Stack U L P A SS T°C o/p  Reference
_ J. Song,
AGTEITINITIOPt | ~1pa 10" | Do, WA | —smvidec | 400 ~0.15 | 2016, IEDM
' (POSTECH)
N. Shukla,
Aa/HFfO /SiO_/p+-Si ~ 7 ~1.5V, 58ns, ~ 2016, IEDM
g /910, /p+-ol | ~10pA 10 01V 67ns <3mV/dec 90 0.1 (Notre
Dame)
B. Grisafe,
: 7 | ~0.25V, | ~28ns, _ 2019, EDL
Ag/TiN/HfOx/Pt 10pA 10 ~0V 100ps N/A 120 0.2 (Notre
Dame)
S. Samanta,
AGIALO/SIONW | ~1pA | 10® | OVl NIA T gvidec 250 | ~028 | 2020, EDL
~0Vv 200ns !
(Singapore)
S. Lee,
1V 1us 2021, Adv.
AgTe/HfOX/HFO,/Pt | ~1pA | 10° ' HS, N/A 250 | ~0.11 | Electron.
~0.3V | ~100ns
Mater.
(POSTECH)
W.
N o | ~0.6V, | ~1lps, | _ N Banerjee,
AgTe/HfOx/Pt 100fA 10 -0V N/A 1mV/dec N/A 0.1 2020, IEDM
(POSTECH)
} N u | ~0.8V, | ~38ns, | _ N This work
Pt/Ag:ZnO/Pt 10fA | 10 iy ~64ns 0.8mV/dec | RT 0.09 (UTD)
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

51 Conclusions

This dissertation is focused on the development of a robust and reliable threshold switching
selector for inhibiting any sneak currents from half-selected or un-selected cells in a 3D X-point
array. Also, it provides a way on circumventing the intrinsic device issues of threshold voltage
variances and lousy cycling endurance found customarily in the conventional amorphous
structured Ag active electrode-based threshold switching selectors. An extensive comprehensive
elaboration has been provided to shed some light on the fundamentals of Ag-doping effect in the
nano polycrystalline ZnO switching layer by employing various deposition techniques like ECD,
ALD and sputtering/co-sputtering. Selector device’s electrical, chemical, and physical properties
have been characterized using various tools such as Keithley semiconductor parameter analyzer,
XPS, XRD, ICP-MS, AFM, and SEM.

This work discusses two of the adopted deposition techniques i.e., ALD and sputtering/co-
sputtering for fabricating the Ag-based threshold switching selectors. Doping approach has been
discussed in detail for curtailing the Ag concentration in the ZnO SL with the aim to control Vi
variabilities and enhance cycling endurance. All the findings from different deposition techniques
can be summarized in nutshell as — a) Introducing Ag as a dopant in SL instead of an Ag active
metal layer reduces the Ag ions influx during filament growth, and b) (002) c-axis preferred
orientation for wurtzite ZnO facilitates anisotropic Ag ions diffusion which leads to reduction in
overall stochasticity of filament formation process, thus enhancing endurance and lowering

threshold voltage fluctuations.
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5.2 Future Work

Integration of Metal-Filament type Ag-doped Nanopolycrystalline ZnO-based
Selector with Ferroelectric Memory Element for Neuromorphic Computing

Currently, 3D X-point memristive architectures have been in the spotlight for being
promising candidates for implementing bio-inspired neuromorphic computing hardware for
mimicking human brain functionality.?*-2'8 For a X-point array, the choice of memory cell and
selector device is very crucial to get overall high performance and array efficiency. Our research
group has a lot of experience in the fabrication and characterization of highly robust ferroelectric
capacitors using atomic layer deposited HfxZr1.xO> (HZO) at a very low process temperature of
350°C, enabling easier integration in back-end-of-line processes. Also, we realized a highly

reliable and robust Ag-doped nanopolycrystalline ZnO-based threshold switching selector which
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Figure 5.1. a) schematic of a cross point structure using a selector and ferroelectric component
(b) an example of analog computing operation performed using a cross bar structure.
offers very high selectivity (on/off current ratio ~10'!) and other features discussed in detail at

CHAPTER 4. Thus, we propose novel X-point arrays using integrated ferroelectric memory and
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selectors, (1F1S) structure (Figure 5.1) for neuromorphic applications for future studies. Brain-
inspired neuromorphic framework is a substitute to replace the conventional Von-Neumann
computing and memory architecture. This framework offers several advantages in term of
scalability and energy efficiency. To successfully build a neuromorphic hardware, a key
requirement is to have memory elements with analog behavior. The multiple memory states of
some novel non-volatile memory (NVM) devices can be leveraged to perform the in-memory
computation required for neuromorphic systems. Ferroelectric materials are suitable for such
neural devices due to their analog storage of conductance states, and their analog capacitive
behavior is also promising (Figure 5.2). It would be interesting to investigate a cross-point array
by integrating the ferroelectric material with a selector, to enable high density and high efficiency
synapse cells with a 4F2 footprint. The scope of this research can possibly span from materials,

process and integration to circuit and system level investigation. This task will be performed in

(a) (b)

HZO 10 nm

rr 1..=100 pA
cc IIJ A

= 1..=10 HA

F o 1.=1 |.|P!

-
o

[
o

—
o
T

&
£
o
9 —_
— S— .
= .
S 0 = 10
b [«}]
N 5 S 10"
| .
3 .30 ©
no- - 2P, = 50 uC/cm? 10_12
= cm
45! H !
[P RPN BN REPEEE REPEN S 1 10-14
3240 1 3 00 08 1.6

Voltage (V) Voltage (V)

Figure 5.2. a) Ferroelectric properties of 10nm HZO metal-ferroelectric-metal
(b) Threshold switching properties of sputtered Ag doped-ZnO
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collaboration with a team comprising of simulation experts. Our research group will focus on
materials, processes, and integration while the simulation team will be focusing on device
modeling and circuit design and simulation to realize practical fabrication and understanding of
neuromorphic hardware components leveraging the characteristics of ferroelectric devices.

We aim to analyze and prove the concept of using ferroelectric materials for neuromorphic
applications. The goals targeted during the proposed timeline are: -
1. A ferroelectric tunnel junction (FTJ) structure will be modeled, fabricated, and characterized.
An FTJ 3x3 cross-point array will be modeled, fabricated, and characterized to leverage the
memristive behavior of the ferroelectric material.
2. A FE-capacitor 3x3 cross-point array will be modeled, fabricated, and characterized, and the
possibility of leveraging this memcapacitor behavior will be explored.
3. Integration of FTJ and/or FE-capacitor with a selector will be investigated. Simulations will also
be performed to optimize the ferroelectric and selector properties needed to enable proper
operation of the neuromorphic crossbar structure.
This proposed work will help us generate preliminary results for the fabrication of FTJ/Fe-cap

cross-point arrays, and to aid in the device to system level understanding of neuromorphic circuits.
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