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Electrical and Computer Engineering College
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ABSTRACT

In recent years, nonvolatilesmemory research .of person more and more, among
them in order to resistive random-access' memory (RRAM) have attracted a large
attention, including simple structure, low power consumption, high operation speed,
low operation voltage, long retention.time, high.enduranee, non-destruvtive readout,
and small cell size. Accordingly, RRAM has been-proposed to be one candidate of
next generation nonvolatile memory.

In this thesis, the HfO, resistive switching device offers a promising potential for
high density and low power memory application with the ease of processing
integration. First, we would introduce fundamental Current-Voltage characters of the
bistable resistive switching behavior. The Pd and Pd/Al was doped top electrical with
different treatment by sputtering method, and discussion treatment effect. Finally, we
would decline the conduction mechanism of the device and discuss the influence of
treatment. We would choose is operation of low-voltage as development component

later.
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Chapter 1 Introduction

1.1 Introduction to Nonvolatile Memory (NVM)

In more recent years, nonvolatile memory ( NVM ) have been widely used for
Mobile phone, digital camera, and MP3 player. The NVM has been widely
investigated since Kahng and Sze introduced that floating gate device. [1] With the
increasing usage of NVM requirements for cell size have become more critical. A
perfect NVM should have the superior properties, including simple structure, low
power consumption, high operation speed, low operation voltage, long retention time,
high endurance, non-destruvtive readout, and small cell size [2]. Several
next-generation memory technolggiés haver .been studied, including FeRAM
(Ferroelectric Random Aceess: Memery);= MRAM = (Magnetic Random Access
Memory), PCRAM (Phase Change Random-Access‘Memory), and RRAM (Resistive
Random Access Memory) and s@ on: The basic principles of these emerging
memories are shown below:

The emerging memories described above are competing technologies that could
replace DRAM, SRAM, EEPROM and Flash. A comparison of these emerging

memories is shown in table 1-1.

1.1.1 Introduction to FeERAM (Ferroelectric Random Access Memory)

The ferroelectricity is the ability of a material to retain an electronic polarization
in the absence of an applied voltage [3]. This spontaneous polarization results from
the alignment of internal dipoles within the crystal units of the ferroelectric material
and it can reoriented by the external electric field. Many of ferroelectric materials
have pervoskite-type structure which can be expressed mostly ABOs in formula. The

unit cell of ABOj3 pervoskite structure is shown in Fig. 1-1, where an atom, B atom,



and oxygen occupy the corner site, body-centered site, and face-centered site,
respectively.

Under the influence of an applied voltage, the crystals begin to polarize in the
direction of the applied field, i.e. the mobile atoms (B atom) move within the crystals
if they are not already in the appropriate positions corresponding to the applied field.
The orientation of spontaneous polarization will approach its steady state, which is
denoted by a polarization-electric field (P-E) hysteresis loop as shown in Fig. 1-2.

There are two net stable states for the ferroelectric material as the applied voltage
is switched. These are defined as “up” and “down” or electrically as “1” and *“0”

which can be employed as memory application.

1.1.2 Introduction to MRAM;(Magnetic Random Access Memory)

Development on magnetic memories -has been' going on for many years.
Magnetic core memories were used in-early mainframe=computers. It is similar to
today’s MRAM in using a Jmatrix “of current carrying wires to program magnetic
elements [4]. The sensing schemes of them are different; however, the operation of
MRAM is much simpler.

MRAM uses an effect called magneto-resistance (MR) which is a change in the
electrical resistivity of a material is relation to the orientation of magnetic polarization.
Several different types of magneto-resistance have been considered for data storage in
different variations of MRAM. The classification of include: Anisotropic
Magneto-Resistance (AMR), Giant Magneto-Resistance (GMR), and Tunneling

Magneto-Resistance (TMR).



(i) Anisotropic Magneto-Resistance MRAM:

An AMR MRAM cell is a sandwiched structure made of two magnetic
Permalloy (NiFeCo) layers separated by TaN interlayer. The data storage media is the
change in electrical resistivity of magnetic material as the direction of magnetization
is rotated with respect to the direction of current flow from parallel to perpendicular
as show in Fig. 1-3.

The percentage change in resistivity is called the magneto-resistive (MR) value.
The typical available MR for the two memory state for AMR MRAM is about

0.5~2% of the total MR value [5-6].

(ii) Giant Magneto-Resistance MRAM:

The origin of the GMR:effect is-the spin-dependent scattering of the conduction
carriers within the magnetic layers or at their'boundariesswhich causes variations in
the resistance. Moreover;y two implementations of the GMR effect have been
demonstrated as MRAMs, the spin valve and the pseudo-spin valve [7-8]. Both spin
valve technologies use a tri-layer structure consisting of a soft magnetic layer and a
hard magnetic layer which are spaced by a thin layer of a non-magnetic metal as
shown in Fig. 1-4.

The resistance variation is due to the fact that a single-domain magnetic material
will scatter electrons with an “up” and “down” spin differently depending on the
direction of magnetization. As the top and bottom magnetic layers in a GMR structure
have anti-parallel alignment, the resistance is high because the “up” electrons that are
not scattered by one of two magnetic layers will be scattered by the other, thus
creating high resistance to the flow of electrons through the GMR structure. In
contrast, as the top and bottom magnetic layers in a GMR structure have parallel

alignment, the “up” electrons do not scatter very much regardless of which layers they
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pass through, resulting in a low resistance to the flow of electrons through the GMR
structure. The typical available MR for the two memory state for GMR MRAM s in

the range of 6~50% of the total MR value [10-11].

(iii) Tunneling Magneto-Resistance MRAM:

In a TMR MRAM device, two magnetic layers separated by a thin insulating

barrier with a few tenths of a nanometer thick as shown in Fig. 1-5.
Under the influence of a small electric bias, current can tunnel through the barrier.
The transport of electron across the barrier depends on magnetic orientation of both
magnetic layers. The mechanism is “spin polarized tunneling” whose probability
depends on the relative orientation-of the magnetization vectors in the two magnetic
electrodes [13]. The probability —ofycurrent passing*is higher as the magnetic
orientations are parallel [14]. In the parallel configuration,.there is an optimized match
between the number of occupied. energy states in one electrode and the number of
available states in the other electrode which enhanees the tunneling current. In
contrast, as they are in an anti-parallel configuration, the tunneling is between
majority states in one electrode and minority states in the other. This diminishes the
tunneling current.

The difference in the resistance can be 40% or more at room temperature
between the parallel and anti-parallel alignment. The conductance, which is the
inverse of the resistance, of the MTJ varies as the cosine of the angle between the
magnetic moments of the two ferromagnetic layers and the highest conductance can
be obtained as the magnetic moments are parallel [14]. Moreover, it should be noted
that the process uniformity is critical for the very thin insulating barrier in the MTJ
which is commonly made of Al,Os. If the aluminum is over-oxidized or

under-oxidized, the desired magneto-resistivity may not be achieved.
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1.1.3 Introduction to PCRAM (Phase Change Random Access Memory)

Glassy phase is formed by rapidly super cooling a liquid below its melting point
to a temperature at which the atomic motion necessary for crystallization cannot
rapidly occur. Chalcogenide alloys such as GeSe, AsS, GeAsTe, AlGe, AsTe, are the
materials containing one or more elements from Group VI of the periodic table and
they are typically good glass-formers. According to this characteristic, the memory
switching in chalcogenide alloys can be operated by a thermal process which involves
a reversible phase transformation from an amorphous to a crystal state under the
influence of an applied energy source [15]. The schematic structure of a data storage
region in the PCRAM cell is shown in Fig. 1-6.

A short pulse of energy was used melt the material, which was then allowed to
cool quickly enough to “freeze in?-thejglassy, structurally disordered state. To reverse
the process, lower amplitude, long duration pulse was-used to heat a previously
vitrified region of the alloy. to thel temperature. below the melting point, at which

crystallization could occur rapidly, as shown in Fig. 1-7:

1.1.4 Introduction to Resistive Random Access Memory (RRAM)

RRAM is made of a transistor and a switchable dielectric resistor (Fig. 1-8). On
the basis of |-V characteristics, the switching behaviors can be classified into two
types: unipolar (nonpolar) and bipolar, for which typical I-V curves are shown in Fig.
1-9. In unipolar resistive switching, the switching direction depends on the amplitude
of the applied voltage but not on the polarity. An as-prepared memory cell is in a
highly resistive state and is put into a low-resistance state (LRS) by applying a high
voltage stress. This is called the ‘“forming processes’. After the forming process, the
cell in a LRS is switched to a high-resistance state (HRS) by applying a threshold

voltage (‘reset process’). Switching from a HRS to a LRS (“set processes) is achieved



by applying a threshold voltage that is larger than the reset voltage. In the set process,
the current is limited by the current compliance of the control system or, more
practically, by adding a series resistor. This type of switching behavior has been
observed in many highly insulating oxides, such as binary metal oxides. Bipolar
resistive switching shows directional resistive switching depending on the polarity of
the applied voltage (Fig. 1-9). This type of resistive switching behavior occurs with
many semiconducting oxides, such as complex perovskite oxides, and will be
discussed in detail in this review.

RRAM shows superior advantages such as simple structure, low power operation,
low power consumption, long retention time, small cell size, fast switching speed and
easy compatible with the standard’CMOS technology.

Many candidate materials includes-binary oxide such as ZrO, [16] as well as
perovskite-type oxide such ‘as doped-SrzrOz (SZO)~[2, 17] or multi oxide
Pr;.«CaxMnO3; (PCMO) [18, 19] has been proposed, but mechanism of the switching
behavior does not really clear. Altheugh various models for resistive switching have
been suggested, e.g., alternation of Schottky barrier, [20] filamentary conduction, [21,
22, 23] and trap-controlled space-charge-limited current, [24] the underlying physical
mechanism of resistive switching and the charge transportations in ReRAM is still not
yet understood. Electrode effect showed the different switching behavior is needed to
be investigated to further understand the switching mechanism. [25] Proposed that
resistance switching behaviors of NiO/Pt device was dominated by the work function
(WF) of the top metal. When the metal/NiO interface formed ohmic contact, such as
Pt/NiO/Pt and Au/NiO/Pt, voltage drops at the interface are omitted and effective
electric field inside the NiO film is high enough to induce resistance switching. For
Ti/NiO/Pt structure, well-defined Schottky contact at the Ti/NiO interface leading to

the effective electric field inside the NiO film is not enough to induce resistance

6



switching. Lin et al. [26] discussed the effect of top electrode material on resistive
switching properties of ZrO, film. Metal Al, Pt as top electrode shows unipolar
switching with large dispersion of Ron, Rofr, Von, and Vs, While metal Ti as top
electrode shows bipolar switching with stable switching behavior. Lee et al. [27]
proposed that effect of metal electrodes to NiO RRAM device is correlated to the free
energy of oxide formation between electrode and Ni. It seems that top electrode plays
an important role to the performance of RRAM device, whether what kind of the
transition metal oxide (TMO). HfO film with Pt, Au and Ru metal as top electrode
respectively has been reported having resistive switching properties [28, 29, 30], but
not much mention to the effect of top electrode to the HfOx RRAM device. We
observed the electrical characteristics of HfO./TiNcapacitor structure with metal Pd,
Al / Pd, Ti / Pd and TiN=as top-electrode respectively. Generally, the electrical
characteristics changed in.an abrupt way by bipolar switehing during low resistance
state (LRS) to high resistance state (HRS). Mechanism of:the switching behavior was
proposed here to elucidate the phenomena. Top metal electrode alters not only the
type of the switching properties;, but also influences the operation dispersion and
resistance ratio. Effect of top electrode is crucial to the performance of HfOx RRAM
device.

The resistive switching is typically molded as the formation and dis-rupture of
conductive filaments based on various physical mechanisms. The 1% mechanism for
the filament formation is related to domains (Fig. 1-10) gradually charged up and
electron tunneling [31] occurrence eventually among nearby domains. This is
adequate to those resistors with “inert” electrodes and insulator based on carrier
trapping/de-trapping. The 2" mechanism [32] is related to metal ions accumulated
along grain boundaries and the set/reset of the filament occurred locally near the

anodic electrode. This mechanism leads to variations of interface Schottky-like barrier
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and is suitable for metal oxide resistive switching with inert electrodes. The 3™
mechanism is based on the movement of O-vacancies and ions [33]. The reset is
related to the depletion of electrons in O-vacancies, and the set is due to the recovery
of the depleted O-vacancies with non-lattice oxygen ions. The 4™ mechanism is

related to the interaction of the resistive switching material with active electrodes.

1.2 Mechanism of transition metal oxide (TMO) RRAM

The binary oxide MIM memory devices were discovered decades ago. This
device had not been a serious contender for large scale memory array application.
After the publication of “Electric-pulse-induced reversible (EPIR) resistance
non-volatile memory” by Liu.et al'in 2000 [34] the"resistance-based MIM memory
devices have attracted conSiderable interest. The ratio Of the resistance at the high
resistance state to the resistance at the low. resistance state. of an EPIR resistor can be
larger than four orders of magnitude: Liu-et-al-econcluded that it is a generic property
of oxide in the presence of intrinsic defects, in relation to impurities having different
oxidation states and vacancies which“can form a series of states at various levels

within the energy gap [35].

1.2.1 Filamentary model (TMO)

Cyclic repetitive resistance switching was discovered in crystalline NiO thin
films by Gibbons and Beadle [36]. They have ascribed the phenomenon to the
repeated formation and rupture of a metallic filament. Hickmott [37] suggested that
the filament was composed of immobile neutral impurities in the insulator with
ionization energies close to the half of band gap while Simmons suggested the

filament was made of injected metal ions from the anode into the insulator [38].



1.2.2 Schottky barrier and space-charged limited conduction (SCLC)

In contrast to a filamentary model, Austin suggested that switching might be
caused by the trapping of charge near electrodes and tunneling through the Schottky
barrier [39]. It is natural to assume that the Pt/TiO, junction has a Schottky
characteristic due to the high work function of Pt and the n-type nature of TiO,. An
excessive electron injection at low interfacial barrier results in negative charge
accumulation in the TiO; film which leads to space charge limited conduction (SCLC).
The SCLC might suppress the switching due to the effective reduction of the electric

field at the interface [40].

1.2.3 Frenkel-Poole emission

Electrons can move (slowly) through an insulator by the following method. The
electrons are generally trapped in localized states (loosely speaking, they are "stuck™
to a single atom, and not free to move around the crystal). Occasionally, random
thermal fluctuations will give that electron enough energy to get out of its localized
state, and move to the conduction band. Once there, the electron can move through
the crystal, for a brief amount of time, before relaxing into another localized state (in
other words, "sticking" to a different atom). The Poole—Frenkel effect describes how,
in a large electric field, the electron doesn't need as much thermal energy to get into
the conduction band (since part of this energy comes from being pulled by the electric
field), so it does not need as large a thermal fluctuation and will be able to move more
frequently.

Taking everything into account (both the frequency with which electrons get

excited into the conduction band, and their motion once they're there), the standard

_Q(¢B - E

quantitative expression for the Poole—Frenkel effect is: J o« Eexp(Tw)
B


http://en.wikipedia.org/wiki/Conduction_band
http://en.wikipedia.org/wiki/Electric_field

Fig. 1- 1 Hlustration of ABO; pervoskite unit cell
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Fig. 1- 2 Hysteresis loop of a ferroelectric material
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Table 1-1 Comparison of the performance of emerging memories [40]

NOR Flash FeERAM MRAM PCM RRAM
(1T) (1T1C) (1IT1R) (1IT1R) (1T1R)
Cell Area 4F° 20F° 20F° 6F° 4F°
Read Time 70-90 ns 45 ns 20 ns 60 ns <50 ns
WI/E Time >1 ms <20 ns <0.5ns <60 ns <50 ns
Retention >10y >10y >10y >10y >10y
Time
Write >10° 10" >3x10™ 10° >10°
Cycles
Write 12 079-3:3 . 3 <3
Voltage(V)
Read 4-5 0.9-3.3 s 3 0.7
Voltage(V)
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Chapter 2 Experiment Detail

2.1 Experiment procedure

2.1.1 Process flow

The HfO,/ TiN memory devices were fabricated on an 8 in. Si wafer. A thickness
of 30 nm HfOy thin film with non-stoichiometry was deposited on the TiN layer by
atomic layer deposition at temperature of 300°C. Hafnium tetrachloride (HfCl) and
water (H,O) with the composition ratio = 5:2 were used as reactants in the ALD
process. In order to verify the resistance switching behavior related to the crystalline
structures of HfOy, the HfOy films were examined by using X-Ray Diffraction System
(XRD) before covering the top electrodes..l. -V characteristics of the HfOy films were
measured by computer-interfaced HP4156C (Sweep mode). The X-ray photoelectron
spectroscopy (XPS) was also employed:to.identify the composition of HfOy films.
The film microstructures were investigated-by Scanning Electron Microscope System
(SEM) and Atomic force mictoscope (AFM):

The electrical characteristics of the HfOx/TiN-RRAM device were performed on
an Agilent 4156C semiconductor parameter analyzer. Bias voltage was applied on the
top electrode with the TiN bottom electrode grounded. All the measurements were

performed at room temperature.

2.1.2 Top electrode deposition

The 30nm Pd and 3.5nm Al / 30nm Pd top electrode were deposited on the HfOx
film by dc Sputtering System with a shadow mask at room temperature, the structure
is shown in Fig. 2-1, Fig 2-2 . We set the dc power 80W Pd ~ 40W Al and the chamber
pressure in 7.6 mtorr. The open nitrogen flow is 0.5~1+4~6~12 sccm 20 second before

depositing Al.
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2.1.3 Thermal treatments

After top electrode deposition, some samples were processed with RTA (rapid
thermal annealing in argon atmosphere) system at 400°C for 30sec and Imin,
respectively. Table 2-1 shows the summary of Pd deposition parameters. Table 2- 2

shows the summary of Al/Pd deposition parameters.

2.2 Property analysis

2.2.1 Film thickness and HfO, valence states

The Scanning Electron Microscope System (SEM) + X-Ray Diffraction System
(XRD) ~ Atomic force microscope (AFM) and X-ray photoelectron spectroscopy (XPS)
were used to obtain the micro-Structure and the crystallization of the films. AFM and
SEM analysis could help 1is to understand; the surface roughness and thickness of
HfOy film. XRD analysis helped us to confirm the orientation of the film. XPS

analysis helped us to examined chemical-boending-energy of the film.

2.2.2 X-Ray Diffraction (XRD)

Generally, thin films are classified according to its crystallization. There are
three types of crystallization, including amorphous, polycrystalline, and single. X-Ray
Diffraction analysis is used to investigate the crystal structure and orientation of our
sample. Furthermore, we could identify the crystallization dependence of on the
samples for heat treatment. In our experiment, the thin films were grown between
amorphous type and poly type. Follow Scherrer’s formula, we could calculate the

average grain size from XRD illustration:

_09x4
B xcos@

The background information of our XRD analysis is that A =1.5405A (K, ), B is
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the full width at half maximum (FWHM) of the XRD peak and 0 is the diffraction
angle. In this analysis, X-ray is made with 0.02 degree beam divergence and operation

configuration at 30KV, 20mA.

2.2.3 Scanning Electron Microscope (SEM)

Comprehensively, the surface morphology issue is also a quite important
character compared with the character of bulk for the thin films. We could observe the
surface micro-morphology and cross section of our sample by SEM. Besides, the
crystallization of the thin films needed to be investigated directly by XRD analysis.
So, we could get enough information to support our illustration. The SEM model is

S47001 with high resolution of 15 A made by HitaChi.

2.2.4 Atomic force microscope (AFM)

The atomic force mieroscopy (AFM) is a very good'tool to research the surface
roughness and surface morphology: We use an AFM: made by digital instruments
whose model is Nano-Scope E. The root mean square (RMS) value of roughness of

the film is automatically calculated by the AFM software.

2.2.5 X-ray photoelectron spectroscopy (XPS)

The X-ray spectroscopy is used to characterize the binding energy and the
compositions of the thin film. The electron binding energy is influenced by its
chemical surroundings making binding energy suitable for determining chemical
states. XPS is a surface-sensitive method because the emitted photoelectrons originate
from the upper 0.5~5nm of the sample, just as Auger electrons do, despite the deeper

penetration of the primary X-rays compared to a primary electron beam.
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2.3 Electrical characterization

The resistance switching behavior of the HfOy films was measured from I-V
relation using a computer-interfaced HP4156C. The measurements were done in
sweep mode, with scanning from 0 to +V and 0 to —V for alleviating power damage
[41]. During the measurements, a small current compliance (equipment limit 100mA )
was set with a constant voltage width to prevent the permanent breakdown of the

oxide films.
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Fig.2-2 The cross section of the Pd/Al/HfO/TiN device
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Table 2- 1 Summary of Pd deposition parameters

Substrate materials

HfO,/ TiN/ Si0,/ Si

Deposition gas flow ratio

Ar/ N, =24/0.5,12

Growth temperature

Room temperature

Background pressure <3x 107 Torr

Deposition pressure 7.6 mTorr
Deposition power 110 W

Deposition thickness 300A

Table 2- 2 Summary of Pd / Al deposition parameters

Substrate materials

HfO,/ TiN/ Si0,/ Si

Deposition gas flow:-ratio

Ar/ N, =24/ 0.5,12

Growth temperature

Room temperature

Background pressure <3 x 10” Torr

Deposition pressure 7.6 mTorr
Deposition power 110 W

Deposition thickness 300A
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Chapter 3 Results and Discussion

3.1 Structural analysis

It should be understood that the performance of nonvolatile memory depend on
the electrical properties, the yield of nonvolatile memory depend on the physical
properties. In the following sections, we will introduce the physical measurements
and analyses include X-ray diffraction analysis, scanning electron microscope
analysis, atom force microscope analysis, and X-ray photoelectron spectrometer
analysis. The measurements are used to see the pyrolysis temperature, crystallization
temperature, preferred orientation, grain size, morphology of surface and
cross-section, the surface roughnessidegree, the content of major element, and the
bonding energy. Besides, thesphysical prepertiessmeasurement can help us to find the

better fabrication parameters.

3.1.1 Film thickness and ‘composition

Fig 3-1 shows the SEM micrograph of' cross-sectional structure of an as
deposited HfOy film. The HfOy films have average thickness of 36nm. Fig 3-2 shows
the AFM of step height of an as deposited HfOy film. These errors are cut
fragmentations or instrument to cause. The HfOy films have average thickness of 33.8
nm. A rough thickness between the HfOy film and the TiN metal is observed. This is
attributed to the rough surface of the TiN metal, which has a columnar structure, as
shown in the SEM image. The roughness of the HfO, film on TiN was measured show
Fig 3-3. As shown in Fig 3-3(b), the rms surface roughness over a scanning area of
3000 x 3000 um” is 51.84A. The roughness of the HfO; film Fig 3-4 shows the SEM,
prove the surface of roughness. The depth profile of the chemical composition of

HfOy films measured by XPS is shown in Fig 3-5. The atomic ratio of oxygen to
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hafnium (O: Hf) inside the HfOy film is found to be about 1.5, which suggests that the
HfO, film is nonstoichichiometric. In Fig 3-6, the binding energy of Hf *' was 17 and
17.6eV (Hf *"). This indicates that surface layer is mainly composed of stoichiometric
HfO,. Because the sampling depth of XPS is deep, thus, a low binding energy feature
seems to originate from sublayers. In Fig 3-7, the interface region the binding
energies were 14.2 and 15.6eV (Hf %). There is more oxygen content of surface, so the

interface forming binding energy is different from surface.

3.1.2 Crystalline structure

Fig 3-8 shows the X-ray diffraction, patterns of as-deposited HfOy films. The
films grown were polycrystalline and consisted mainly of the monoclinic HfOx [42]
phase, which is the stabl¢”polymorph of HfOy under hormal conditions. [43, 44]
Fig. 3-9 shows the XRD=analysis in thermal treatment temperature, find increases
HfO, intensity with through thermal treatment-temperature. It means that the phase of
HfOy film will transform form amorphous into crystal*after 400°C thermal treatment.
The high temperature will increase the ‘degree of crystallization. It can be observed

clearly that the grain size become bigger at higher temperature.

3.2 Pd top electrodes Electrical property

In this section, what kind of experiment conditions can induce switching will be
discussed. Including the nitrogen flow, thermal treatment temperature, then the
analysis of the leakage current, switch voltage, conductivity ratio in different
experiment conditions, and the leakage of different state will be explained by different
mechanisms.

Fig. 3-10 shows the 300 A Pd top electrodes was deposited of sample find sweep
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bipolar little cycle, in voltage sweeping (0—-V) and (0—+V)mode the voltage and
leakage current characteristic was unstable. The sample ratio is 250 time. The inset of
Fig 3-10 exhibits the linear curve of switching, the H-state is lower compliance
current, but the L-state is larger current. The sample has larger resistance ratio, but the
sample was not operating positive switch on, negative switch off electrical property.
In this investigation we carried out different treatment. The first section, we make the
treatment of different annealing time. As observed in Fig. 3-11, the I-V curves of the
Pd/ HfO,/ TiN films after RTA 400°C for 30sec, in voltage sweeping (0—-V) and
(0—+V)mode. In the RTA 400°C for 30sec sample cycle more than without treatment
sample, but operating ratio is reduces 250 to 25 time. The H-state reduces of the
operating voltage to thermal treatment temperature. The H-state and L-state were
operating to stable after treatment temperature, but the’L-state main switch is slow.
Fig. 3-11 shows switch cycle: vs. voltage. The voltage change has 2V, a large amount
of voltage changes, showing an unstable state. Because the Pd/HfOx/TiN device is
unstable and less switching ¢yele, we did a thermal treatment. The inset of Fig 3-12
exhibits the linear curve of switching, the H-state current change larger than without
treatment sample. Fig 3-13 shows I-V curve of the Pd/HfO,/TiN device after RTA
400°C 30s for positive switch on, negative switch off. The sample was without
treatment only negative switch on characteristic. The thermal treatment was
increasing operating cycle, and operating voltage is low. The operating ratio was 5
time. Fig 3-14 shows I-V curve of the Pd/HfO,/TiN device after RTA 400°C for 1min.
From Fig 3-9 the XRD analysis, it is easy to find when the thermal treatment
temperature at 400°C, the HfO, film increasing crystalline phase intensity will have
the phase change phenomenon. The inset of Fig 3-14 shows the operating voltage is
more stable than without treatment sample, but operating current is large. Fig 3-15
shows I-V curve of the Pd/HfO,/TiN device after RTA 400°C 1min for positive switch
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on, negative switch off. The sample transfer characteristic is better than thermal
treatment 400°C 30s, and resistance ratio is large than thermal treatment 400°C 30s.
The sample resistance ratio is 20 time. Fig 3-16 shows comparison thermal treatment
of the Pd/HfO,/TiN device. Annealing at 400°C is useful to reduce operation voltage
which might be enhancement of the crystallinity to attain a stable switching behavior
with high endurance. Long thermal treatment time has an intensity stronger
crystallinity. Fig 3-17 shows comparison sample of thermal treatment as Pd initial
forming. The thermal treatment is reduced operating voltage effectively, but leakage
current has no change. Lower voltage can form current paths with the thermal
treatment. Fig. 3-18 shows compare different thermal treatment time of thermal
treatment. The OFF-state was_deerease operating: voltage with increasing thermal
treatment time, but the ON=state thermal treatment time increasing with operating
voltage. The resistance ratio is decrease with' increasing thermal treatment time, the
RTA 1min resistance ratio only, remain 10 times. The' resistance ratio has large
without thermal treatment, but operating cycle timesswas less. Increasing thermal
treatment with switch cycle time ‘effectiver Fig. 3-19, 20 shows nitrogen flow is 0.5
sccm and 12 sccm before deposition Pd layer, respectively. The nitrogen can be
reduced leakage current and increasing operating the number of times. In this study,
we present results the effect of nitrogen and thermal treatment from negative
switching-on, positive switching-off. Clearly, the findings indicate that nitrogen and
thermal treatment has a positive effect on operation cycle time and leakage current.
Fig 3-21 shows comparison nitrogen different flow with deposition Pd initial forming.
The switch has lower leakage current with nitrogen flow treatment. Fig 3-22, 23
shows nitrogen flow 0.5sccm 20s and 12sccm 20s to different thermal treatment, the
thermal treatment can increase nitrogen effective. Table 3-1, and Table 3-2 shows

comparison Pd/HfO,/TiN sample different treatment negative switch on, and positive
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switch on. Thermal treatment can positive switch on, negative switch off, but
operating cycle is loss than negative switch on, positive switch off, and operating
voltage and current are lager. The nitrogen flow treatment reduced leakage current,

thermal treatment reduced operating voltage. These data lend support to that idea.

3.3 Pd/Al top electrodes Electrical property

Fig. 3-24 shows Al layer of thickness, thicker of Al layer has lager leakage
current because thicker Al layer have more interface defect. Thin Al layer has smaller
leakage current because thinner Al layer has less interface defect, but without Al layer
has less operation cycle time. Fig. 3-25 shows I-V curve of the Pd/AI/HfO,/TiN
device. Deposition Al interface ldyer is increasing positive turn on, negative turn off
operation cycles because thé switching is unstable, and“operating cycle is fewer than
negative turn on, positive turn off. Fig 3-26 shows compare Pd/Al/HfO,/TiN devices
different thermal treatment time by positive turn on, négative turn off. Before the
positive turn on, negative turn off has no characteristie, but the Al interface layer is
increasing voltage and the leakage current reduce for thermal treatment form improve
the characteristic of operation. We were chosen the Al interface layer because it was
active chemical reaction at the interfacial region. Fig 3-27 shows Pd/Al/HfO,/TiN
devices, the resistance ratio change less than 10times. The inset of Fig 3-27 exhibits
the linear curve, the sample has switching stable and more operating cycle time, but
resistance ratio is small. Fig 3-28 switch cycle vs. voltage of Pd/AI/HfO,/TiN device.
The switch voltage is 1V, it is a stable voltage and it has high endurance. It is very
important for a nonvolatile memory device its memory state to keep long time its
memory. The data storage time, called retention time, is a significant landmark. It
means that how long the resistance values are kept in the two states. As shows in

Fig.3-29, the retention time of the two states is at least over 18000 seconds and the
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resistance ratio still keep over 100times, which dose not be affected by the operation
of the memory readout.

Fig. 3-30 shows comparison nitrogen flow as 0.5 sccm different times before
deposition Al layer to influence on operating the characteristic. The nitrogen wills
deposition among interface and mends the defect. Long time of nitrogen flow will be
reducing leakage current, but it will be increase voltage. This result has proved the
appropriate nitrogen can reduce leakage current effectively. Fig 3-31 shows
comparison different nitrogen flow as deposition 35 A Al layer. The more nitrogen
flow reduces little leakage current and resistance ratio change large, but it will be
increase operating cycle times. The nitrogen flow influence leakage current and
operating voltage because the nitrogen can reduce Al interface layer defect. The more
nitrogen flow has lower leakage current, but the nitrogen makes the devices need
large operating voltage. Fig 3-32 shows I-V.curve of the Pd/AIN/HfO,/TiN device.
Nitrogen and aluminum was reaction-form AIN insulating layer to increase the
resistance ratio. Nitrogen treatment is beneficial forsteduction of the leakage current
to attain larger resistance ratio, but the operation voltage is unstable. Fig 3-33, 34
shows N, 6sccm 20s and N; 12 scem 20s of the Pd/Al/HfO,/TiN device. The nitrogen
flow treatment can reduce of HRS leakage current effectively. Nitrogen and
aluminum was reaction form AIN insulating layer to increase the switching on
difficult. Fig 3-35 shows comparison different nitrogen flow before deposition 35 A
Al layers, the nitrogen flow influence leakage current and operating voltage.
Appropriate nitrogen flow can reduce leakage current effectively. Reduce the leakage
current as increases the nitrogen flow. At the nitrogen flow 12 sccm 20sec before
deposition Al layer, receive the better operating has lower leakage current and
operating voltage. Fig. 3-36 shows nitrogen flow different before deposition 35 A Al
layer for thermal treatment at 400°C 30sec, the thermal treatment can accord with
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nitrogen reduce leakage current effectively, and the nitrogen flow is associated with
the leakage current. The nitrogen and thermal treatment can reduce leakage current.
Fig. 3-37 shows nitrogen flow different before deposition 35 A Al layer for thermal
treatment at 400°C 1min, long time of thermal treatment cause films redistribution
increase grain size reduce grain boundary increase leakage current and reduce the
operating voltage accord with result before. Fig 3-38 shows comparison Al 35 RTA
resistance state, without thermal treatment resistance ratio is 2 time, the thermal
treatment 400°C  30s can increase resistance ratio ,but H-state and L-state has overlap,
the thermal treatment 400°C 1min resistance ratio is 100 time. The thermal treatment
can increase resistance ratio effectively. Fig. 3-39 shows 12sccm 20 sec nitrogen flow
for before deposition Al layer, and thermal treatmient 400°C Imin after deposition Al
layer. The nitrogen was tosreduce leakage current and thermal treatment reduces
operating voltage. Excessive of nitrogen to leng-time cam get better stable operation
through the thermal treatment, the resistance.ratio large than without treatment
Pd/Al/HfO/TiN device. As shows in Fig.3-40, the retention time of the two states is
at least over 30000 seconds and the resistance ratio still keep over 100times, which
dose not be affected by the operation of the memory readout. Nitrogen 12 sccm 20s of
Pd/Al/HfOx/TiN device in LRS and stability is relatively bad, unstable phenomenon
that the main reason is made of nitrogen institute. Table 3-3, and Table 3-4 shows
comparison Pd/AI/HfO,/TiN sample different treatment negative switch on, and
positive switch on. Deposition Al layer can positive switch on, negative switch off,
but operating cycle is loss for positive switch on with different treatment. Positive

switch on operating voltage is lager.
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3.4 Fitting leakage current property

Form the physics of semiconductor devices, there are six different basic
conduction processes in semiconductors: Schottky emission, Frenkel-Poole emission,
tunneling or field emission, space-charge-limited, Ohmic and Ionic conduction.

To understand and explain the conduction mechanisms, the current fitting of
both H-state and L-state for I-V curve is performed. We consider that H-state is
Frenkel-Poole emission as Pd/HfO4/TiN device, as showed in Fig. 3-41, which is
reasonable to be considered that L-state switching to H-state is the process of forming
the current paths between the top electrode and bottom electrode. The current paths
could be related to the arranging the order of point defects, such as oxygen vacancies
and ionic defects associated with Hafnium atoms-replaced. Electrons hop through the
defects within the doped HfO films. It is.that the defects, composing the current
paths, trap the electrons causes some ruptures of the current paths. However, at the
same time, other current paths have '‘chances-to-be formed again, which increase the
conduction current within the transition region. Exeessive of the nitrogen flow and

without nitrogen treatment current “fitting is Frenkel-Poole emission. The

p(@_%

Frenkel-Poole emission equation is J = Vex T

).

As showed in Fig.3-42, that L-state is Ohmic conduction. I - V characteristics
exhibiting the I o« V correlation is Ohmic (slope = 1). Which is reasonable to be
considered that H-state switching to L-state is the process of ruptured the current
paths between the top electrode and bottom electrode. The conduction mechanisms
dominating in the H-state is Frenkel-Poole emission and L-state is Ohmic conduction.
Fig 3-43 show the different thermal treatment at H-state, as the without thermal

treatment and thermal treatment current fitting is Frenkel-Poole emission, switching

conduction mechanisms with the structure which has changed by thermal treatment.
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Fig 3-44 show L-state through thermal treatment changed switching conduction
mechanisms from Ohmic conduction. The Pd/HfO,/TiN device whether thermal
treatment or nitrogen flow treatment, the H-state is dominated by Frenkel-Poole
emission, the L-state is dominated by Ohmic conduction. Fig 3-45 shows as different
nitrogen flow treatment before deposition Al interface layer H-state changed
switching conduction mechanisms, the switching conduction mechanisms is same
from Pd. The switching conduction current fitting is Frenkel-Poole emission. Fig 3-46
show deposition Al layer H-state without nitrogen flow treatment and nitrogen flow
treatment is dominated by Ohmic conduction. Fig 3-47 show deposition Al layer
H-state different thermal treatment, the switching conduction mechanisms is
Frenkel-Poole emission. Whethef it is nitrogen flow or thermal treatment H-state is
Frenkel-Poole emission. Fig:3-48 show deposition Al layer L-state different thermal
treatment is Ohmic conduction. The thermal treatment does not influence the transfer
characteristic.

It is proved again that the H-state dominated by forming of the current paths.
While a current path is formed, the electrons prefer to pass through the new-formed
current path, which causes other paths to be formed with little chance. The small
variation of the resistance of the H-state could be explained clearly. But, the larger
variation of the resistance of the L-state is relative to the random electron-trapping in
the turn-off process.

From the I-V curve that has been shown, the leakage current density of the
OFF/ON state shows at both positive and negative voltage. As the same reason, the
mechanism of the device was conjectured due to interface. Besides, at the high
temperature, the current of the L-state significantly increases more than that of the
H-state. It may be due to the electrons more difficult to be trapped at the higher

temperature during the OFF process, which leads the fewer current paths to be
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ruptured. Have proved the Al, nitrogen, thermal treatment will change and switching

conduction mechanisms to the attitude characteristic.
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Table 3-1 comparison Pd/HfO,/TiN sample different treatment negative

switch on
Origin RTA 30s RTA Imin | N,0.5scem 20s | N, 12scem 20s
Current 200pA 500pA ImA 500pA ImA
Voltage >2V ~1.5V ~1V <15V ~1V
Endurance 8 350 300 200 100
ratio 250 25 1 5 10
IN> 0.5 scem 20s | N2 0.5 scem 20s N»0.5 scem 20s
RTA 30s RTA Imin
Current 200pA 500pA 200pA
Voltage ~1V ~1.5V ~1V
[Endurance 200 250 100
ratio 50 10 10
N> 12 sccm 20s N>12 scem 20s N, 12 sccem 20s
RTA 30s RTA Imin
Current 100pA 100pA 100pA
\oltage ~1V ~4\/ <2V
Endurance 100 200 325
ratio 10 10 10

Table 3-2 comparison Pd/HfO/TiN sample different treatment positive

switch on
Origin RTA 30s RTA 1min N>0.5scecm 20s | N> 12scem 20s
Current X 2mA 2mA X X
Voltage X ~2V >4V X X
Endurance X 52 50 X X
ratio X 5 20 X X
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Table 3-3 comparison Pd/Al/HfO,/TiN sample different treatment

negative switch on

Origin | RTA30s |RTA Imin | N;0.5sccm 20s [N6scem 20s [N, 12scem 20s
Current ~IlmA |~500 L A ~50 L A ~500 ¢ A ~500 1 A ~500 1 A
Voltage <1V <1.5v ~3.5v <2V <2V <2v
Endurance | 1500 75 13 30 5 75
ratio 10 150 2x10* 10° 10° 4x10*
N, 6 sccm 20s N, 6 scem 20s N, 6 sccm 20s
RTA 30s RTA Imin
Current 500pA 50puA 200pA
Voltage ~2V ~1.5V ~1.5V
[Endurance 10 20 25
ratio 50 10 10
IN, 12 sccr20s N> 12 scem20s | N, 12 scem 20s
RTA 30s RTA 1min
Current 10mA 10pA 10pA
\oltage ~2.5V ~2V ~1.5V
Endurance 30 s 25
ratio 10 10 10
Table 3-4 comparison Pd/Al/HfO,/TiN sample different treatment
positive switch on
Origin | RTA 30s | RTA 1min |N; 0.5sccm 20s| N, 6 sccm 20s | N, 12scem 20s
Current | ~ImA | ~500pA ~50pA ~500pA ~500pA ~500pA
Voltage <1V <l.5v ~3.5v <2V <2V <2v
Endurance| 1500 75 13 30 5 75
ratio 10 150 2x104 103 103 4x104
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Chapter 4 Conclusions

In this thesis, bipolar resistive switching characteristics could be observed on our
all HfO film by switching to LRS state by negative bias and to HRS state by positive
bias. Both Pd/HfO,/TiN and Pd/Al/HfO,/TiN show the similar tendency to nitrogen
treatment, thermal treatment, and the combined (nitrogen + thermal) treatment.
Thermal treatment can reduce operation voltage effectively, but it will increase HRS
current owning to higher crystallinity of HfOx film. The nitrogen flow treatment can
reduce of HRS current effectively, especially on Pd/Al/HfO,/TiN sample, but it will
increase operation voltage and partially degrade the stable switching properties.
Adding slight nitrogen gas in_the:beginning of Al electrode deposition has more
obvious benefits to reduce MRS current than Pd, which-might be due to difference of
the metal characteristics. Combining the nitrogen and RTA treatment together on our
Pd/AI/HfO,/TIN film, both the advantages of reliable switching properties and lower
HRS current could be obtained. Adding nitrogen during Pd electrode deposition has
no obvious benefits to reduce leakage current, By an additional thermal treatment, the
leakage current at HRS could be slight reduced. Inserting Al thin layer in the Pd/HfOy
interface greatly improves the resistive switching characteristics of HfO,/TiIN RRAM
indicating that the interface is a critical issue for resistive switching. We believe that
interface and bulk are both critical to the resistive switching characteristics, and the
characteristics of interface or bulk could be modified by top electrode or thermal
treatment. Possible model of our bipolar-switched HfOy film is the oxygen migration
between TiN and HfOx film. TiN bottom electrode serves as an oxygen reservoir
during SET process by negative bias, and re-oxidizes with HfO film under positive
bias during RESET process. Several factors are still needed being discussed such as

forming process, operation mode, current compliance, and current values to
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temperature effect to have a whole understanding of the secret of RRAM mechanism.
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