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Effect of Thermal Treatment on Resistive Random Access

Memory (RRAM) of Ni / HfO, / TiN Structure

Student : Hsin-Yu Chen Advisor : Dr. Kow-Ming Chang

Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University, Hsinchu, Taiwan

ABSTRACT

In this thesis, we used  metal-oxide-metal (MOM) structure of nickel (Ni),
non-stoichiometric hafnium oxide -(HfOy); and titanium nitride (TiN) to demonstrate
RRAM characteristics. Voltage-induced resistance switching is repeatedly observed in
the Ni/HfO,/TiN device with average resistance ratio greater than 100. The HfOy film
which is annealed in Ar ambient exhibits large eutrent operation. It is probably due to
crystallization of HfO film by X-Ray Diffraction (XRD) result. In order to reduce
power dissipation, HfOy is oxygen annealed and we use filamentary model to explain
the measured data. Measurement result shows that all operation current and power are
smaller about 10 times than the sample which is not annealed in O, ambient.
Operation voltage is not elevated noticeably and endurance is slightly improved after
oxygen annealing process. Besides, data retention and non-destructive readout are
tested in this thesis. Our study shows that the annealed Ni/HfO,/TiN RRAM is a

promising candidate for low power nonvolatile memory applications.
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CHAPTER 1

INTRODUCTION

1-1 Overview of Nonvolatile Memory

During the last several years, there has been a rapid growth of nonvolatile
memory (NVM) due to the demand for applications to personal computer (PC) and
portable device. NVM is computer memory that can retain the stored information
even when powered off. NVM of common usage includes not only mechanical type,
such as hard disk (HD) and digital video disk (DVD), but also electrical type, such as
read-only memory (ROM) and flash memory." The advantages of small size,
anti-seismic, and low power consumption make flash memory more superior in
applying mobile equipment than mechanical type. Moreover, it is believed that flash

memory will have higher operation speed than mechanical type in the long run.

However, flash memory is facing the downscaling limitation problem. The main
difficulty is : tunnel oxide is such thin that charges stored in the floating gate will leak
into the substrate through the thinner tunnel oxide. Inter-poly dielectric thickness,
isolation spacing, cell-cell parasitic coupling, and number of stored charge are also
issues of downscaling [1]. Therefore, several types of nonvolatile memories like
ferroelectric random access memory (FeRAM), magnetic random access memory
(MRAM), phase change memory (PCM), and resistive random access memory
(RRAM) are under investigation. Among these nonvolatile memories, RRAM is a

good candidate for a few factors: compared to FeRAM, it has non-destructive readout;



its operation voltage is lower than flash memory; its program current is lower than

PCM and MRAM [2]; its operation speed is higher than PCM; compared to MRAM,

its structure (Metal-Oxide-Metal) is so simple that it can be applied in 3D integration

easily. Comparison of NVMs is listed in Table 1-1 [1].

Table 1-1 Comparison of Non-volatile Memory [1]
Flash PCM FeRAM MRAM RRAM
Integration Good Good Poor Poor Good
Multi Level Cell Yes Yes No No Yes
Cell Size 4F° 6F° 20F 30F 4F
Current ~ HA ~ mA ~UA ~mA <0.ImA
Write/Erase Voltage (V) 12 3 09~3.3 1.5 <3
Write/Erase Time ~mS ~ 100ns ~ 40ns < 10ns < 10ns
Read Voltage (V) 4 ~35 3 09~33 1.5 0.7
Read Time 70~90ns 60ns 45ns 20ns < 50ns
Write/Erase Cycles > 10° 10° 10" > 3x10'° > 10°
Retention Time > 10 years | > 10 years | > 10 years | > 10 years | > 10 years

1-2 Nano CMOS and High- x Material

Recently, the technology, which is often applied to very-large-scale integrated

circuit (VLSI), is complementary metal-oxide-semiconductor (CMOS) process. In

order to achieve specification of Moore’s law, the trend of CMOS process was




downscaling of channel length and thickness of gate oxide in the past. But the
downscaling led to short channel effect and increased of leakage current through gate
oxide [3]. Hence, strained silicon technique is brought up to enhance carrier mobility.
Metal gate is proposed to improve depletion of poly-silicon gate and enhance
capability of gate control over the channel. High- x material is used to relax the
requirement of gate leakage current while maintaining the same capacitance. Among
many proposed oxide, hafnium oxide film has great potential as high- £ gate oxide
due to its high dielectric constant, large energy bandgap, and compatibility with
conventional CMOS process [3-6]. Furthermore, it is reported that thermal treatment,
such as oxygen annealing [7, 8], enable hafnium oxide to have better performance of

leakage current.

1-3 Resistive Random Access Memory

Silicon oxide has been shown to exhibit resistive switching as early as 1967 [9],
and has recently been revisited [10, 11]. In addtion, perovskite oxides and transition
metal oxides (TMOs) were also found to have properties of resistive switching. But
TMOs have more endurance cycles than the other one [12] and they are more easily
applicable to normal semiconductor manufacturing processes than perovskite oxide,
which consists of more than 3 components [13]. Nickel oxide [14], copper oxide [15],
tantalum oxide [16], and hafnium oxide [17] have been revealed their excellent
properties of resistive switching. For the most part, hafnium oxide is the best
candidate of RRAM because hafnium oxide is a well-known oxide, has more
reliability studies, and is the best choice of high x gate dielectric in CMOS

technology as mentioned above.



1-4 Typical Switching Operation and

Model of RRAM

The structure of RRAM cell is metal-oxide-metal (MOM) as shown in the inset
of Fig. 1-1. The relationship between applied voltage and current detection is also
depicted in the inset of Fig. 1-1. Basic characterization of RRAM consists of the
following methods: direct current (DC) voltage bias [18], DC current bias [19], and
alternating current (AC) impedance measurement [20, 21]. Most popular is the
voltage bias method that is current detection under several given bias voltage. It can
set (turn on, or write) the RRAM cell from off state (i:e. low current level) to on state
(i.e. high current level) and reset (turn off, or erase) from on state to off state under
appropriate voltage bias:In accordance with voltage polarity, this method can be
subdivided into four types schematized in Fig. 1-1. If the RRAM cell has four type
operations, we call it “non-polarity” [18, 22]. If the RRAM cell only has single
polarity operation, we call it “uni-polarity” [23]. If the RRAM cell belong to neither
non-polarity nor uni-polarity, we call it “bi-polarity” [24]. In general, uni-polar
operation is seen to be relevant to filamentary conductive path and anode interface
[23]. Bi-polar operation is associated with the redox reaction and trap/detrap at the
anode interface [25] or space charge limited conduction (SCLC) model [15, 17]. For
commercial application, uni-polar operation is superior to bi-polar operation due to
the demand for single polar supply voltage merely or no need for voltage converters.

The number of write and erase is called endurance.
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Fig. 1-1 Typical switching operation'of RRAM

The inset depicts not only MOM structure of - RRAM ‘but the relationship between
applied voltage and current detection. The thin blue/line:shows set under positive bias
and reset under positive bias. The thick red line shows set under negative bias and
reset under negative bias. The dash line shows set under positive bias and reset under
negative bias. The dot line shows set under negative bias and reset under positive bias.
Note y-axis 1s linear scale.

1-5 Filamentary Model and Anode

Interface

Although exact resistive switching mechanism is a controversial issue,
filamentary model is often used and accepted extensively. Hence, filamentary model

by using DC voltage sweeping is introduced in this section. During voltage sweeping,
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the voltage is applied to the top electrode and the bottom electrode is grounded. Here,
uni-polar switching which is set under positive voltage and reset under positive
voltage is used.

A transition metal oxide (TMO) is normally insulating without any voltage
sweeping. When positive voltage is applide to top electrode, the oxygen ion (0%)
moves toward anode through oxygen vacancies as shown in Fig. 1-2 [26]. Oxygen
leaving remains many oxygen vacancies which aligned together like “tree” or
“filament”as depicted in Fig. 1-2 [26]. When voltage is raised t0 Viorming @s shown in
Fig. 1-3, current will suddenly increase (soft breakdown) to a certain limiting value
(prevent completely breakdown [23]). That top electrode and bottom electrode are
connected together by conductive filament forms on state as show in Fig. 1-4. This is
called “forming process” which is-initialized RRAM cell. Electron in this film can
transport through these filament (or oxygen vacancy). Generally speaking, Vioming 18
usual positively related to'oxide thickness [14, 17] and filament near anode is weaker
than cathode [27]. Conductive Atomic Force Microscope (CAFM) results suggested
that probably many current paths/[27, 28], rather than a single filament, are involved

as shown in Fig. 1-5.

Once the filament is formed, excute voltage sweep without any compliance
current again. As voltage is raised to Vet as shown in Fig. 1-3, current will reach
maximal current and accumulate Joule heat. This heat results in rupture of weaker
filament near anode interface [29] as showed in Fig. 1-6 and current suddenly
decreases (reset) to low current level (off state). This is called “reset process” and
explained why characteristic of RRAM is highly related to top electrode [30, 31]. One

study indicated that the rupture thickness is about 3-10 nm [32].



The off state cell can return to on state by “set process”. Set process is similar to
forming process as shown in Fig. 1-3. V is usually smaller than Vioming because set
process only needs to construct shorter filament than forming process. Set and reset

process can make the cell of state reversible.

Top Top
Electrode Electrode
(Ni) (Ni)

Bottom Bottom
Electrode Electrode
(TiN) (TiN)

Fig. 1-2 Process of filament formation and oxygen ion movement

Vreset

—=— Forming
—e— Set

—4A— Reset

Compliance
current

0.0 0.5 1.0 1.5 2.0 2.5
Voltage (V)

Fig. 1-3 1-V curve of uni-polar operation



Top
Electrode
(Ni)

Bottom
Electrode
(TiN)

Fig. 1-4 Conductive filament of on state

Top
Electrode
(Ni)

Bottom
Electrode
(TiN)

Fig. 1-5 = Multi-filament of on state

Top
Electrode
(Ni)

Bottom
Electrode
(TiN)

Fig. 1-6 Filament rupture near anode interface and conductive filament of off state



CHAPTER 2
EXPERIMENTAL PROCEDURE &

MEASUREMENT SETUP

2-1 Motivation

Hafnium oxide based RRAM in previous studies seldom used in uni-polar
operation. One study [23] uses platinum (Pt) as top electrode, HfOy as oxide, TiN as
bottom electrode to form MOM structure-of RRAM. Pt hardly causes reaction with
oxygen, but this inert metal is more-expensive than-others. We used nickel (Ni) as top

electrode because of its high free energy [31] and low cost compared to inert metal.

Thermal treatment is used te_improve leakage current of high x material as
mentioned in section 1-2. Several studies applied this technique on RRAM to enhance
ratio [33] (i.e. on state current divided by off state current), decrease forming voltage
[34] (i.e. first set voltage from fresh sample to on state), improve endurance [35]. Also,
most of those studies focused on bi-polar operation. Hence, we used
non-stoichiometric HfO4 films to demonstrate effect of thermal treatment and focus

on uni-polar operation, behavior of on state and off state.

2-2 Experimental Procedures

The fabrication of RRAM cell is described as follows. A TiN film as the bottom

electrode was deposited on Ti/S10,/Si by sputtering. Then, non-stoichiometric HfOy



films with a thickness of 20 nm were deposited by Industrial Technology Research
Institute (ITRI) using hafnium tetrachloride (HfCls) and water (H,O) as reactants at
temperature of 300°C in standard atomic layer deposition (ALD) system. After HfO
deposition, some samples were thermally annealed in a rapid thermal annealing (RTA)
system at 400°C or 500°C for 30, 60, 90, and 120 seconds. Argon (Ar) and Oxygen
(O,) were used as the annealing gas for the annealing systems. The samples without
thermal annealing treatment are called control samples. Then, nickel (Ni) as a top
electrode was deposited by E-beam evaporation using a shadow mask at room
temperature. The thickness of Ni and diameter of top electrode was 50 nm and 50 ¢ m,
respectively. The fabricated RRAM cell is shown in Fig. 2-1. The depth profile of the
chemical composition of HfOy films (control sample) measured by X-ray
Photon—electron Spectroscopy (XPS)-1s shown in Fig. 2-2. The atomic ratio of oxygen
to hafnium (O:Hf) inside the HfOx film is found to be about 1.5 (x < 2), which
suggests that the HfOy film is non-stoichiometric. The surface morphology of HfOy
samples was examined by atomic force microscopy (AFM) in tapping mode as shown
in Fig. 2-3. The rms surface roughness over-a scanning area of 3x3 ;2 m” is around 4.9

nm.

TiN

Ti/SIO,/Si

Fig. 2-1 The fabricated RRAM cell, voltage polarity and current direction of
measurement
10
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Fig. 2-2  XPS compositional depth-profile of Ni/HfO,/TiN. structure (control sample)
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Fig. 2-3 AFM image of HfOy
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2-3 Measurement Setup

The electrical properties of the RRAM devices were measured using a Agilent
4156C semiconductor parameter analyzer. During measurement, the voltage was
applied to the Ni electrode and the TiN electrode was grounded. In this thesis, we
adopted DC voltage bias method. Our voltage step was 0.08 V as voltage sweeping
and compliance currents were 0.1, 0.5, and ImA. In order to achieve the purpose of
low power consumption, the lower compliance current was preferable. But not all
samples of different process conditions had operation of low compliance current or

sufficient endurance under small compliance current.

The uni-polar operation of RRAM is described as follows and shown in Fig. 2-4.
Suppose that RRAM celliis at off state. Firstly, execute voltage sweeping (A—B) and
detect current. As voltage is raised to' Vg, current will suddenly increase (soft
breakdown, or set) to a certain limiting value (0.1~10mA). Secondly, execute voltage
sweeping (C—D) and detect current without any compliance current. In general, the
second current is usually larger than the first at small voltage bias and maximal reset
current is usually larger than compliance current. As voltage is raised to Vs, current
will suddenly decrease (reset) to low current level (off state) and stop sweeping
immediately. These step (A—B and C—D) are called one cycle. Ve 1s always
smaller than V. This is how resistance switching is observed. If the suddenly
increased current is too high (>30mA), this cell is hard breakdown (never return to off
state or burn out) and becomes useless. If the compliance current is too small, this cell
is not switched state or small on/off ratio. Therefore, setting a proper current limit

(compliance current) is crucial.

12
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Fig. 2-4 Conceptual diagram of uni-polar operation and definition of resistive

switching
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CHAPTER 3
RESULTS & DISCUSSION

3-1 Definition of switching parameter

The switching parameter is defined in this section. As show in Fig. 2-4, the
currents of on state and off state at small voltage Vi eq are defined as I, and I,
respectively. When V¢,q is limited to far less than V., on state and off state are not
disturbed. Then, conductance of these two states at V,..q are defined in Eq. (3-1) and

Eq. (3-2), respectively.

Gon = R on_l = Ion /Vread (3'1)
Gy =Ry =1y 1Vigag (3-2)
Conductance ratio of two states is defined as Eq.(3-3).

Ratio=G,, /G, (3-3)

Assume two states are equally probable, and then expectation value of readout

power P4 can be expressed as Eq. (3-4).

po=ty Ly 1y 2Gm+lv G

read — 2 read” on 2 read ” off = 2 read [¢ 2 read off

(3-4)

Assume Gon,>>Goft, then the term of off state can be neglected. Eq. (3-4) can be

simplified as Eq. (3-5).

P~1V1—1 2

read — 2 read” on — 2 read on

(3-5)
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To make G, overly large gain large Ratio (= Gon/Gofr) causes high readout power
as indicated in Eq. (3-5). For commercial NVM, the number of times of readout is
10"2. Therefore, small readout power is significant. In order to achieve the purpose of
small readout power, G,, must be decreased as indicated in Eq. (3-5). Nevertheless,
small G, leads to small conductance ratio as indicated in Eq. (3-3). Hence, G must
also be reduced for large enough ratio. G, is only need to be large enough to
distinguish G, from Gog.

Besides, set power [36] and reset power (power of write and erase) are defined in

Eq. (3-6) and Eq. (3-7), respectively. The set power and reset power are also sketched

as Fig. 3-1.
Ve +AV
Pset = j I‘vetdv (3_6)
0
Vo +AV
Prexet = j Irexetdv (3_7)
0

Current (mA)
n
T

[]
.+ Power,
0.0 0.5 1.0 1.5

Voltage (V)

Fig. 3-1 Definition of set and reset power
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3-2 Example of Switching Parameter

Extraction

In this section, extraction and presentation of measurement result are stated

clearly by using the measurement result of control sample. From 1* and 2™ I-V curve

of Fig. 3-2, the cell in off state was not switching (only 1.74 ratio) under too small

compliance current (0.1mA). In this case, we must boost compliance current to 0.5mA

to have large on/off ratio (178) as shown in 3" and 4" I-V curve of Fig. 3-2. This

phenomenon was mentioned in section 2-3.

current was useless for control.sample. A po

So we concluded that 0.1mA compliance

ssible reason is that for many filaments in

HfOy, each filament acquires less energy under 0.1mA compliance current.

3| \
w0 0.5mA
Ratio
178
. 10*E
$ F
=
o
5
© 107t “o 1st set (0.1mA)
. ¥ —e— 2nd reset
Ratio: ; —a— 3rd set (0.5mA)
0° 1_74 | | +f1th reset .
-0.5 0.0 0.5 1.0 1.5 2.0
Voltage (V)

Fig. 3-2 I-V curves of control sample under different compliance currents
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Fig. 3-3 shows fifty-two I-V switching curves. Operation voltage, selected I-V
curve, and Maximal reset current (defined in section 3-1) from Fig. 3-3 are depicted in

Fig. 3-4, Fig. 3-5, and Fig. 3-6, respectively.

2.0

Current (mA)

Voltage (V)

Fig. 3-3  Fifty-two I-V switching curves of control sample under 0.5 mA compliance

current
35 60
° Reset I Vreset
25F A < 40 +
S 20f , F
© o o R a S 30
2 15 A EUNIN N AAA <
3 5o P N YN I 3
2 A DD LS NN m 5 20
1.0 N K%
0.5, oo 00000 00 00000 o o 000 cosssees 0 o 10
Lo @ ecee EE
0.0 \ : . , . ol a Alafo m . o,
) 10 20 30 40 50 60 0.0 0.5 1.0 1.5 2.0 25 3.0
Cycles Voltage (V)
Fig. 3-4 (a) Fig. 3-4 (b)

Fig. 3-4  (a) Vg and Vet from Fig. 3-3  (b) histogram of V¢ and Vi ese from Fig.
3-3
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Current (mA)

—0— st

—e— 10th
—4a— 20th
—v— 30th
—<— 40th

0 1 2 3 4
Voltage (V)

Fig. 3-5 Selected I-V curves from Fig. 3-3

Max Reset Current (mA)

2.0
n ..- L |
- -.- . N ny
1 0 L [ ]
0.5}
00 L 1 1 1 1 1
0 10 20 30 40 50 60
Cycles

Fig. 3-6 Maximal reset current of Fig. 3-3

18



Fig. 3-7 left y-axis shows average current of turn on and turn off process. Fig.
3-7 right x-axis shows ratio of Iyym on / Itum ofr- This is the advantage of RRAM due to
large ratio at small readout voltage. So we chose 0.08 V as V¢4 (sketched in Fig. 3-7)
to calculate conductance of on state and off state (Gon and Gogr). Vieaq 18 far less than
Vi@eset to prevent disturbing on state and off state as mentioned in section 3-1. Fig. 3-8
shows calculated Go,, Gofr, and Ratio and large window region to prevent confusing
on state and off state. This cell was measured only fifty-two cycles because 53th cycle
under 0.5mA compliance was not switching, which is similar to Fig. 3-2. Detail
measurement results of each process condition are provided in Appendix of this thesis.
Because measurement data is numerous, we use statistical quantities to infer
measurement result. Average ( &), standard deviation (.o ), and coefficient of variation

(CV) are defined in Eq. (3-8), Eq. (3-9), and Eq. (3-10), respectively.

(3-9)

(3-10)

where x;1s measurement data and n is number of measurement data.
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Fig. 3-7 Average currents of Fig. 3-3 and their ratio

Cycles

Fig. 3-8  Gon, Gost, Ratio of Fig. 3-3
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3-3 Comparison between Control Sample

and RTA in Ar Ambient

Forming process I-V curves of control sample and RTA at 500°C in Ar ambient
30, 60, and 90 seconds are shown in Fig. 3-9. The time of RTA in Ar ambient at 500°C
is positively related to leakage current in forming process. Fig. 3-10 shows X-Ray
Diffraction (XRD) result of control sample, RTA in Ar ambient at 500°C for 30
seconds and 3 minutes. We can not identify crystal orientation of the peak in XRD
result because the XRD data base have no non-stoichiometric hafnium oxides
information. But it can be clearly observed that hafnium oxide crystallize if the time
of Ar RTA is too long. This phenomenon may cause large leakage current in forming
process.

Comparison of control sample ‘and RTA at 400°C and 500°C in Ar ambient for 90
seconds under 0.5mA compliance current 1s depicted in Fig. 3-11. Table 3-1 also lists
statistical quantities of switching parameters which is shown in Fig. 3-11. Fig. 3-11 (a)
shows large variation of G after RTA compared to control sample. The temperature
of Ar RTA is moderately positively related to G,, and maximal reset current as shown
in Fig. 3-11 (b)(e) and Table 3-1. Large G,, implies more readout power consumption
after RTA in Ar ambient. In addition, Fig. 3-11 (e) shows a tendency of large current

operation after several tens switching in RTA 500°C for 90 seconds sample.
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Fig. 3-9 Forming process IV curves of control sample and RTA at 500°C in Ar
ambient for 30, 60, and 90 seconds
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Fig. 3-10 X-Ray Diffraction result of control sample, RTA in Ar ambient at 500°C for

30 seconds and 3 minutes
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90 seconds under 0.5 mA compliance current : (a) Gojr

Table 3-1

Switching Cycles

Fig. 3-11 (¢)

(e) Maximal reset current

150

Comparison of control sample, RTA at 400°C and 500°C in Ar ambient for
(B) Gon

(©) Vet (d) Vieget

Statistical summary of control sample.and RTA at 400°C and 500°C in Ar

ambient for 90 seconds under 0.5 mA compliance current

Control | Ar400°C 90sec | Ar 500°C 90sec

Gofr (S) | 2.41x10° 3.87x107 2.28x107
Gon (S) u| 4.33x10° 8.58x107 1.3x107

Max Lo (A) | 1.39x10° 3.07x107 3.49x10°
Ve (V) n|  1.409 1.257 1.981
Vieeset (V) n| 0431 0.477 0.362
Set Power (W)  |p| 6.68x10” 8.54x107 6.9x107

Reset Power (W) [p| 4.15x10™ 1.02x107 9.91x10™
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3-4 Comparison between Control Sample

and RTA in O, Ambient

3-4-1 Time of RTA in O, Ambient at 400°C

Comparison of control sample and RTA at 400°C in O, ambient for 30, 60, 90
seconds under 0.5 mA compliance current are shown in Fig. 3-12. Table 3-2 also
lists statistical quantities of switching parameters which is shown in Fig. 3-12.

From Fig. 3-12, we can observe some tendency in control, 30, and 60 seconds
condition. Gof, Gon, and maximal reset current decreases with time of O, RTA. Ve
and V.t increases with time of O,-RTA. CV.which is defined in section 3-2 increases
with the time of O, RTA at 400°C as shown in Table 3-2. This phenomenon suggests
that oxygen molecules fill some oxygen vacancies and this effect results in reduction
of number of filaments. Reduction in number of filament leads to decrease of Gon, Gofr,
and maximal reset current. Assume the number of filament of resistive switching is
about the same in each sample of a variety of process conditions but different in each
resistive switching, and then the sample deficient in filament (i.e. the longer O, RTA
sample) has large variation in Ge,. Although Ve and Vesec of O RTA at 400°C for 60
seconds sample are little larger than control sample, the set and reset power are still

smaller than control sample.

Moreover, G, of O, RTA at 400°C for 90 seconds sample is too small and so
dispersive (about three orders) that Go, and G are mixed up as shown in Fig. 3-13.
As shown in Fig. 3-14 (a), on state I-V curves of O, RTA at 400°C for 60 seconds

sample are linear at small readout voltage but 90 seconds sample are non-linear. Slope
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of linear fitting are shown in Fig. 3-14 (b). It can be clearly observed that slope of O,
RTA at 400°C for 60 seconds sample is equal to 1 but 90 seconds sample is larger than
1. Small G,, and large reset current operation due to set incompletely on the O, RTA
at 400°C for 90 seconds sample is not suitable for RRAM application. Hence, too
many oxygen vacancies leads to large power consumption and lack of oxygen
vacancies destroies RRAM characteristics. This phenomenon suggests that proper

oxygen vacancies (or proper O, RTA) are needed in resistive switching operation.
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Fig. 3-12 (a)
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Fig. 3-12 Comparison of control sample, RTA at 400°C in O, ambient for 30, 60,

and 90 seconds under 0.5 mA compliance current : (a) G

Vr eset

(0) Gon  (¢) Vser  (d)
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seconds under 0.5SmA compliance current
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Current (A)
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Fig. 3-14 (b)

Fig. 3-14 (a) Reset process I-V curves of O, RTA at 400°C for 60 and 90 seconds

samples

(b) Linear fitting of reset process log I.— log V curves

Table 3-2  Statistical summary of control sample and RTA at 400°C in O, ambient

for 30, 60, and 90 seconds under 0.5 mA compliance current

Control | O,400°C 30sec | O, 400°C 60sec | O, 400°C 90sec
Gofr (S) n[2.41x107 1.04x107 6.83x10° 5.67x10°
| 4.33x107° 1.55x107 1.14x107 3.22x10™
Gon (S)
CV| 0.10 0.10 0.24 1.03
n [ 1.39x107 6.49x10™ 6.69x10™ 1.07x107
MaX Ireset (A)
CvV| 0.5 0.09 0.15 0.70
Vier (V) Wl 1.409 1.179 1.718 2.330
Vieset (V) w| 0431 0.578 0.713 1.334
Set Power (W) | p | 6.68x107 6.9x107 5.39x107 8.94x107
Reset Power (W) | p |4.15x10™ 2.47x10™ 2.89x10™ 5.5%x10™
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3-4-2 Temperature of RTA in O, Ambient

Comparison of control sample, RTA in O, ambient for 60 and 90 seconds at
400°C or 30 seconds at 500°C under 0.5mA compliance current are shown in Fig.
3-15. Table 3-3 also lists statistical quantities of switching parameters which is shown
in Fig. 3-15. From Gy, Goff, Vet and Vet Of Fig. 3-15 and Table 3-3, we can deduce
that switching properties of O, RTA at 500°C for 30 seconds is between O, RTA at
400°C for 60 seconds and 90 seconds. In addition, O, RTA at 500°C for 30 seconds
sample exhibits nonlinear I-V curves of on state at small readout voltage as O, RTA at
400°C for 90 seconds sample and reduces average conductance ratio smaller than two
orders as depict in Table 3-3. Moreover, O, RTA at 500°C for 60 seconds sample does
not exhibit resistive switching properties. As shown in Fig. 3-16, it can not be set even
under SmA compliance «current and eventually burn out-under larger compliance
current. So far, the best' RTA process condition of (0.5° mA compliance current

operation is O, RTA at 400°C for. 60 seconds.
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Fig. 3-15 Comparison of control sample, RTA in O, ambient for 60 and 90 seconds

at 400°C or 30 seconds at 500°C under 0.5 mA compliance current : (a) Gogt

(©) Vet

(d) Vieset () Maximal reset current
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Fig. 3-16  Set process I-V curves of RTA in O ambient at 500°C for 60 seconds

Table 3-3  Statistical summary of control sample and RTA in O, ambient at 400°C

for 60, 90 seconds and 500°C for 30 seconds under 0.5 mA compliance current

Control™ | O, 400°C 60sec | O3 500°C30sec | O, 400°C 90sec

Gor(S) | p |2.41x107 6.83x10°° 5.76x10° 5.67x10°
u | 4.33x10° 1.14x107 4.93x10™ 3.22x10™
Gon (S)
Cv| 0.10 0.24 0.61 1.03
| 1.39x107 6.69x10™ 6.33x10™ 1.07x10°
Max Ireser (A)
Cv| 0.15 0.15 0.39 0.70
Ve (V) || 1.409 1.718 1.828 2.330
Vi (V) | | 0431 0.713 1.042 1.334
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3-4-3 Compliance Current

Comparison of control sample, RTA in O, ambient at 400°C for 30 and 60
seconds under 0.1 mA compliance current are shown in Fig. 3-17. Table 3-4 also lists
statistical quantities of switching parameters which is shown in Fig. 3-17. It can be
observed that O, RTA at 400°C for 30 seconds sample has small endurance (< 50)
under 0.1mA compliance current as shown in Fig. 3-17. But it can be slightly elevated
by increase of O, RTA time (RTA for 60 seconds sample). In addition, control sample
and Ar RTA samples are not operated under 0.1mA compliance current. We think that
control sample and Ar RTA samples leaves many filaments. So each filament acquires
less energy under 0.1mA compliance current. This can also explain why O, RTA at
400°C for 30 seconds sample has small endurance. Moreover, maximal reset current is
reduced by increasing the-time of O, RTA. Maximal reset current of O, RTA at 400°C
for 60 seconds sample is‘usually 0.1lmA; but 0.5mA at some switching cycles. This
phenomenon has been explained ' in Kinoshita et al.’s study [37]. In addition, the O,
RTA at 400°C for 90 seconds sample can not be measured under 0.1 mA compliance
current due to its small G,,. The O, RTA at 400°C for 60 seconds sample can be

measured under 0.05mA compliance current but it can switch only several tens times.
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Fig. 3-17 Comparison of control sample, RTA in O, ambient at 400°C for 30 and 60

seconds under 0.1 mA compliance-current : (a) Gogrand G,p, (b) Vet and Vieger (€)

Table 3-4  Statistical summary of control sample and RTA in O, ambient at 400°C

Switching Cycles

Fig. 3-17 (0)

Maximal reset current

for 30 and 60seconds under 0.1-mA compliance current

0, 400°C 30sec | O, 400°C 60sec

Gosr (S) ul  4.51x10° 1.09%x10°®

Gon (S) ul  1.82x107 3.89x10™

Max Lese (A)  [u|  5.73x10™ 1.77x10™
Ve (V) i 1.70 1.33
Vi (V) |1t 0.48 0.67

Set Power (W) [u|  1.29x107 7.46x10°

Reset Power (W) || 1.81x10™ 6.91x107
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3-4-4 Summary and Comparison

Retention test and switching cycles of RTA in O, ambient at 400°C for 60
seconds under 0.1mA compliance current are shown in Fig. 3-18. The retention test
was directly given 0.08V (=V.,eq) voltage bias and logarithmicly detected off state
current (Iog) from O to 10* seconds. Off state conductance as shown in Fig. 3-18 was
Lo divided by V.. After retention test of off state, the cell was set to on state under
0.1mA compliance current. Similarly to off state retention test, on state retention was
conducted again. On state conductance was also shown in Fig. 3-18. From Fig. 3-18,
the retention test is agreeable to I-V sweep method. Also, this RRAM cell exhibits

non-destructive readout and good data retention.

Fig. 3-19 shows average of maximal reset current versus compliance current under
various process conditions. From Fig. 3-19, we can conclude that Ar RTA increases
maximal reset current, temperature of Ar RTA especially. However, O, RTA can
decrease maximal reset current t0 about compliance current even under different
compliance currents. The effect that low compliance current led to low reset current

has been mentioned in Gao et al.’s study [38].

Table 3-5 also lists the performance of the control sample and O, RTA at 400°C
for 60 seconds under 0.1mA compliance current. We used low cost nickel (Ni) as top
electrode and applied O, RTA to diminished compliance current to 0.1mA, maximal
reset current to 0.18mA, set power to 7.46 1 W, reset power to 69.1 ¢ W, conductance

of off state to 1.09 ¢ S, conductance of on state to 0.39mS.
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Fig. 3-18 Retention test and switching cycles of RTA in O, ambient at 400°C for 60

seconds under 0.1mA compliance current
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Fig. 3-19 Average of maximal reset current versus compliance current under various

process conditions
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Table 3-5 Summary of measured performance and comparison with the other works

Control |0, 400°C 60sec | 2007 JTAP [23] | 2008 IEDM [16]
Structure Ni/HfO/TiN | Ni/HfO/TiN | Pt/HfO,/TiN Pt/TaO,/Pt
Compliance current (mA) 0.5 0.1 0.1 -
Operation mode uni-polar uni-polar uni-polar bi-polar
Viead (V) 0.08 0.08 0.5 -
Goft (S) 2.41x107 1.09x10° 1x10°® 4x10*
Gon (S) 4.33x107 3.89%x10™ 9.09x10 6.67x107
Max Lieser (MA) 1.39 0.18 <0.1 0.15
Vet (V) 1.41 1.33 2.4 -1.5
Veeser (V) 0.43 0.67 1.5 D s
Set Power (W) 6.68x107 7.46x10° 2.5%x107* -
Reset Power (W) 415x10™* 6.91x107 1.5%107 * -

* The definition of set power and reset power is not clear.

** Measurement was conducted by pulse I-V measurement.
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CHAPTER 4

CONCLUSION

The resistive switching characteristics of a Ni/HfO4/TiN structure have been
demonstrated. Although the exact mechanism of RRAM is not yet clear, the filament
model is plausible. Proper annealing can slightly elevate endurance. Ar RTA leads to
large current of on state and reset process. Proper O, annealing can reduce compliance
current, operation power, and conductance of on and off state while maintaining
sufficient ratio. If time and temperature of O annealing are too high, RRAM cell
exhibits nonlinear I-V curves of on state or no resistive switching. In addition,
non-destructive readout and data retention were tested in this thesis. Base on above
reason, RRAM is suitable for the use in low power and nonvolatile memory portable

device applications.
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CHAPTER 5

FUTURE WORK

I am presenting preliminary results of a pilot experiment that will be further
analyzed, expanded and replicated. The switching operation of set and reset under
negative bias is the needful due to asymmetrical MOM structure. Chemical analysis is
used to explore oxygen concentration of HfOy films. Pulse I-V measurement can
provide not only an extra degree of freedom of measurement, time but also more
precise reliability tests, endurance and data retention. Future research is necessary to
determine with certainty the relationship between optimal condition of O, RTA and
thickness or oxygen content of HfO. It may be of interest for future research that the
effect of thermal treatment on RRAM which is constructed by the other metal top
electrode. We are hopeful that future research will provide more detailed results which

may support these views.
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APPENDIX A DETAIL

MEASUREMENT RESULT
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A-2 Ar, 400°C, 90sec, 0.5SmA
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A-3 Ar, 500°C, 90sec, 0.5SmA
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A-4 O,, 400°C, 30 sec, 0.5SmA
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A-5 0,, 400°C, 60 sec, 0.5SmA
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A-6 O, 400°C, 90 sec, 0.5SmA

—<—100th

—e—25th
—4—50th
—v—75th

—o— 1st

Yyw) uaung

Voltage (V)

o o - 5
o o o 00
T N =]
Te
= c 2 4499 o
5 5% g ]
[CENOIN:4 <4 ©° %L om .
= d o 95 8 1o
4 O
RS |
1) Mao L ]
g g . A
8 g f 18
. o .
o %o g
o % , 0wk
g 3%
e}
~ T o Mﬁ.o od2
@) A_MA_A_ ooo ﬂA o
9 .
(o OA_O <. ‘
R L]
! « ]
%
) o
T
Raao a0
$0lo .
Q_A%o
06 Mu
SR e
Liwei 51Q 1 1 o
% @ A L/ @
o o o o o
(S) @oueONPUOD
o
-f w
n
| .
%0c
v ©
M 1o
©
£l
-l <
L]
[ -l -
"
lo
N
1 1 1 | o
[ee] © < [aV) o

(Yw) Juaung 10say xep

Cycles

Cycles

20

151

L
o Yo}
—

(%) abejuaolad

100

40

Voltage (V)

Cycles

56



A-7 0,, 500°C, 30 sec, 0.5SmA
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A-9 O,, 400°C, 60 sec, 0.1mA
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