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Abstract

In this thesis, we explore the electrical ‘characteristics of HfOx based-RRAM
cells. First, we fabricated Ni/HfOx/TIN and TIN/TI/HfOx/TiN . RRAM cells with
various HfOx thickness and investigated the electrical characteristics with various
compliance currents and stop voltages during reset. Second, we investigated the effect
of Ti buffer layer thickness of TIN/Ti/HfOx/TiN RRAM cells. Third, to investigate
the origin of overshoot current during forming and set operations, we measured the
electrical characteristics of Ni/HfOxX/TIN RRAM cells with external 1T1R
configuration. Finally, I-V curves fitting and measurements done at various
temperature were carried out in order to investigate the conduction mechanisms and

the properties of conductive filaments.



We observed that the compliance current has significant influences on LRS
resistance. We also observed that the stop voltage during reset operation has
influences on the HRS resistance and the set voltage in the following set operation.
This indicates that the RRAM cells have tunable on/off ratio and operation power. On
the other hand, the insertion of a Ti buffer layer into RRAM cells influences the
forming voltage significantly, and thus the thicknesses of the Ti buffer layer and
HfOx thin films must be optimized for stable the switching behaviors. Besides, the
overshoot current was still observed with the external 1T1R configuration, indicating
the importance for eliminating the parasitic capacitance within the measurement
configurations. Finally, we observe different current conduction mechanisms in
different logic states for the. RRAM cells, and the mechanisms are found to be closely
related to the electrode materials. From which it can be concluded that the properties

of conductive filaments depend on the electrodes of the RRAM cells significantly.
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Chapter 1
Introduction

1-1 Overview of Resistive Switching Memories

Resistive Random Access Memory (RRAM) has been reported to have huge
potential for replacing DRAM and non-volatile memories such as flash due to its high
switching speed, low cost, high scalability, simple structure, and CMOS compatibility.
RRAM cells of various materials have been reported to exhibit the resistive switching
phenomenon [1][2]. Among them, the metal-oxide based RRAM cells are the most
favorable because of its CMOS.compatibility. One of the most attractive advantages
of RRAM s its two-terminal structure which helps simplify the design of the
operation/read circulits.

A RRAM cell has a simple MIM structure composed of an insulator sandwiched
between two metal electrodes, like a capacitor. The RRAM cell is capable of
switching between two or more resistance states under appropriate bias conditions.
The resistance states could be distinguished by a read voltage that is smaller than the
applied voltage used to set the two distinct resistance states defined as “0” and “1”.
The MIM structure is suitable to be embedded in a crossbar-array, as shown in Fig.
1.1, which is ideal for high-density data storage. The memory array with this simple
geometry has advantages for implementing low-power concept and high density
integration because the cell size can be reduced to 4F? where F is the minimum
feature size, without additional access transistors. It is also feasible for crossbar-array
to be used in the construction of 3D memories in order to increase the integration
density [3].

First literature that described resistive switching phenomenon was reported by

Hickmott in 1962 [4]. He discussed the hysteretic resistance change in Al/Al,O5/Al
1


http://www.sciencedirect.com/science/article/pii/S0038110109002871

MIM structure, indicating that resistive switching can be achieved by applying
appropriate voltage across the MIM cell. Other early reports in 1970-1980s also
indicated that MIM structure composed of various insulator materials such as NiO [5],
Si0O;, [6], and As,S; [7] also show resisitive switching phenomenon. However, because
of lacking understanding in the resistive switching mechanism, the phenomenon did
not receive much attention at that time. In 1990s, studies on resistive switching
phenomenon revived, and various models such as charge trapping model [8] and
conductive filament model [9] have been proposed to explain the resistive switching
mechanism.

Understanding the resistive switching mechanism is very important for industrial
applications. However, the resistive switching phenomenon depends on the materials of
insulator and metal electrodes, so it is very difficult to give a general explanation on the
resistive_switching mechanism. Waser and Aono have reviewed the filament-type
resistive switching in 2009 [10], and Sawa has reviewed the interface-type resistive
switching in 2008 [11], which gave good references to a general understanding of the

resistive switching phenomenon.

1-2 Switching Models of Resistive Switching

1-2.1 Interface-type
In interface-type RRAM cells, the resistive switching occurs at the interface
between the electrode and the insulator [11]. Whether the device is in high-resistance
state (HRS) or low-resistance state (LRS) is determined by the depletion width, which
affects the tunneling probability at the Schottky-like barrier interface (Fig. 1-2).
Concentration of the oxygen vacancy at the interface between the electrode and

oxide layer plays an important role in the depletion width. If the oxide layer is a



p-type semiconductor, the oxygen vacancies are regarded as acceptors, which make
the depletion width narrower with decreasing concentration of oxygen vacancies. On
the other hand, if the oxide layer is an n-type semiconductor, the oxygen vacancies are
regarded as donors, which make the depletion width wider with decreasing the
concentration of oxygen vacancies. With the presence of electric field, the migration
of oxygen vacancies affects the concentration oxygen vacancies at the interface. It
results in the change of resistance state.

Because the Schottky-barrier changes homogeneously with the presence of
electric field at the whole interface region, the resistances of HRS and LRS depend on
the area of the cell, as has been.reported [11]. Examples of interface-type RRAM are
cells with Prg 7Cay3MnO3; (PCMO), Nb-doped SrTiO3; (Nb:STO), and Lag 7Sro3Mn0Os

(LSMO) sandwiched by electrodes of various materials [11].

1-2.2 Filament-type

So far, the conductive filament model has been widely used to explain the
resistive switching mechanism for various RRAM cells. Instead of the homogeneous
behavior in interface-type resistive switching, the filament-type resistive switching is
caused by the formation and rupture of local conductive paths in the oxide layer (Fig.
1-3). The composition of the conductive filaments is also a topic that has been
discussed in many literatures [12][13].

It is widely believed that the oxygen vacancy plays a key role in the resistive
switching behaviors for many metal oxide based RRAM cells. When a voltage is
applied to an MIM cell during the forming process, an oxygen deficient region that
connects both electrodes will be built.

For TiO, based RRAM cells [14], part of the TiO, thin film will change to

Ti,O2n-1 When a voltage is applied to the cell. In other words, transition metals with
3
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different valances such as Ti** and Ti*" will coexist in the TiO, lattice near the anode,
which could be expressed as: ne™ + Ti** — Ti®*~™* Since trapped electrons from
cathode helps Ti to fill its 3d band, the oxygen vacancies accumulate at cathode with
correspondingly steady state. Increasing the voltage favors the generation of oxygen
vacancies, and the increase in oxygen vacancies will extend from cathode to anode.
When oxygen vacancies form a path to connect both electrodes, the cell is switched
from HRS to LRS. On the other hand, when applied an opposite voltage to the cell,
oxygen vacancies near cathode are repelled and then flow back to the anode, resulting
in switching from the LRS to the HRS. Operation based on this switching mechanism
is called the valance change memory (VCM) [15].

There is another filament type that composed of the element of the metal
electrode. Under electric field, the mobile cations migrate from reactive electrode to
the solid electrolyte layer and discharge at the other electrode, which is an
electrochemical inert metal, to construct the metallic filaments. For example, the
Ag/Ge,Sey/Pt cell [16], the reactive electrode is Ag and the solid electrolyte layer is
Ge,Sey, the formation/rupture of metallic filaments can be expressed as: Ag* + e~
o Ag. In the forming process, Ag electrode dissolves to release Ag” cations which
migrate to the opposite electrode and form the conductive filaments with the presence
of electric field. In the reset process, conductive filaments rupture and Ag" cations
migrate back to the reactive electrode under the opposite electric field. Devices whose
operation is based on this switching mechanism is called the electrochemical memory
(ECM) [17]. Most reported ECM cells used Ag [18][19][20] and Cu [21][22][23] as
the reactive electrode, possibly due to the high mobility of the cations.

Both VCM and ECM cells need the migration of cations or anions to complete
the electrochemical redox reaction during the set/reset processes. In other words, the

set/reset processes need different bias polarities for both VCM and ECM cells, that is,
4
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the so-called bipolar switching operation which will be discussed in Chapter 2.
Another filaments type is dominated by the thermal effect which has the redox
reaction during the set/reset processes, a type called thermo-chemical memory (TCM)
[24]. In addition to the ion migration that is caused by the electric field which is
perpendicular to the electrode plane, there exists ion migration with lateral
components that is caused by local thermal effect. In TCM cells, the formation of
conductive filament is triggered by voltage induced dielectric breakdown. Taking
Pt/NiO/Pt cells as an example [24], during the forming process NiO will release
oxygen and form locally an oxygen deficient region or even metallic Ni region with
Joule-heating effect. During the reset process, the filaments rupture due to the

thermal-induced reoxidation reaction.

1-3 © Methods  to Adjust the Resistive Switching

Characteristics
1-3.1 Doping

It has been reported that the cell-to-cell uniformity could be improved by doping
appropriate elements into the oxide film. For example, doping Ge in TiN/HfO,/Pt
cells [25] leads to an improvement in the coefficient of variation by ~40%, while in
another case the yield of Cu/ZrO,/Pt cells could be improved by ~50% with Ti or Cu
doping [26]. This is probably due to the reduction of the formation energy of oxygen
vacancies by the presence of impurities, which is supported by first-principle
calculation. The conductive filaments are easier to be formed/ruptured near the doping
impurities than the undoped cells, eliminating the randomness of filament formation,
the reason why the operation voltages of the doped cells have less variation than the

undoped ones.
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1-3.2 Buffer layer

Another way to improve the performance of RRAM is using a reactive buffer
layer between the oxide layer and the electrode. For example, in TiN/HfOx based
RRAMs, using a thin Ti buffer layer helps in achieving excellent performance [27]
such as low operation current, fast switching speed, high on/off ratio, good endurance
and retention. Such improvements are believed to be caused by the oxygen gathering
ability of Ti, which results in an oxygen-deficient HfO, region near the Ti electrode,
leading to lower formation energy of filaments and more stable resistive switching
behavior. A possible sketch-of the forming process with Ti buffer layer is shown in
Fig. 1-4 [28], which indicates easier formation of filament in the oxygen-deficient
region. During. the reset process, the oxygen released from Ti layer helps the
reoxidation reaction. Another literature [29] reported that an AlOy buffer layer has the
ability to improve the performance for Ni/HfOx based RRAM cells due to the
diffusion of the Al into the HfO,, leading to more stable formation/rupture of

conductive filaments.

1-3.3 Optimization of oxide layer deposition

The deposition condition significantly affects the property of the oxide layer.
Taking HfOy film deposited by RF sputtering as an example, the deposition pressure
affects the stoichiometry, the mass density, and the grain size [30]. It has been
reported that NiO films with different oxygen content display different resistive
switching characteristics [31]. During reactive sputtering, if the oxygen partial
pressure is too low, the deposited films show metallic property without resistive
switching. Increasing the oxygen content to an appropriate level leads to memory

switching property, but the threshold switching property is degraded if the oxygen
6
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content is too high. The cells with threshold switching property always switch back to
high resistance state if the bias voltage is intercepted, as shown in Fig. 1-5, and hence
the data storage ability is lost. This phenomenon was explained by the different
concentrations of metallic nickel defects in NiO films [32]. Another report showed
that the deposition pressure during reactive sputtering also influences the resistive
switching of Pt/NiO/Pt cells [33]. They indicated that the formation of Ni-Pt phase at
the interface between NiO and Pt during low pressure deposition leads to local
deficient regions, eliminating a large voltage forming process and improving the

cycle-to-cycle uniformity.

1-3.4 Thermal treatment

A lot of reports evaluated the effect of thermal treatment on RRAM cells
[34][35]. The thermal treatment affects the resistive switching characteristics probably
by changing the crystal structure or the stoichiometry of the oxide layer. It has been
reported that the extended defects are able to accumulate oxygen vacancies [10],
which is helpful for filament formation. G. Bersuker et al. [36] claimed that the
TiN/HfO,/TIN _cells have resistive switching phenomenon only when grain
boundaries exist in HfOy film, indicating the importance of the crystal structure of
oxide layer. In addition, the thermal treatment probably affects local stoichiometry of
the oxide layer. Taking Pt/Ti/Al,O3/Pt cell as an example [37], the thermal treatment
enhances the oxygen gathering of Ti buffer layer. And the initial resistance of the cell
decreases with increasing annealing temperature because of the increasing oxygen

deficient region.

1-4 Electronic Transport Mechanisms
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To further understand the current behavior of RRAM cells, it is important to
clarify what conduction mechanism is dominant in HRS and LRS. It is well-known
that the conduction in RRAM cells is related to trap density significantly, the
conduction mechanisms that don’t consider the effect of trap states such as Schottky
emission or Fowler-Nordheim (FN) tunneling are ruled out because the RRAM cells
always have large trap density after forming process. Direct tunneling is also ruled out
because the oxide thicknesses of RRAM cells in this work are larger than 10nm.
Some possible conduction mechanisms are listed as follows:

(i) Poole-Frenkel emission: [38]

To detrap the electrons.that are captured by trap states, the electrons must receive
enough energy to overcome the potential barrier. The electrons could be detrapped by
thermionic emission as the Schottky effect. In Poole-Frenkel emission, the barrier
height reduces in the presence of electric field as depicted in Fig. 1-6, so the electrons
are easier to accomplish the thermionic emission process with less energy. The
current.density due to Poole-Frenkel emission can be described as the following,

E1/2_
J o Bexp (2E2—21), (1)

where ¢, is the trap energy level with respect to the conduction band, and

3
Brr = (—=)1/2 s the Poole-Frenkel constant that is related to the extent of field
TEEY

induced barrier lowering.

(i) Space charge limited current:

Some reports have shown that the dominant current transport in RRAM cells is
space charge limited current (SCLC) [27][39]. When an electric field is applied, the
free carrier concentration in an insulator increases as the carriers are injected from the

cathode. The space-charge effect occurs when the injected carrier concentration is
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larger than its thermal equilibrium value, and the following injected carriers will be
influenced by the space charges. The current behavior with the space-charge effect is
called SCLC.

The trap states influence the SCLC characteristics significantly because the injected
carriers are not always free, but could be captured by the trap states as well. Typical
I-V characteristics of SCLC when deep traps are present in an insulator is constituted
of an Ohmic region(I < V) and-a trap-free square law region(I o< V2), while an
additional shallow-trap square law region between them when shallow traps are
present, as depicted in Fig. 1-7. The current density in shallow-trap square law region

is of the following form [40],

VZ

| = 2 6gpas, v

Et—E,
n _ NCeXp( tkT C)

Dtrapped 9Nt

where 6 = denotes the ratio of free carrier concentration to

the trapped carrier concentration, and L is the thickness of insulator film.

(iii) Trap-assisted tunneling:

The trap-assisted tunneling (TAT) model has been suggested to be the main
conduction mechanisms in HfO, based RRAM cells [36]. In TAT model, the traps in
an insulator serve as tunneling sites for carriers. Electrons can transport from anode to
cathode by multiple tunneling steps through the traps. Houng et al. [41] have given an
approximate formula that relates the current density with the electric field and trap

energy level, which is applicable at high electric field region, and is expressed as,

81,/2qmox ;>’ (3)

JraT & exp (‘md’t
where myy is the effective mass of the electron in oxide, and ¢, is the trap energy

level.
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1-5 Objectives

In this work, we fabricate bipolar RRAM cells consisting of TiN/Ti/HfO,/TiN
and unipolar cells consisting of Ni/HfOX/TiN. Since the parameters of RRAM such as
Vset, resistances of HRS and LRS depend not only on the materials of the cells but
also the operation conditions such as compliance current and stop voltage during
reset, we try to find out the relationship between these parameters and operation
conditions in this work. Furthermore, we try to give explanations to the switching

mechanisms of these cells with our results.

1-6 Thesis Organization

This thesis is divided. into four chapters with contents stated as follows in addition
to this chapter.

In Chapter 2, we will describe the fabrication process of TiN/Ti/HfO4/TiN and
Ni/HfO/TIN RRAM cells. Furthermore, we will present the measurement
configurations and describe the basic electrical characteristics of bipolar switching
and unipolar switching, respectively.

In Chapter 3, we will present the characteristics of our RRAM cells and discuss
the influence of compliance current and stop voltage during reset on set voltage,
resistances of HRS and LRS. And we will discuss the switching mechanisms of these
cells with our results. The electrical characteristics with external 1T-1R configuration
are also presented in this chapter to discuss the overshoot phenomenon.

Finally, we will summarize our results, and give some advices and suggestions

for future study in Chapter 4.
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Chapter 2
Device Fabrication and Measurement Setup

2-1 Device Fabrication and Process Flow

First, a 100 nm-thick TiN was deposited by reactive sputtering as the bottom
electrode on a wafer capped with a 100 nm-thick wet oxide. HfO films with various
thicknesses were then deposited on the TiN, also by reactive sputtering. Finally, Ni or
TiN/Ti top electrodes with area of 100 um x100 um was deposited on the HfO, by DC
sputtering and patterned by using a shadow mask. The final device structure is shown

in Fig. 2-1.

2-2 Measurement Setup

2-2.1 1R configuration

The 1-V characteristics were investigated using an HP4156 system. During the
forming/set operations, a compliance current was usually set to limit the cross section
of the conductive filaments or, in other words, to limit the magnitude of energy
released in the RRAM cells during the soft-breakdown process. Without this setting,
excessive leakage current or even hard breakdown would be triggered and affect the
regular operation of the memory devices. However, it has been pointed out [43] that
the actual current during forming/set operation may exceed the compliance current
given by the instrument. The overshoot current could be due to the relatively slow
instrument response speed as compared with the fast switching speed of RRAM cells,
or the existence of parasitic capacitances [43]. It leads to a higher current during reset
operation than expected, and may affect the analysis of the RRAM characteristics.

In 1R measurement, to ignore the influence of overshoot current, it is better to set
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the value of the compliance current higher than 1 mA, from the fact that the
relationship of I..ser = cimpliance current usually holds only when the compliance
current is larger than 1 mA, while the l,eset Was observed to be around 1 mA with large
variation. When the compliance current is smaller than 1 mA, the overshoot current in
the reset process would result in a large variation in the results, as has been reported

in many literatures [43].

2-2.2 External 1T1R configuration

So far the configuration with the RRAM cell connected in series with a transistor
has been widely used. The reasons.for using such a configuration may be: (1) Add a
selection device to eliminate cross-talk issue, I.e., eliminating the sneak path current
in a crossbar array that makes it difficult to distinguish between the HRS and LRS. (2)
Provide an additional resistance in series with the RRAM cell during reset operation.
The voltage drop contributed by the transistor would help the RRAM avoid unwanted
set transitions immediately after reset process [44]. (3) Improve the overshoot issue
during the set process by eliminating the parasitic capacitance between the RRAM
cell and the current limiter [45] (i.e., the transistor in 1T1R configuration).

The output characteristics of the transistor used in this work are shown in Fig.
2-2. The output characteristics have a saturation region, so the current flowing
through RRAM cell in series with the transistor is limited by the saturation current of
the transistor. Because the saturation current changes with gate voltage, the
compliance current of the RRAM cell can be determined by Vg. For example, the
compliance current is around 2 x 10~* A when the gate voltage is 4 V in this case.

It should be mentioned emphatically that the transistor contained in the 1T1R
configuration tested in this work is not integrated with the RRAM cell on the same

wafer, as that employed in previous work [46]. On the other hand, the transistor is
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discrete from the RRAM cell and is connected externally in series during the

measurement.

2-3 Unipolar and Bipolar Modes

It is well known that the types of switching operations performed on RRAM
cells can be categorized into bipolar and unipolar modes. The switching type of the
RRAM cell is determined by a number of factors, such as the materials of the
top/bottom electrodes and the insulator, the compliance current applied during the
forming/set process [47], and the polarity of the voltage applied to the cell during the
forming process [13].

In the bipolar operation (Fig. 2-3(b)), the voltage polarity during set process is
opposite to that during reset operation. Conversely, in the unipolar operation (Fig.
2-3(a)), the voltage polarity during set process is the same as that of the reset process.
In general, both the bipolar and unipolar operations need a forming process in the first
switching cycle, and it usually needs a much larger voltage than the set voltage in the
following cycles.

The current compliance is an important parameter that has a direct influence on
the on/off ratio, the reset current, and the power consumption during the set/reset
processes. It has been reported that the magnitude of the compliance current is related
to the physical mechanisms of the filament formation/rupture [47], and is thus
determinant to the switching type of the cell.

The resistances of the LRS and HRS are determined by the read voltage divided
by the currents after set and reset processes, respectively. Like the other types of
memories, a larger memory window (that is, the ratio of the resistances of LRS and

HRS) of RRAM is always preferable so the sensing circuits are easier to distinguish
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between the on state and off state. However, the resistances of RRAM, especially the
resistances of HRS, usually have a large variation from cycle to cycle. Although there
are some special set/reset operation schemes reported to improve the switching
uniformity [48], it remains an important issue for practical applications about how to

eliminate the variation of the switching parameters of RRAM during operation.




Chapter 3
Results and Discussion

3-1 Characteristics of Ni/HfOx/TiIN RRAM Cells

3-1.1 Basic 1R switching characteristics of Ni/HfO2/TiN cells

It has been reported that the HfOx based RRAM cell with Ni as the electrode
shows good endurance in unipolar switching [49], and along with its good CMOS
compatibility, it is attractive and worth exploring.

Fig. 3-1 shows the switching characteristics of a fresh Ni/HfOx(50nm)/TiN cell
with compliance current of 1. mA. The stop voltage during the reset sweeping is 1 volt.
Successive 100 switching cycles are achieved in this device. Both the set and reset
operations were done with positive voltage. Abruptly decreased current is observed in
the reset switching, consistent with what has been reported [49][50].

Resistances of high-resistance state/low-resistance state (LRS/HRS) during the
successive 100 cycles are shown in Fig. 3-2. The on/off ratio is around 400 in the
Ni/HfOx(50nm)/TiN cell with the operation condition mentioned above. As a matter
of fact, the on/off ratio is actually tunable with appropriate operation condition, and

will be discussed later.

3-1.2 Effects of the compliance current

The compliance current is one of the most important operation parameters that
influence the LRS resistance directly. Fig. 3-3 shows the relationship between the
LRS resistance and the compliance current obtained from the characterization of the
Ni/HfOx(40nm)/TiN cells. Also shown in the figure is the standard deviation of the
LRS resistance. It can be clearly seen that the average LRS resistance decreases with

increasing compliance current. It is also observed that the cycle-to-cycle variation of
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LRS resistances can be ignored when the compliance current is sufficiently large. The
variation becomes obvious when the compliance current is smaller than 1 mA. It is
probably due to the uncontrollable filament size in the presence of overshoot current
during the set operation. When the compliance current is small, the overshoot current
caused by the charges released from the parasitic capacitance [45] could be larger than
the compliance current. The uncontrollable filament size makes it difficult for low
power operation.

Another indicator of the filament size is the reset current at which the resistance
starts to increase during the reset operation. Fig. 3-4 shows the relationship between
the compliance current.and.the reset current. The reset current decreases with
increasing compliance current when it is approximately larger than 0.1 mA, but
almost no influence related to the compliance current when it is smaller than 0.1 mA.
As the LRS resistance, the cycle-to-cycle variation of reset current is obvious when
the compliance current is smaller than 1 mA, but negligible when larger than'1 mA.

Fig. 3-5 shows the cumulative probability of HRS resistances of
Ni/HfOx(40nm)/TiN RRAM cells with various compliance current. It seems that the

compliance current has no significant influence on HRS resistance.

3-1.3 Effects of reset stop voltage

There are few works discussing the influence of the stop voltage during the reset
operation Some of the papers described the parameters such as set voltage and HRS
resistance of their devices with fixed stop voltage [25][51]. However, it seems not as
easy to describe these parameters as they did. Instead, these parameters should be
clarified more precisely with the measurement conditions including compliance
current and stop voltage during reset (denoted as Vrs in the following discussion).

Fig. 3-6(a) shows the cumulative probability of HRS resistances with various Vrs.
16



The HRS resistances also tend to increase with the Vrs, as the case in set voltage. Fig.
3-6(b) shows the cumulative probability of HRS resistances with different HfOx
thickness and Vrs of 1 volt. We can find out that the influence of oxide thickness
seems not as obvious as the Vrs. The importance of the Vrs can also be observed form
Fig. 3-7, in which Fig. 3-7 (a) shows the relation of forming voltage with the oxide
thickness, and Fig. 3-7 (b) shows the relation of set voltage with oxide thickness, both
with Vrs of 1 volt. It can be obviously seen that the forming voltage increases with
increasing HfOx thickness. Because the forming process needs a critical electric field
in the HfOXx layer to form conductive filaments, the thicker cells need a larger voltage
to achieve it. But the thickness.of HfOx seems to have no influence on the set voltage
when the Vrs remains unchanged,. In contrast, Fig. 3-7(c) shows the relation of set
voltage with Vrs with HfOx of 40 nm. It is observed that the set voltage increases

with increasing Vrs.

3-2 Characteristics of TIN/TI/HfOxX/TIN RRAM Cells

3-2.1 Basic switching characteristics of TIN/TiI/HfO2/TIN cells

The HfOx-based RRAM cell with Ti electrode has been reported to have
excellent bipolar performance, with good endurance and retention. More significantly,
low power switching has been achieved in such cells, which is important for high
density integration [27].

Fig. 3-8 shows the bipolar switching characteristics of a TiN/Ti/HfOx/TiN cell
with compliance current of 0.1 mA. Unlike the Ni/HfOX/TiN cells, the resistance of
TiN/ Ti/HfOx/TiN RRAM cell increases gradually during reset operation, which is in

agreement with the results reported previously [27].
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3-2.2 Effects of compliance current

Fig. 3-9 shows the switching behaviors of a TiN/Ti/HfOx(20nm)/TiN RRAM
cell with different compliance currents. The on/off ratio degrades when the
compliance current is increased. With the same Vrs, the cell with larger compliance
current has lower HRS resistance. It is probably caused by the formation of multiple
conductive filaments or filaments with a larger cross section that makes the filaments
more difficult to rupture during the reset operation. It seems not to be consistent with
the results of Ni/HfOX/TiN RRAM cells, in which the compliance current has no
influence on HRS resistances, as has been discussed in previous section.

Although the compliance current indeed affects the resistive switching
characteristics, the 1R measurement configuration with -overshoot current makes it
difficult to show stable switching behavior with a given compliance current. As
shown_in Fig. 3-10, the TiN/Ti(20nm)/HfOx(20nm)/TIN RRAM cell successfully
accomplishes 100 cycles only if we modify the compliance current to an appropriate

value when the on/off ratio degrades cycle by cycle.

3-2.3 The dependence of forming voltage on reset current

Fig. 3-11 shows the relationship between the forming voltage and the reset
current during the first reset process. We can observe that the reset current increases
with increasing forming voltage. It is consistent with the result of a previous study
[52], in which they claimed that the overshoot current during the forming operation
depends on the forming voltage. This conception can be easily understood from Fig.
3-12. With a larger forming voltage, more charges are stored in the parasitic
capacitance before the cell reaches the forming voltage, resulting in larger overshoot
current when the cell reaches the forming voltage.

Larger overshoot current leads to a larger reset current and thus more
18
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uncontrollable switching behavior. Fig. 3-13(a) shows a TiN/Ti/HfOx/TiN RRAM cell
with forming voltage of approximately 4 V, the reset current in the following reset
operation is approximate 0.6 mA. In the first set operation, the current reaches the
compliance current before the cell reaches the set voltage, resulting in failed set
operation. Fig. 3-13(b) shows a TiN/Ti/HfOx/TiN RRAM cell with forming voltage of
approximately 1.5 V, and the reset current in the following reset operation is
approximate 0.2 mA. Unlike the case mentioned above, the following set operation is
successfully completed because of the smaller reset current during the first reset
operation. The two cases reveal the importance for lowering the forming voltage in

the 1R configuration because of the.inevitable overshoot current.

3-2.4 The influence of Ti buffer layer thickness

It has been reported that the Ti buffer layer is able to degrade the dielectric
strength of the dielectric layer [53]. It is because of the interfacial layer formed
between the Ti buffer layer and the dielectric layer. The thickness of the Ti buffer
layer and the dielectric layer must be optimized for steady switching behavior [53].
TiN/Ti/HfOX/TIN RRAM cells with different thicknesses of Ti buffer layer and HfOx
was fabricated and characterized in this work. Major properties including the
breakdown field, initial resistance, and the switching ability are summarized in Table
3-1.

Fig. 3-14(a) shows the influence of Ti buffer layer thickness on
TiN/Ti/HfOx(10nm)/TiN RRAM cell. With 20 nm Ti buffer layer, the fresh cell is too
leaky to form local conductive filament, and thus no switching behavior can be
observed. With 10 nm Ti buffer layer, the leakage current of the fresh cell is reduced
and the cell shows switching behavior, but failed in switching within 5 cycles.

Without Ti buffer layer, the leakage current of the fresh cell is further reduced but
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failed in reset operation. Fig. 3-14(b) shows the characteristics of
TiN/Ti/HfOx(20nm)/TiN RRAM cells with various thickness of Ti buffer layer. The
fresh cell with 20 nm Ti buffer layer also shows largest leakage current and the lowest
forming voltage, and it can switch more than 5 cycles. The cell with 10 nm Ti buffer
layer shows lower leakage current and higher forming voltage, and its switching
ability is less than 5 cycles. Without Ti buffer layer, the cell fails in forming operation
because it has the best dielectric strength. Among them, the RRAM cell with 20 nm Ti
buffer layer and 20 nm HfOX dielectric layer shows the most stable switching

behavior.

3-3 Switching Characteristics of Ni/HfOx/TIN Cells

with External 1T1R Configuration

In.order to eliminate the overshoot current, we have tried to use external 1T1R
configuration in this work. In forming/set process, Vg of 4 volt is applied to the
transistor, and the compliance current for RRAM cell is approximately 0.2 mA (see
Chap. 2). In reset process, the voltage is applied to the RRAM cell directly without
involving the transistor. Note that in the 1T1R configuration reported in the literature,
the two devices were integrated together and the RRAM cell was connected to the
drain of the transistor, Vg larger than that in forming/set process must be applied to
the transistor in reset process. In our configuration, the RRAM cell and the transistor
were fabricated independently, thus we can choose not to connect the transistor with
the RRAM cell during reset operation so as to simplify the analysis.

Fig. 3-15 shows the switching characteristics of a Ni/HfOx(40nm)/TiN RRAM
cell in our external 1T1R configuration. It can be observed that the reset current is still

much larger than the compliance current as in 1R configuration. This indicates that
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the overshoot current still exists in the external 1T1R configuration. However, we can
point out that the overshoot current is mainly caused by the existence of parasitic
capacitance, rather than the slow response speed of the measurement instrument, as

has been reported elsewhere [45].

3-4 Comparison between RRAM Cells with Ni and TiN/Ti

Top Electrodes

3-4.1 Switching mechanism

Despite many efforts put into studies in these years, the mechanism of resistive
switching is still in debate. The analyses of switching mechanism were mostly based
on qualitative descriptions.. In._addition, there is a lack of quantitative analyses
describing the switching procedure of a RRAM cell for it to achieve real application
in I1C industry.

Most of reports described the resistive switching mechanism of Ti/HfOx based
RRAM cell using VCM model that has been mentioned-in Chapter 1. The resistive
switching is attributed to the formation/rupture of conductive filaments that are
composed of oxygen vacancies in HfOx [28][54]. However, some reports related the
resistive switching behavior to the charge trapping/detrapping process, which
influenced the magnitude of space-charge-limited current [27].

There were also several models that have been reported to describe the switching
behavior of the Ni/HfOx-based RRAM cell. For example, the switching behavior is
suspected to be related to the filament composed of Ni ions [13][49]. Under the
forming operation, the Ni ions migrate from the top electrode in the presence of
electric field and form conductive paths that connect the top and bottom electrodes, so

that the cell is switched to LRS. The size of the filaments is controlled by the
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compliance current with the measurement instrument. Under the reset operation, the
filaments are annihilated by the Joule-heating that is induced by the current flow as a
voltage is applied. Another contention says that the Ni/HfOx-based cells switch with
the presence of a NiOx layer at the interface between Ni and HfOx [12]. As the
forming action is done, both the NiOx and the HfOx suffer from soft-breakdown
procedure and form conductive filaments composited of oxygen vacancies. As for
reset operation, the filaments in the NiOx film_are annihilated because of the
Joule-heating induced re-oxidation reaction, while the filaments in the HfOx film
remain.

More efforts such as-material analysis or electrical measurement must be further
taken to certify the switching mechanisms. In this work, we have studied the electrical
characteristics of our devices under various operation conditions. In the following
sections, we try to distinguish the conduction behaviors of TiN/Ti/HfOx/TIN RRAM
cells and Ni/HfOx/TiN RRAM cells with IV curve fitting and measurements with

varied temperature.

3-4.2 Conduction mechanism

In order to verify the property of the conductive filaments, it is worthy to study
the conduction mechanism of the RRAM cell. Figs. 3-16(a) and (b) show the I-V
characteristics of fresh Ni/HfOx(20nm)/TiN and TiN/Ti/HfOx(20nm)/TiN RRAM
cells, respectively. Both show asymmetric I-V behaviors, implying that the current of
fresh RRAM cells are contact-controlled Schottky conduction that is dependent on the
work functions of the electrodes. However, the current behaviors of RRAM cells are
no longer contact-controlled after forming operation. As shown in Fig. 3-17, in which
both HRS and LRS show highly symmetric current behaviors. It is probably caused

by the high trap density of the HfOx after forming process.
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The I-V characteristics of a Ni/HfOx(20nm)/TiN RRAM cell in LRS is shown in
Fig. 3-18(a). We can observe that the 1-V curve shows linear behavior before the cell
reaches reset voltage, and we can say that the conduction mechanism of
Ni/HfOx(20nm)/TiN is ohmic in nature. On the other hand, the HRS current of a
Ni/HfOx(20nm)/TiN RRAM cell can be well fitted using Poole-Frenkel conduction
model, as shown in Fig. 3-18(b). Fig. 3-19(a) shows the I-V characteristics of a
TiN/Ti/HfOx(20nm)/TiN RRAM cell in LRS. The I-V curve consists of an ohmic
conduction region and a square-law region before the cell reaches reset voltage, which
is consistent with that reported elsewhere [27]. Such |-V behavior suggests that the
possible conduction mechanism..is space-charge-limited current (SCLC) [40]. As
shown in Fig. 3-19(b), the HRS 1-V curve consists of an ohmic conduction region and
a square-law region, and an additional region with the slope increases rapidly, Qi Liu
et al. suggests that this region corresponds to a trap filling process [39]. From this
point ‘of view, the resistive switching is probably attributed to the trapping and
de-trapping processes. In HRS, the trap sites are empty, and the current behavior
follows trap-controlled SCLC. And in LRS, the trap sites are filled, the current

behavior follows trap-free SCLC.

3-4.3 Temperature dependence

Fig. 3-20(a) shows the temperature dependence of both HRS resistance and LRS
resistance of a Ni/HfOx(20nm)/TiN RRAM cell. We can observe that the resistance
decreases with increasing temperature in HRS while increases with increasing
temperature in LRS. The temperature dependence of resistance in HRS is attributed to
the hopping conduction between the trap sites, and the hopping probability increases
with increasing temperature, leading to the lowering in resistance [13]. In LRS, the

temperature dependence of resistance suggests that the Ni/HfOx(20nm)/TiN RRAM
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cell exists metallic conduction paths. As temperature increases, the probability of both
impurity scattering and phonon scattering increases, leading to increasing resistance.
The temperature dependent LRS resistance of Ni/HfOx/TiN RRAM cell can be
expressed as [55],

R(T) = Ro[1 + a(T — Tp)], (1)
where Ry is the resistance at the reference temperature Ty, and a is the temperature
coefficient of resistance. From the slope of resistance-temperature curve, we can
extracta =4.6*10° K,

Fig. 3-21 shows the I-V curve of a Ni/HfOx(20nm)/TiIN RRAM cell in LRS, also
shown in Fig. 3-21 is the temperature calculated using the extracted a value and the
continuously changing “resistance before the cell reaches reset voltage. The
temperature can be considered as the local temperature of the conductive filament,
and the temperature at reset voltage can be considered as the critical temperature for
reset switching. The evaluated value of critical temperature is 395K, and it is very
close to the resistance-temperature curve shown in Fig. 3-22, in which the resistance
increases obviously at around 380K. This result gives an evidence for us to say that
the reset switching in a unipolar RRAM cell is accomplished by joule heating.

As has been mentioned in previous section, the HRS current behavior of
Ni/HfOx(20nm)/TiN RRAM cell can be well fitted using the Poole-Frenkel model.
Fig. 3-23 shows In(I/V) versus 1/KT under different biases, which follows Arrhenius
relation. The activation energy (Ea) can be extracted from the slope. As we plot the
activation energy against the applied biases as shown in Fig. 3-24, we can extract the

trap energy level from the intersection on y-axis. Based on Poole-Frenkel model, the

slope in Fig. 3-24 is equal to Lk T in which L is the thickness of HfOx, and the

TEQGEYr

dielectric constant can be extracted from this formula. The extracted trap energy level
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is about 0.29 eV, which is very close to that reported previously [56]. The extracted
dielectric constant of HfOx is around 34.7, not far from the reported values (25-30)
[57], showing some credibility for us to describe the HRS conduction behavior of
Ni/HfOx/TiN RRAM cells in term of Poole-Frenkel model.

Fig. 3-20(b) shows the temperature dependence of both HRS resistance and LRS
resistance of a TIN/Ti/HfOx(20nm)/TiN RRAM cell. Unlike the situation in a
Ni/HfOx(20nm)/TiN RRAM cell, the temperature dependence of LRS resistance is
the same as that of HRS resistance. The different temperature dependence suggests
different components of conductive filaments. In a Ni/HfOx(20nm)/TiN RRAM cell,
the conductive filament. .is..probably composed of metallic Ni.. While in a
TiN/Ti/HfOx(20nm)/TiN 'RRAM cell, the conductive filament is probably composed
of oxygen vacancies. The different conductive filament compositions may be the main

origin for having different resistive switching behaviors.
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Chapter 4

Conclusion and Future Work

4-1 Conclusion

In this thesis, Ni/HFOX/TIN and TiN/Ti/HfOX/TIN RRAM cells with various
thicknesses of HfOX have been fabricated. The electrical characteristics with various
operation parameters such..as..compliance current and stop voltage during reset
operation (\Vrs) were investigated. We also explored the influences of the HfOx
thickness and operation parameters on HRS/LRS resistances, set voltages and reset
current, as well as the influences of Ti buffer layer thickness on the switching
behavior. The external 1T1R configuration was used to investigate the origin of
overshoot current during forming and set operations. Finally, we compared the
properties of conductive filaments, and probed the conduction mechanisms of
Ni/HfOX/TIN and TiN/Ti/HfOx/TiIN RRAM cells by 1-V. curves fitting and
measurements with varied temperature. Several summaries and conclusions were
listed as follows.

(1) The on/off ratio and the operation voltages of a RRAM can be tuned with
varied operation parameters. For example, the HRS resistances and set voltages of
Ni/HfOx/TiN RRAM cells were dependent on Vrs obviously. Besides, the compliance
current during forming and set operations affects the LRS resistance directly. The
thickness of HfOx seems to have little influence on the switching characteristics, but
it does influence the forming voltage significantly.

(2) The TiN/Ti/HfOx/TiN RRAM cells show poor switching behaviors with large
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compliance current. However, the overshoot current is significant and not negligible
when the compliance current is less than 1mA. Hence, the forming voltage of
TiN/Ti/HfOx/TiN RRAM cell must be minimized for reducing the overshoot current.
The optimized thickness of HfOx and Ti buffer layers have also been investigated. In
this work, we find out that the cell with HfOx of 20nm and Ti buffer layer of 20nm
shows the best characteristics, which can switch over 100 cycles under the condition
of compliance current less than 0.5mA and Vrs of -2.5V.

(3) The external 1T1R configuration does not eliminate the overshoot issue
which hinders the low current operation in 1R configuration. However, the results still
provide insight for us to believe that the overshoot current is mainly caused by the
existence of parasitic capacitance in the instrument, rather than the slow response
speed of the measurement instrument. As has been reported [45], the overshoot
current can be eliminated by the 1T1R configuration in which the RRAM cell is
integrated on the drain side of the transistor.

(4) The temperature dependences of NiI/HfOx/TIN and TiN/Ti/HfOx/TiN RRAM
cells on resistances are different. The I-V curve of those devices could be fitted using
different conduction models, from which different properties of conductive filaments
can be understood. We believe that the conductive filaments in Ni/HfOx/TiN RRAM
cells are composed of Ni lons, but oxygen vacancies in TiN/Ti/HfOx/TIN RRAM
cells.

In this work, we find out that the RRAM cells show flexible switching
parameters, which is an important concept for industrial use. The effects of the Ti
buffer layer with different thickness are investigated, giving us a process factor that
can be considered in RRAM cells design. Besides, the external 1T1R configuration
fails in eliminating the overshoot current issue. For practical applications the RRAM

cells should be integrated with the transistors to suppress the influences of parasitic
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capacitance. Finally, different current conduction behaviors of RRAM cells with
different electrodes are observed, shedding some light on exploring the mechanisms

of resistive switching phenomena.

4-2 Suggestions for Future Work

In this work, it has been demonstrated that the overshoot current during the
forming/set operation influences the electrical characteristics significantly, and the
external 1T1R fails in eliminating the issue. To make the effects of overshoot current
negligible, compliance current larger than 0.1mA is used in this work. However, one
of the attractive features of RRAM for the next generation memory is its ability to
switch with low operation power. Thus it’s important to investigate the electrical
characteristics with lower compliance current. To accomplish this goal, the integrated
1T1R configuration in which the RRAM cell connected to the drain side of the
transistor must be used. It should be mentioned that the transistor in the 1T1R
configuration is best to have drive current and on/off ratio as large as possible,
because that the RRAM cell and the transistor are connected in series during device
fabrication. During reset operation, the gate voltage should be larger than that during
forming/set operation for the RRAM cell to reach the reset current. With larger drive
current and on/off ratio, it is more flexible for choosing appropriate compliance
current.

The RRAM cells fabricated in this work show significant cell-to-cell variation,
together with the effect of overshoot current, it is in fact very difficult to observe
some clear tendencies between the process conditions and electrical characteristics.

As has been reported previously [58], downscaling the cell area may improve the
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variation issue due to the reduction of defects in the cell. Smaller cell area offers
additional advantages such as a higher HRS resistance and more efficient local
heating effect because of a reduced number of conductive filaments. The compliance
current can also be lowered with a smaller cell area because of a lower leakage
current of the fresh RRAM cell. Summing up the advantages mentioned above, it is
suggested to fabricate RRAM cells with an area much less than that of the devices

characterized in this study in the fi
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Ni or TiN/Ti top electrodes patterned by using shadow mask

Fig. 2-1 A sketch of fabricated cells with all of the films except SiO, deposited by

using reactive sputtering method.
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Fig. 2-2 Output characteristics of the transistor used in the external 1T-1R

configuration, the channel length and width are both 100 um.
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Fig. 3-2 Resistances of the high-resistance state and low-resistance state

(LRS/HRS) measured during the successive 100 cycles.
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Fig. 3-3 The relationship between the LRS resistance and the compliance current of
Ni/HfOx(40nm)/TiIN RRAM cell. Also shown in the figure is the standard deviation
of the LRS resistance.
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Fig. 3-5 The cumulative probability of HRS resistances of Ni/HfOx(40nm)/TiN
RRAM cells with various compliance current. (C.C.: Compliance current).
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Fig. 3-6 (a) The cumulative probability of HRS resistances with various Vrs.

(b) The cumulative probability of HRS resistances with different HfOx thickness and
Vrs of 1 volt.
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Fig. 3-8 The bipolar switching characteristics of a TiN/Ti/HfOx/TiN cell with

compliance current 0.1m A.

TIN/Ti/HfOx(20nm)/TiN
1E-3-
1E-4 -
/éi ]
g 1E5:
= ]
O 1E-6-
LSD § —=— CC=1mA
1E-7 - —e— CC=0.5mA
—a— CC=0.1mA
L] =30 i N G — .
-3 -2 1 0 1 2 3

Voltage(Volt)

Fig. 3-9 The switching behaviors of TiN/Ti/HfOx(20nm)/TiN RRAM cell with

different compliance current.
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Fig. 3-11 The relationship between the forming voltage and the reset current during
the first reset process.
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Fig. 3-13 (a) The switching characteristics of a TiN/Ti/HfOx(20nm)/TiN RRAM cell
with forming voltage of approximately 4 V.(b) The switching characteristics of a
TiN/Ti/HfOx(20nm)/TiN RRAM cell with forming voltage of approximately 1.5 V.
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Fig. 3-14 (a) The characteristics of TiN/Ti/HfOx(10nm)/TiN RRAM cells with
various thickness of Ti buffer layer. (b) The characteristics of
TiN/Ti/HfOx(20nm)/TiN RRAM cells with various thickness of Ti buffer layer.
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Fig. 3-16 (a) I-V characteristics of a fresh Ni/HfOx(20nm)/TiN RRAM cell. (b) I-V
characteristics of a fresh TiIN/Ti/HfOx(20nm)/TiN RRAM cell.
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Fig. 3-17 (a) I-V characteristics of a Ni/HfOx(20nm)/TiN RRAM cell in HRS. (b) I-V
characteristics of a Ni/HfOx(20nm)/TiN RRAM cell in LRS.
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Fig. 3-18 (a) I-V characteristics of Ni/HfOx(20nm)/TiN RRAM cell in LRS. (b) I-V
characteristics of Ni/HfOx(20nm)/TiN RRAM cell in HRS, which can be fitted using
Poole-Frenkel model.
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Fig. 3-19 (a) I-V characteristics of TiN/Ti/HfOx(20nm)/TiN RRAM cell in LRS. (b)
I-V characteristics of TiN/Ti/HfOx(20nm)/TiN RRAM cell in HRS.
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Fig. 3-20 (a) The temperature dependence of both HRS resistance and LRS resistance
of a Ni/HfOx(20nm)/TiN RRAM cell. (b) The temperature dependence of both HRS
resistance and LRS resistance of a TiN/Ti/HfOx(20nm)/TiN RRAM cell.
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Fig. 3-21 The 1-V curve of a Ni/HfOx(20nm)/TiN RRAM cell in LRS, also shown in
the figure is the local temperature of the conductive filament calculated using the
extracteda value and the continuously changing resistance before the cell reaches
reset voltage.
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Fig. 3-23 The extracted activation energies form the In(1/\V) versus 1/kT plot for

different biases.
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Fig. 3-24 The relationship between extracted activation energy and the applied bias.
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