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Abstract

Recently, many kinds of new nonvolatile memory manufactured from different
materials have attracted a large attention. The resistance random access memory
(RRAM) has bistable resistive switching character which can exhibit two states of
different resistance at the same-applied voltage. Besides, high speed of writing and
access, nondestructive readout, simple-device /structure (Metal-Insulator-Metal
structure) that is useful to promote the high density of integration, lower power
consumption. Accordingly, RRAM has been proposed to be one candidate of next
generation nonvolatile memory.

In this thesis, the RRAM device was manufactured based on perovskite
structure— V-doped SrZrOa. First, we would introduce the perovskite structure and
fundamental Current-Voltage characters of the bistable resistive switching behavior.
In experimental part, the vanadium (V)-doped SrZrOs memory film with different
dopant concentration deposited by sputtering method was sandwiched between
bottom electrode (LaNiOs) and top electrode (Aluminum) to form MIM structure. Its
physical and electrical properties would be reported in chapter 3. Finally, we would
decline the conduction mechanism of the device and discuss the influence of the

various dopant concentrations.
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Chapter 1  Introduction

1.1 Introduction to Nonvolatile Memory (NVM)

Recently, many new memory materials have been proposed for next
generation NVM application due to the popularity of portable equipments, such
cell phone, digital camera, and MP3 player. The NVM should keep the stored
data for a long time without any power supply. 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-destructive readout, and small cell-size [1]. However, flash memory, the
mainstream of NVM nowadays, has many drawbacks in high operation, such
as low operation speed, high operation voltage, poor endurance, and its

congenital limit in size due to gate oxide thinning that causing poor retention.

1.2 Introduction to Resistive Random Access Memory (RRAM)
Lately, many new NVMs, such as Magnetoresistive Random Access
Memory (MRAM) [2], Ferroelectric Random Access Memory (FRAM) [3],
Ovonic Unified Memory (OUM) [4], and Resistive Random Access Memory
(RRAM) [1, 4-7] have been proposed to replace the flash memory. Among
them, RRAM shows superior advantages such as simple device structure, low
operation voltage, low power consumption, long retention time, small cell size,
high operation speed, low cost, good endurance, and non-destructive readout.
Bistable resistive switching phenomenon presents two different current values

at the same applying voltage. We define that the H-state has higher current
1



value and the L-state has lower one. We can change the states by applying a
bias voltage or a voltage pulse. Because the resistance ratio of H-state and
L-state can reach 3~5 orders, it is easy to distinguish two current state by

applying reading voltage.

1.2.1 The Structure and Operation Method of RRAM

In Fig 1-1[5], the RRAM is composed of a transistor and a resistor. In
order to write the specific resistor to H-state, a dc voltage is applied on the
word line which can turn on the bit transistor and a negative voltage pulse is
applied to the bit line while the source of the transistor is grounded in
Fig1-2[7].As showed in Fig1-3[7], in order to erase the specific resistor to
L-state, a dc voltage is also applied on.the word line which can turn on the
transistor and a positive voltage pulse is. applied on the source of the bit
transistor while the bit line is grounded. For the read operation, the word line of
the memory cell is selected ‘and+a.read-voltage is applied on the bit line to
obtain the current value while the‘source of the bit transistor is grounded.
Therefore, we can get the data comparing the current value with the reference
value and do not change the current state of the device during the read

operation.

1.2.2 Material Groups of RRAM

Resistive switching behaviors have been investigated in OUM,
doped-SrZrO3; (SZO) [1, 8, 9], Cr-doped SrTiO3 (STO) [1, 8, 9], binary metal
oxide, PrixCayMnO3; (PCMO) [10, 11], and organic material [12], etc. The
bistable resistive switching behavior, based on current-induced bistable
resistance effect or voltage-controlled negative resistance phenomena, has

been studied in metal/insulator/metal (MIM) structure. The operation voltage of
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the OUM memory cell is large in order to change the phase between the
amorphous phase and the crystalline phase. The application limitation of the
PCMO device is that the resistance ratio of two current states is too small to be
distinguished. In the aspect of the binary oxide materials, they are still
unstable and the resistance ratio is not large enough for application. The
resistance switching behaviors also have been reported in the polymer thin

film, but it has drawback in stability as well as the binary oxide device.

1.3 Introduction to Perovskite Materials

ABOsis the basis of the perovskite material. As showed in Fig1-4, the A
atom is at the corner, the B atom is at the body center, and the oxygen atom is
at the surface center. For perovskite ,materials, the position of the B atom
varies up and down with applied electrical field which causes a dipole moment.
The polarization of the dipole disappears around the frequency of Ultrahigh
frequency (UHF) to microwave, but is also‘dependent on the material category.
In Fig 1-5, the phase shift increased with linearly with increasing frequency,
indicating that the dielectric constant of (Ba,Sr)TiO3 film did not change with
frequency up to 20 GHZz[13]. There is not the frequency dispersion of the
perovskite materials with frequency up to 20GHz. Therefore, the perovskite
material could be suitable for applications such as Dynamic Random Access
Memory (DRAM) [14], RRAM [15-21], ferroelectric application [22], and gate

dielectrics [23].

1.4 Resistive Switching Properties of doped SrZrO; films
In A. Beck’s study [11-13], he declared that the MIM structure device
manufactured with 0.2% Cr doped SZO films as dielectric layer, SrRuO3; (SRO)

and gold as bottom and top electrode, respectively has bistable resistive
3



switching behavior. We also use STO substrate which could enhance the
preferred orientation of the films to make 0.2% V-doped SZO films have
resistive switching properties [28]. According to Robertsona simulation, Cr, Mn,
Fe, V, Co, Cu transition elements, which could provide over two valences in
doped SZO thin films, the density of the defects could be modulated by the
doping concentration. In addition, the defects are associated with different
valences transformed by the applied voltage. Clearly, slight dopant
concentration in SZO thin films could induce bistable resistive switching
phenomenon, and the V-doped SZO film had better resistive switching
behavior. However, the effect of dopant concentration for V-doped SZO film
is still unclear. To confirm the doping element is really dominant factor for
switching phenomenon, we also manufacture the device with pure SZO to be
a contrast experiment. Nevertheless, perovskite oxide consists of more than 3
moments, and it's hard to find optimal recipe to normal manufacturing process
because their crystal structure and steichiometry are hardly controllable. In
this respect, we focus on the V-doping concentration of SZO. From the
previous research of our lab, V-doped SZO thin film had good performance in
resistance switching. The resistive switching of V-doped SZO film could be
operated by bias voltage and voltage pulse. In this thesis, we report the
physical and electrical properties of the V-doped SZO films deposited by
sputter method. The V-doped SZO films were deposited on LaNiOs; (LNO)
bottom electrode, which was deposited on SiO,/Si substrate, and Al was
evaporated as top electrode by thermal coater. The effects of the different
doping concentration could change the L-state current value, the switching
voltage, and improving the resistance ratio of two current states. Moreover,
based on the IV curves and resistive switching phenomena, we proposed the

resistive switching mechanism of V-doped SZO film. The conduction
4



mechanisms, reliability, and retention time, were also investigated.




Chapter 2 Experiments detalil

2.1  Experiment Process Flow

We sorted our experiments into two parts: sample preparation and
properties analysis, as showed in Fig2-1.

There were several sample preparation steps, as showed in Fig. 2-2. First,
4 inch boron-doped (100) silicon substrates were cleaned by standard RCA
clean and then a 200nm thick SiO, layer was thermally grown on the, which
acted as the isolation layer to prevent the leakage current from the substrate.
Second, synthesis of the LNO-powderjand. the doped SZO powder had been
prepared previously. The powders were made to the disk-shaped target for
sputtering. Next, the 145nm LNO:film was deposited on the isolation layer to
form (100)-orientated bottom electrode by radio frequency (RF) magnetron
sputter. Then the LNO bottom electrode was treated by rapid temperature
annealing (RTA). After that, the SZO film was also deposited on the LNO
bottom electrodes by RF magnetron sputter. Finally, the 300nm Al top
electrodes (300nm) were evaporated on the SZO film by thermal coater. The
MIM structure sample was accomplished, as showed in Fig. 2-3.

The Scanning Electron Microscope System (SEM) and X-Ray Diffraction
System (XRD) were used to obtain the micro-structure and the crystallization
of the films, respectively. SEM analysis could help us to understand the
surface roughness and thickness of the LNO and the SZO films. Otherwise,
XRD analysis helped us to confirm the orientation of the films. An Agilent

4155C semiconductor parameter analyzer was used to record the
6



current-voltage (I-V) characteristics. By the result of electrical measurement,
we could modify the manufacturing process to improve the performance of the

device.

2.2 RF Magnetron Sputter System

In this study, we utilized a set of RF magnetron sputter system to deposit
LNO and doped SZO thin films. The figure of the sputter system was displayed
in Fig. 2-4. The components of the sputtering system were illustrated as
followed:

2.2.1 Vacuum system:

It includes a mechanism pump and a diffusion pump. The chamber base
pressure was evacuated to 10 torr .before deposition process. There are
several valves to control the atmosphere-and the pressure in chamber and in
tubes.

2.2.2 Pressure system:

There are two digital gauges in‘the system to show the chamber pressure
in different working condition. One is Granville-Phlips Co.’s product with a
display range from 1 ATM to 0.1m torr to show the higher chamber pressure
for rough vacuum or sputtering condition. The other one is an ion gauge with a
accurate display of a high vacuum from 107 to 107 torr. Accordingly, we can
precisely control the vacuum situation under sputtering and ensure the
diffusion pump working in the safe pressure.

2.2.3 Temperature controlling system:

It contains two thermal couples sensor, a set of four quartz lamps used as
heater, and a temperature controller. During the heating process, the lamps
just located above the wafer holder could heat the sample directly by radiation

in lower pressure. At the same time, the change of the thermal couple could be
7



detected and sent back to temperature controller to modify the heating power.
Further, we could setup the temperature rising time, holding time, and falling

time by temperature program.

2.2.4 Gas flow controlling system:

In general, the percentage of oxygen in the sputtering atmosphere played
an important role in oxide ceramics. We used Gas MFC (mass flow meter) to
control the flow rate and atmosphere contents during the sputtering process.
So we could find out that the dependence of the mass ratio for the device

performance by tuning recipe

2.2.5 Plasma controlling system;

This system consists of a'RF power.generator, a network-matching box,
and a 3-inch magnetron gun. The RF power generator has only one working
frequency 13.56MHz, and the-network-matching box could minimum reflection
power by adjusting the capacitance of the whole circuit. We were able to gain

the stable plasma by the controlling system.

2.2.6 Cooling system:

There was cooling water which flows in the pipe welded on the chamber
and in the magnetron gun. During the sputtering process, the heating lamps
and plasma always produced a lot of redundant heat energy in the chamber.
We needed cooling water to prevent from mechanical breakdown and

maintain the sample uniformity.

2.3  Preparation of Devices

In the experiment, we fabricate our samples into a simple MIM
8



(Metal-Insulator-Metal) structure. After RCA clean, an oxide layer with
thickness of 200nm was grown on (100) silicon wafer to prevent the leakage
current from the substrate. The LNO bottom electrode with thickness of 150nm
was deposited on the oxide by sputtering. Then, the doped SZO films, which
have the properties of the resistive switching, were deposited on the LNO

bottom electrode.

2.3.1 Preparation of Sputtering Targets

Because the LNO and SZO thin films were deposited by sputtering, we
needed two kinds of disk-shaped sputter targets, including the LNO and the
doped SZO powder targets.
(1) Synthesis of the LNO powder target

The LNO and SZO targets wereprepared by the conventional solid-state
powder-mixing method. There were six steps in the synthesis processes. First,
two kinds of oxide powders; LayOs and- NiO, were mixed by the rule of
stoichiometry. We were especially ‘careful of the equivalent mole because 1
mole of LNO was composed of 0.5 of mole La;O3; and 1 mole of NiO. Second,
the mixed powder was put into a jar with anhydrous alcohol and rolling glass
balls, and then was mixed adequately by a grinder. Third, the mixture was
dried by 80°C oven. The fourth step was the sintering step. It is the most
critical process, because the sintering temperature and the heating time would
affect on the LNO qualities including the resistance and orientation of the LNO
sputtered films. We put the dried mixture in a furnace to execute a sequence
of sintering: 600°C (4 hours)>1300°C (10 hours).In the fifth step, the mixed
powder was put in the beaker and baked it in the oven at 150°C for 2 hours.
Finally, the mixed powder put in the disk-shaped target was squeezed by a

high pressure of 2000 pounds for 60 seconds such that we could produce a
9



compact target for sputtering work. The preparation flow of the LNO target is
showed in Fig. 2-5.
(2) Synthesis of the doped SZO powder

We synthesized the SZO powder from two kinds of oxide powder, SrCO;
and ZrO,.In order to substitute Zr atom, we must consider the suitable ionic
radius compared with Zr atom. Considering all the conditions, transition metal
oxide V,05 was added to form the doped SZO powder. Because V has freaky
oxidation number, it could show more effect on the electric properties of our
memory thin films. For example, when we wanted to synthesize 0.3%YV doped
SZO powder, we should use 1 mole SrCO3;, 0.997 mole ZrO,, and 0.0015
mole V,0s. After mixing above elements of the doped SZO powder, we
followed the same steps as synthesis.of LNO powder. The mixed powder was
put into a furnace of a sequence_ofjsintering process. In the last step, a
disk-shaped target was made by a high pressure of 2000 pounds for 1min.

The manufacturing process is-showed in-Fig. 2-6

2.3.2 Thin Films Depositions

The LNO bottom electrode and the doped SZO films were deposited by
RF magnetron sputter sequentially. To meet our demands for different process
recipe, we could control several parameters to deposit the films based on the
plasma theorem and the models of the thin film growth. There are many
parameters including the chamber pressure, the RF power, the working
temperature, the ambient conditions, and the deposition time. In general,
chamber pressure affected the Mean Free Path (MFP) of plasma which is
relative to the deposition rate. The lower pressure we choice, the larger MFP
we create in the chamber, which leads to the higher deposition rate. Moreover,

the deposition rate is dependent on the RF power as well. In the experiment,
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when depositing both the LNO and the doped SZO thin films, we set the RF
power 150W and the chamber pressure in 10 mtorr. In addition, the
temperature and the ambient condition could have influence on the density of
the defects, the crystallization, the conductivity, the stoichiometry, and the
dielectric constant of thin films.

For the accuracy of the atmosphere, we need the base pressure about 3
x 10°® before sputtering. Next, to get the ambient condition, we control the flow
rate of Ar and O, by MFC, and the working pressure is kept by the valves

among low pressure where the plasma is generated.

® The heat Treatment for Thin films after deposition

There are two purposes for our..experiment to using Rapid Thermal
Annealing systems. One was  thatiwe'. can get stronger crystallization
orientation or better conductivity of the LNO bottom electrode. The other was
that we could control the “properties-of our sample by changing RTA
atmosphere (O, or Ny) or the heating profile of RTA temperature. The RTA

model is FE-004A made by JETFIRST.

® Deposition of the Top Electrode

Before the Al top electrodes were on the doped SZO films, the sample
had been adhered to a metal mask. The metal mask had different hole with
three kinds of diameters that are 150um, 250um, and 350um. So we could
define different area for the top electrode, which are 1.767x10™* cm2,
4.908x10™ cm?, 9.612x10™ cm?.

Aluminum (Al) was used as the top electrode which was deposition by a
thermal evaporation coater (EBX-6D) manufactured by ULVAC. We loaded

our samples with metal masks on the spinning holder, which made the
11



deposition rate more uniform. Then, the rough pump and the turbo pump
would work in term in order that the base pressure before deposition reached

5x10-6 torr.

2.4 Measurements and Analysis
2.4.1 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
Bxcosd

The background information of our XRD analysis is that 1 =1.5405A (K ), B

is 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.

2.4.2 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 S4700I with high resolution of 15 A made by

12



Hitachi.

2.4.3 Current-Voltage (I-V) Measurements

The most important part of all is IV curve measurement. We could
understand the electrical properties of the device from IV curve. The electrical
measurement system consisted of a probe station, an Agilent 4155C
semiconductor parameter analyzer, an Agilent ES250A low leakage switch
which are controlled by personal computer with the Agilent VEE software, and
GPIB controller.

Our electrical measurements were sorted into five items: static bistable
conductivity switching measurement, retention test, stress test, endurance test,
and other electrical phenomenon measurement. The aforementioned four
items are tested for criteria of our memory-device and the last item is executed

to understand the fundamental mechanism of out samples.

® The methods of bistable resistive switching measurement
|.  Static bistable resistive switching measurement:

The measurement was performed by Agilent 4155C which applied a DC
voltage sweeping between two specified voltages to observe the resistive
switching of our sample. We could observe the relation of the switching
voltage and the H-state or L-state current. Use Agilent 4155C to execute the
double voltage sweep function, we could get an I-V curve with two
different-current states associated with the positive applied voltage and the
negative one.

Il.  Endurance test:
The device applied the enough voltage (positive or negative voltage) was

able to change the resistance between two states. Of course, the resistance
13



ratio of the device increased after repeat sweeping cycles. The phenomenon,
which was the decrease of the H-state current and the increase of the L-state
current, was useful for us to explain the conduction mechanism.

Ill. Non-destructive readout test:

The sample stressed smaller voltage than the switching voltage was able
to stay in the same conductivity state. We repeated the smaller positive and
the smaller negative sweep voltage on the sample and observed that the
current changed with sweeping cycles.

IV. Retention test:

Retention time is the time of information keeping. The data (1 or 0) was
not able to be distinguished beyond retention time. The current of the sample
in the H-state or L-state was measured. after fixed period. But the retention
time of the V-doped SZO film was very long. By applying the higher

temperature on the device, we could accelerate the retention test.
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Chapter 3  Results and Discussion

3.1 Physical Properties of LNO Bottom Electrodes and Doped SZO

Films

® Physical properties of LNO bottom electrode
According to our lab’s previous research, V-doped SZO films had better

switching properties if the preferred orientation of the SZO films is (100) or

(200) [24]. In order to grow the expected crystallization of the V-doped SZO

films, the LNO bottom electrode, which-is:perovskite materials with very low

lattice mismatch to V-doped SZO films, needed to have the similar orientation
to the upper layers. Besides, dependent.on the earlier result of our laboratory,

LNO bottom electrodes have many advantages listed as below:

(1) It has (100) and (200) two different preferred orientations than (110), so we
can anticipate the better electrical properties of the doped SZO films on the
LNO bottom electrode.

(2) The LNO film could efficiently crystallize at about 250°C, where has the
advantage of the low temperature CMOS process in the future.

(3) The cost of LNO is much cheaper than other noble metals.

Instinctively, the characteristics of the bottom electrode could influence
the properties of our memory devices. If the resistance of bottom electrode is
too large, limiting the current of the H-state and is going to lead the switching
voltage to become higher.

The LNO bottom electrode was sputtered at 250°C, in a gas pressure of
15



40mtorr with an argon-oxygen mass ratio of 24:16, and in a period of 90 min
where LNO has the preferred orientation (100) and (200). Besides, another
thermal treatment is added to improve the properties of the LNO bottom
electrode before the deposition of the doped SZO films. It is because during
the deposition of the doped SZO films, the high temperature (>475°C) could
increase the resistance of the LNO film which made the performance of the
device worse. We could observe that the LNO film were crack-free and
uniform in Fig.3-1. After annealed at 700°C in O, ambient for 1 min, the LNO
film is still quite smooth in Fig.3-2. Fig. 3-3 is the XRD analysis of the LNO
films after different RTA temperature treatment. We could find that if the RTA
temperature is over 700°C, the (110) orientation peak would appear. Therefore,
a 700°C RTA treatment is necessary_for.the LNO bottom electrode. According
to Fig.3-3, the values of the full width at half.maximum (FWHM) could get
smaller and the diffraction angle is slightly sifting toward the right side, which
indicate the thin films with- better ‘crystallization. Indeed, we could get
low-resistance and good-quality LNO bottom electrode through the above

processes.

® Physical properties of doped SZO films

We want the doped SZO thin films with the orientation of (100) or (200)
and to avoid (110) causing poor switching phenomena. So XRD analysis
needs to make sure the orientation of the doped SZO thin films. After the
deposition of doped SZO thin films on the LNO bottom electrode, the (110)
orientation of the doped SZO films is not observed as showed in Fig.3-4. In
contrast, the largest peak we want, SZO (200), still exists. Therefore, we could
neglect the influences of LNO (110). What is more, the largest SZO (200) peak,

always exists within the different deposition temperatures. The doped SZO
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thin films are flat by sputtering, for example, as showed in Fig.3-5.

3.2 Electrical Properties of Pure SZO & 0.1% V-doped SZO Films

In this section, we focus on the IV curve to illustrate the effects of dopant
concentration for V-doped SZO films. In accordance with the characteristics of
the IV curve, we sort into three kinds of parts and discuss separately.

Table 3-1 is the recipes for the device fabricated with pure SZO and 0.1%
V-doped SZO. From Fig.3-6 and Fig.3-7, we could find that there exist
resistive switching phenomena in the pure SZO and the 0.1% V-doped SZO
films, but both the resistance ratios between H-state and L-state are about 10
which is hard to judge logic 1 or logic 0 for memory application.

The generation of the defects in the memory thin films was hard to be
avoided during the deposition.whereithe defects were related to the resistive
switching phenomenon. However, we could observe that the smaller switching
voltage and little larger resistance ratio-in the-0.1% V-doped SZO film than
those in the pure SZO film, which"may‘be the fact that the dopant could
increase the defects in the thin films. Therefore, we could try to increase the
doping concentration in order to improve the electrical properties of doped

SZO films.

3.3 Electrical properties of 0.2% V-doped SZO Films

Table 3-2 is the recipe for the device with 0.2% V-doped SZO and 0.3%
V-doped SZO. Between 475°C and 575°C, the devices are almost able to be
operated with a lot of improvement in electrical properties compared with the
pure SZO film and the 0.1% V-doped SZO film. Now, we discussed 0.2%

V-doped SZO film.
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® Electrical properties of 0.2% V-doped SZO film

Fig.3-8 shows switching properties of the 0.2% V-doped SZO film. The
resistance ratio, read at -1V, is more than 2 in orders of magnitude. When the
negative voltage applied on the top electrode excesses a certain critical value,
the current could suddenly increase and the device is switched on from L-state
to H-state (ON process). In opposition to turn-on process, the current would
drop rapidly when the positive voltage applied on the top electrode up to a
certain value, which turns off the device from H-state to L-state (OFF process).
Then we repeated turn-on and turn-off the device in succession. The turn-on
voltages are around -15V with a little vibration, and the turn-off voltages vary
within a wide region. In addition, it seems that there are two states within the
L-state. As sweeping cycles increasing, one of the L-state, with a higher
resistance, tends to go close to the other k=state with a lower resistance.

To understand and explain‘the conduction mechanisms, the current fitting
of both H-state and L-state for: IV curve'is-performed. We consider that H-state
is Ohmic conduction in the 4™ cycle; as showed in Fig.3-9, 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 the 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 Zirconium atoms replaced
by Vanadium atoms. Electrons hop through the defects within the doped SZO
films. L-state is dominated by Frenkel-Poole (F-P) emission, as showed in
Fig.3-10. In the turn-off process, there is a transition region where the negative
differential resistance (NDR) could be observed, indicating that the current
paths are ruptured gradually. During sweeping toward the positive voltage, the
defects in the V-doped SZO film trap the electrons randomly. It is that the

defects, composing the current paths, trap the electrons causes some
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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. Hence, the device needs a short period to be
turned off. While the defects in the V-doped SZO film traps electrons to some
degree, the current paths could be ruptured fully. Besides, the MIM device
structure with asymmetric top and bottom electrodes shows the symmetric
fitting curves of H-state in the both positive and negative bias conditions. It is
to be believed that the H-state should be more relative to the bulk of V-doped
SZO film rather than the interface effects.

Subsequently, we make current fitting to the 14™ cycle, as show in
Fig.3-11 and Fig.3-12, As the switching cycles increase, the slopes of
H-state’s current and L-state’s are, both close to 1 , indicating that their
mechanisms are Ohmic conduction. And.the L-state is no long fitted with F-P
emission mechanism. This ;phenomenon represents that the current paths
formed in the ON process are not ruptured completely, because some of the
defects lose the ability to catch the electrons. However, the phenomena in the
14™ cycle are caused by the device temporarily degraded. Fig.3-13 shows the
endurance test measured 140 cycles between H-state and L-state. It is
apparently that the turn-on and turn-off voltages are getting large with the
increasing switching cycles, and the L-state current also increases causing the
resistance ratio decrease. Fig.3-14, 15, and 16 are the results of the fitting
curves for the H-states in the 1%, 10™ and 100" cycles. In the 1% cycle, the
currents of H-state and L-state have the different slopes, showing that the
H-state is Ohmic conduction and the L-state is F-P emission. In the 10" cycle,
the H-state could be still fitted with Ohmic conduction and the L-state’s
mechanism is still dominated by F-P emission. In the 100" cycle, the current of

the L-state rises close to H-state causing the resistance ratio decrease.
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Moreover, the slopes of the two states are close to unity, implying that their
mechanisms are both Ohmic conduction. Compared with the 14™ cycle, the
degradations are much serious, and, therefore, we define that the device is
really degraded. Fig.3-17 shows the uniformities of the resistances of the two
states. 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. This result is going to affect
the device’s read margin. The bistable resistive properties of the 0.2%
V-doped SZO films are better than the pure SZO or the 0.1% V-doped SZO in
whole. It is related to the increase of the defect.concentration which is able to
trap electrons leading to the-large suppression of the L-state’s current. Since
the doping concentration is significantto-improve the properties of the device,
we expect that the higher doping concentration could increase the resistance

ratio between the L-state and .the H-state.

3.4 Electrical properties of 0.3% V-doped SZO Films

Fig.3-18 is the IV curve of the 0.3% V-doped SZO films and Fig.3-19 is
the device’s uniformities. Both the H-state and the L-state become more
uniform, and the device’s resistance ratios read at -1V are more than 3 orders
of magnitude. The uniformities are certainly improved compared with the 0.2%
V-doped SZO film. By the results of current fitting, as showed in Fig.3-20 and
Fig.3-21, the H-state current could be fitted with Ohmic conduction and the
L-state current is dominated by F-P emission. Then, we performed the

endurance test with the various temperatures and to prove the conduction
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mechanisms we fitted previously. From Fig.3-22, the device’s resistance ratio
read at -1V still maintains 10° after the 100 switching cycles. It demonstrates
that the device is quite stable. In order to accelerate the endurance test, the
device is operated at 70°C and 150°C, as showed in Fig.3-23 and Fig.3-24. In
the 70°C endurance test, the device’s resistance ratio is still above 10° after
the 100 switching cycles. But the switching voltage becomes larger than its
initial value. In Fig.3-25, the mechanism of the L-state changes from F-P
emission to Ohmic conduction after the 300 switching cycles, indicating that
the device is fully degraded. In the 150°C endurance test, the currents of the
H-state and the L-state have little difference. As we know, the doped SZO film
is the semiconductor material. Its carrier concentration increases in the high
temperature leading to the larger current, so the currents of both the H-state
and the L-state at 150°C are: higherithan those at the room temperature.
Besides, at the high temperature, the current of the L-state significantly
increases more than that of the H-state.“lt‘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 ruptured. It is surprising that while the
temperature cooled down to the room temperature, the currents of the both
states recover to their initial values measured at the room temperature.
® Non-destructive readout test

For memory devices, it is very important to make sure the data could be
read out for many times as possible. Fig. 3-26 is a non-destructive readout
(-5V~8V) in the H-state of the 0.2% V-doped SZO film for 1600 times, showing
the H-state current with an excellent stability. Fig.3-27 shows a
non-destructive readout (-5V~5V) in the L-state for 1200 times showing the
L-state current with an excellent stability as well. The resistance ratio is still

over 10000 in the Fig.3-28. A excellent device must keep its the current values
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of both the H-state and the L-state at the higher temperature (85°C). Then we
measure it under the same method at 85°C. The H-state and the L-state are
also very stable over 1000 times, as showed in Fig.3-29 and Fig.3-30.
Although the currents of the two states rise slightly, the resistance ratio is over
1000 in the Fig.3-31.

In the 0.3% V-doped SZO film, the stability of the readout operation is the
same as that in the 0.2% V-doped SZO film .Whether the temperature is the
room temperature or not, the resistance ratio maintains over 1000 observed in
the Fig.3-32, 33, 34, 35, 36 and 37. In order to accelerate the readout test, we
apply the higher constant voltage (-5V) on the device. As showed in Fig.3-38,
the H-state and L-state currents are almost fixed in the constant values. The
two states of the device stressed at -5\, are able to hold for 40000 seconds

and keep a resistance ratio over 500.

® Retention Test

For a nonvolatile 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 showed in Fig.3-39, the retention time of the two states is at
least over 10° seconds and the resistance ratio still keeps over 10000, which

does not be affected by the operation of the memory readout.

3.5 Effect of Different Sputtering Temperature

Sputtering temperature could affect the crystallization of the thin films
included lattice constant and the activity of the dopant. In general, the grain
boundaries would have influence on the resistance of the thin film leading to
the different electrical properties. Therefore, the resistive switching voltage

should relate to the crystallization of the V-doped SZO films. Our recipes in this
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test are the parameters listed: (1) the sputtering power is 150W; (2) the
working pressure is 10mtorr; (3) the flow rates of Ar and O is 24 S.C.C.M. and
16 S.C.C.M.; (4) the target is 0.2% V-doped SZO; and (5) the sputtering time is
90 minutes with the different temperatures included 550°C, 525°C, and 500°C.
The IV curves of the different samples are showed in Fig. 3-40, showing
excellent resistance switching phenomena. We could get a conclusion that the
devices have a large manufacturing window in the temperature between
500°C to 550°C. The effect of the deposition temperature does not play an
important role. Therefore, there is a large tolerance of the deposition

temperature.

3.6 Effects of Different SZO Thickness

From our explanation for.the conduction mechanism, the H-state current
is due to the current paths formed in the V-doped SZO films. It makes sense
that the thicker films would require relatively larger voltage to form the current
paths. Hence, the dependence of the'thickness are performed. The recipes in
the test are that parameters listed: (1) the sputtering power is 150W; (2) the
working pressure is 10mtorr; (3) the flow rates of Arand O, is 24 S.C.C.M. and
16 S.C.C.M.; (4) the target is 0.2% V-doped SZO; and (5) the sputtering
temperature is 525°C with different sputtering time included 60, 90, and 120
minutes. We get different thickness including 30 nm, 45 nm, and 60nm by
changing the different deposition time. The illustration of Fig. 3-41 shows the
IV curve for the three different thicknesses of the devices. In this figure, we
find that the H-state currents are little related to the thickness, but the
switching voltages increase with the increasing thickness. This phenomenon
mentioned above could be explained by following statements. In the turn-on

process, while a current path is formed, the electrons prefer to pass through
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the new-formed current path, which causes other paths to be formed hardly
[25]. The current is almost dominated by the formed current paths, which is the
same reason as the more uniformity of the H-state. This result confirms our
account of the formation of the current path rather than the interface effect

[26].

Chapter4  Conclusions
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In this thesis, we have demonstrated the perovskite doped SZO film with
bistable resistive switching behavior which has high potential for nonvolatile
memory device. By our experiment, our device shows high operation speed,
high reliability, and possibility for scaling down, especially in the 0.2% and
0.3% V-doped SZO films. We have done the test of its electrical characters
supporting our assumptive mechanism. We also studied the specific
parameter dependence of RRAM electrical properties. According to the result
of our investigation, we can summarize the conclusions as follows:

I. Inthe aspect of conduction,mechanism:

(1) The mechanism of our device should-be Ohmic conduction for H-state and
Frenkel-Pool emission for L-state

(2) The turn on process is".the: formation of the current path, which is
associated with the arrangement of the defects.

(3) The turn off process is the rupture of the current path because the defects
trap electrons.

Il. Inthe aspect of electrical properties:

(1) There are better resistive switching properties in the 0.2% and 0.3%
V-doped SZO films rather than in pure SZO and 0.1% V-doped SZO films.

(2) The 0.3% V-doped SZO films have resistive ratio greater than 4 orders,
good uniformity, long retention greater than 10° seconds, and excellent
endurance greater than 40000 seconds (stressed -5).

lll. In the aspect of process dependence
(1) The sputtering temperature has little influence on the switching properties

of our device.
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(2) Switching voltage would rise with increase SZO film thickness.

26



| Mo | | GND | I |

Fig.1-1 RRAM consists of a transistor and a resistor. The
transistor is fabricated in the front and the resistor in the
back end [5].

I WERITE OFERATION I

q;y"'|

LY
mavalul e

"L

irakadia

U

ey

sty

Fig.1-2 Equivalent circuit of an array for the write operation of a
given bit resistor [7].
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Fig.1-3 Equivalent circuit of an array for the erase operation of a
given bit resistor [7].

Fig.1-4 Basic structure of perovskite material
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Fig.2-3 The cross section of the MIM device

Fig.2-4 The figure of the sputter system
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Fig.2-5 The synthesis flow chart of LNO powder
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Fig.2-6 The synthesis flow chart of doped SZO powder

32




Z I B I R B I I R

5.0kV 12.2mm x80.0k SE(U) 500nm

Fig.3-1 The SEMﬁ;?%gg_eﬂ_f;@@{-ﬁdeposned LNO film

| I D D B

5.0kV 12.4mm x80.0k SE(U) 500nm

Fig.3-2 SEM image of LNO film annealed at 700°C in O, ambience for 1 min
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Fig.3-6 The IV curve of the pure SZO film
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Fig.3-8 The IV curve of the 0.2% V-doped SZO film
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Fig.3-10 The current fitting of the L-state for IV curve in the 4" cycle
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Fig.3-12 The current fitting of the L-state for IV curve in the 14" cycle
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Fig.3-13 The endurance test ofithe 0.2% V-doped SZO film
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Fig.3-16 The current fitting of IV curve in the 100" cycle
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Fig.3-17 The uniformitiesrof the,0.2% V-doped SZO film

Current (A)

45nm,500°C

| 1 | 1 | 1 I 1 1 1 1
-15 -10 -5 0 5 10 15 20
Bias Voltage(V)

Fig.3-18 IV curve measurement of the 0.3% V-doped SZO film
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Fig.3-19 The uniformities of the 0.3% V-doped SZO film

Fig.3-20 The current fitting of the H-state for IV curve in the 0.3% V-doped
SZO film
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V-doped SZO film
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Fig.3-25 The current fitting of the_current:for IV curve in the 300" cycle in the
0.3% V-doped SZO.film
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Fig.3-26 The non-destructive readout test of the H-state at room temperature
in the 0.2% V-doped SZO film
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Fig.3-27 The non-destructive readout test.of the L-state at room temperature in
the 0.2% V-doped SZO film
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Fig.3-28 The non-destructive readout test at room temperature in the 0.2%
V-doped SZO film
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Fig.3-29 The non-destructive readoutitest of the H-state at 85°C in the 0.2%
V-doped, SZO film
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Fig.3-30 The non-destructive readout test of the L-state at 85°C in the 0.2%
V-doped SZO film
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Fig.3-31 The non-destructive readout test at 85°Cin the 0.2% V-doped SZO
film
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Fig.3-32 The non-destructive readout test of the H-state at room temperature
in the 0.3% V-doped SZO film

48



Current (A)

10" L-state

10-12 i M I I R R N R BRI SR SR R B
6 5 4 3 -2 -1 0 1 2 3 4 5 6
Bias Voltage(V)

Fig.3-33 The non-destructive readout test.of the L-state at room temperature in
the 0.3% V-doped SZO film
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Fig.3-34 The non-destructive readout test at room temperature in the 0.3%
V-doped SZO film
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Fig.3-35 The non-destructive readoutitest of the H-state at 85°C in the 0.3%
V-doped, SZO film
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Fig.3-36 The non-destructive readout test of the L-state at 85°C in the 0.3%
V-doped SZO film
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Fig.3-37 The non-destructive readeutitest.at 85°C in the 0.3% V-doped SZO
film
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Fig.3-38 The endurance test with the higher voltage (-5V) of the 0.3% V-doped
SZO film
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Fig.3-40 The IV curves of the 0.2% V-doped SZO films with different sputtering
temperature.
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Dopant Pure SZO 0.1% V,04

t(hm)

30 | 45 | 53 | 37 | 45 | 53
Temp.

475°C Poor X X

500°C Poor | Poor | Poor | Poor | Poor | Poor

525°C Poor Poor | Poor X Poor | Poor

Table 3-1 The recipes for the device fabricated with pure SZO and 0.1%

V-doped:SZO.

Dopant 0.2% V,04 0.3% V,04

t(nm

(nm) 30 | 45 | 60 | 30 | 37 45 | 53 | 60

Temp.

475°C O O O
500°C O O O O O O O O
525°C O O O O O O
550°C O O O O O O
575°C O O O

Table 3-2 The recipes for the device fabricated with 0.2% V-doped SZO and
0.3% V-doped SZO.
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