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Abstract

The design and fabrication of flexible Cu/Cu,O/Ag ReRAM devices is presented in this
work. We have investigated Cu/CuxO/Ag capacitor-like structure which exhibits bipolar resistive
switching behavior under low-range direct current sweep in the temperature range from 255K to
355K. Ink-jet printing technology is used to fabricate the device. The device displays a resistive
switching ratio of more than 30 between high resistance state and low resistance state at room
temperature. The device displays a resistive switching ratio of more than 20 between HRS and
LRS over 100 cycles. Memory states are reproducible and remained over 500 times. The device
has the ability to operate well after over 1000 flexes. The good ductility of printed silver and
electroplated copper electrodes and simple cross-point structure of the memory cell result in
good flexibility and mechanical robustness, which indicates great potential for future flexible
memory applications.

The physical mechanism of Cu/Cu,O/Ag ReRAM is also presented. The temperature-
dependent I-V measurement and cell-size dependent test reveal that the bipolar resistive
switching behavior is attributed to the formation and rupture of the conducting filament paths in
the insulating material. Furthermore, a resistive switching physical model of the device is

presented.
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Chapter 1

Introduction

In the modern world, semiconductor nonvolatile memory devices, such as programmable
read-only memory (PROM) and Flash memory, have been successfully scaled down to achieve
high-capacity memories by perfecting the lithography technology. However, how to satisfy the
increasing demand for the scaling of conventional memory devices is the most serious problem
encountered due to the physical limitation. Compared to conventional memories, ReRAMSs have
attracted wide attention due to their various characteristics, such as high switching speed, high
data density, low power consumption, excellent scalability and simple structure. ReRAMSs have
been regarded as one of the promising candidates of the next generation nonvolatile memory.
Moreover, ReRAMs have neuromorphic and biological circuit applications, signal processing
and programmable logic applications.

A ReRAM device consists of a two-terminal metal-oxide-metal (MOM) sandwich cross
structure. Scientists such as Leon Chua has pointed that all two-terminal nonvolatile memory
devices including ReRAM should be considered memristors, which are the missing non-linear
passive electrical components relating electric charge (Q) and magnetic flux linkage (W). There
are two kinds of resistive switching behaviors reported in ReRAM, which are unipolar resistive
switching (URS) and bipolar resistive switching (BRS). The switching direction of URS depends
on the applied voltage amplitude whereas BRS depends on the polarity of the applied voltage.

The capacitor-like memory cell is characterized by four resistive states: initial resistance state



(IRS), electroformed resistance state (ERS), high resistance state (HRS) and low resistance state
(LRS). Reversible resistive switching between HRS and LRS can be achieved by applying either
a current or a voltage bias to the memory cell. The MOM cell shows hysteretic current-voltage
(1-V) characteristics and this hysteretic behavior keeps the resistive switching in HRS or LRS
unless the voltage bias reaches or exceeds the threshold voltages, which are called RESET
voltage and SET voltage, respectively. Since most of resistive switching materials are insulators,
IRS is the most resistive state of other states. For most ReRAM devices, a pretreatment process
named electroformed process is essential, leading to a great increase in the conductance by
applying a high current or voltage to the memory cell at IRS. Generally, ERS has a low
resistance, which is comparable to LRS and IRS has higher resistance than HRS.

Resistive switching is a significant physical effect in the ReRAM operation. The resistive
switching effect has been studied for more than 45 years. Research in addressing ReRAM has
been investigated by an increasing number of research groups [1-8]. For example, Hewlett-
Packard laboratories have studied Pt/Organic monolayer/Ti memory devices with a tunable
resistor more than 10%-10° Q range under current or voltage control [2]. Gergel-Hackett, et al.
have investigated flexible Al/TiO,/Al solution-processed memory devices with an ON/OFF ratio
of greater than 10000:1 and long data retention time of over 1.2x10° s [3]. Jin-Woo Han, et al.
fabricated resistive switching function embedded e-texile with Cu/CuxO/Pt sandwich structure
[4].

Up to now, various resistive switching models have been suggested, including filament-type
model [5], space charge limited current (SCLC) model [6], Schottky barrier model [7], oxygen
migration model [8] and so on. However, these physical mechanisms cannot completely explain

the universal resistive switching characteristics.



In this research, we have investigated the characterization of the BRS in Cu/CuO/Ag
(1<x<2) memory devices for flexible ReRAM applications. Our measurements consist of two-
point probe DC measurement. The material we used to fabricate memory devices are copper and
silver, which are relatively abundant in the natural world. We use ink-jet printing technology
during the fabrication process which has extensive potential for roll-to-roll processing in
industrial production. In addition, the entire fabrication processing we used is low temperature
processing, which are lower than 200 °C. Kapton polyimide film is used as the substrate,
allowing a good flexibility of the memory devices. Fig 1.1 shows a photograph of fabricated
Cu/Cu,O/Ag memory cells at the bending condition. Fig 1.2 shows the Cu/Cu,O/Ag ReRAM
array.

The fabricated ReRAM devices have the characteristics of high resistive switching
repeatability of more than 500 times, low-voltage operation (less than 1 V), reliable switching
endurance of over 100 cycles, data retention for nearly 2 weeks, low-temperature fabrication,
HRS/LRS ratio of greater than 20 under room temperature and operated well after being flexed
over 1000 times. Furthermore, to explore the physical mechanism of the BRS characteristics in
the device, temperature dependence of resistive switching and cell-size dependent measurement
have been investigated, which reveals the conductive filament path has the most probability to

lead to the BRS behavior of Cu/CuyO/Ag ReRAM devices.



Figure 1.1: Cu/Cu,O/Ag ReRAM devices fabricated on flexible Kapton substrate.

Figure 1.2: Fabricated Cu/Cu,O/Ag ReRAM array



Chapter 2

Background

2.1  Classification of Semiconductor Memory

As an important electronic data storage device, semiconductor memories have sustained
increasing advances in the integrated circuit technologies. In addition, portable electronics are
heavily reliant on the development of the fast-speed, high-density, low-power consumption low-
cost and simple-manufacture-technique memories. Basically, semiconductor memories can be
divided into random access memories (RAMSs) and read-only memories (ROMSs). Compared to
RAMSs, ROMs are designed to hold permanent data and instead of being written to, ROMs are
normally read-only.

RAMs can be further classified as volatile RAMs and nonvolatile RAMs. The volatile
RAMs include dynamic RAMs (DRAMs) and static RAMs (SRAMs) and the volatile RAMs
lose stored data once the power to the memory chip is down. DRAMs are usually used as the
main memory in the computer for their feature of high density and low cost. SRAMs are faster
and less memory refresh required, which are mostly used for cache memories in the computer.
Depending on different materials or operating principles, nonvolatile RAMs are classified as
ferroelectric RAMs (FeERAMs) [9], magnetoresistive RAMs (MRAMSs) [10], phase-change
RAMs (PRAMs) [11], flash memory and resistive RAMs (ReRAMS) [1-8]. FeERAM is a kind of
RAM which has similar construction to DRAM. However, FeERAM has a thin film of

ferroelectric material (lead zirconate titanate) different from the dielectric layer in a DRAM.



Compared to conventional RAMs, MRAM s store data by magnetic storage elements not current
flow or electric charge. The magnetic storage element is formed by two ferroelectric plates,
holding two magnetic fields and sandwiching an insulating layer. PRAM is also known as
PCRAM and C-RAM, exploiting its unique characteristics of chalcogenide glass. ReRAMs have
cross-point architecture and a fairly large number of organic and inorganic material systems
show resistive switching effects. The physical mechanism of ReRAMSs have not been explained
clearly now. Mechanism model such as filament-like model [5], oxygen migration model [6],
Schottky barrier model [7], space charge limited current (SCLC) model [8] have been published.

ROMs can be classified as mask ROMs (MROMs), programmable ROMs (PROMs),
erasable programmable ROMs (EPROMs), electrically erasable programmable ROMs
(EEPROMs) and ultraviolet erasable EPROMs (UVEPROMSs). Fig 2.1 shows the categories of

semiconductor memories.
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Figure 2.1: Classification of standard semiconductor memories.
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2.2 Resistive Random-Access Memory

ReRAM is a kind of emerging nonvolatile memory. It is based on various new materials,
such as organic compounds [2], metal oxide [3, 4], showing a resistive switching behavior. The
ReRAM memory cells have a capacitor-like architecture composed of semiconducting or
insulating material sandwiched between top and bottom electrodes.

Hysteretic current-voltage (I-V) characteristic in metal-oxide-metal (MOM) structure of
Al/ALL,O3/Al was first published by T. W. Hickmott in the year 1962 [12]. His research indicated
that resistive switching was induced by the applied electric fields. Since then, a variety of metal
oxides have been subsequently reported showing resistive switching, such as TiO; [3], NiO [13,

14] and so on.

2.2.1 Classification of Resistive Switching Behaviors

The resistive switching behavior of the ReRAM can be categorized into two types: BRS
and URS. In BRS, the resistive switching depends on the polarity of the applied voltage bias.
This type of resistive switching behavior occurs with various semiconducting oxides, such as:
HfO, [15], CuxO [16], SrTiOsz [17], Ta,0s [18], Pro7Cap3sMnO3 [19], SisN4 [20], Nb,Os [21],
Ce0; [22]. In URS, the resistive switching direction relies on the amplitude of the applied
voltage bias. In other words, the different resistance states of the system can be switched by
application of continuous electric stress of the same or the opposite polarities. The URS has been
reported in materials such as: CoO [23], SnO, [24], MgO [25], Lu,O3 [26] and so on.
Interestingly, materials such as: TiO, [27], ZnO [1, 28], BST [29], NiO [13, 14], ZrO, [30],

YMnxO3 [31] have been observed exhibiting the coexistence of BRS and URS. Fig 2.2 shows



the I-V characteristics of URS in a Pt/NiO/Pt memory cell [32] and BRS in a Al/TiO,/Al

memory cell [3].
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Figure 2.2: 1-V curves of resistive switching in ReRAM devices. (a) URS in a Pt/NiO/Pt cell [32].

(b) BRS in a AITIO»/Al cell [3].

2.2.2 Mechanism of Resistive Switching

The physical origin of the resistance variation in the resistive switching materials is not
fully understood yet, despite the fact that this variation is observed in every ReRAM reported.
Generally, there are two basic driving mechanism, one is filament-type resistive switching, the
other is interface-type resistive switching.

In filament-type resistive switching mechanism, the resistive switching is attributed to the
formation and rupture of the conductive filament paths in the insulating material. The filament—
type resistive switching model was first published in 1967 by J. G. Simmons and R .R. Verderber
[33]. In some previous works, high spatial resolution provided the evidence of the formation and
rupture of the conductive paths [34, 35]. Fig 2.3 shows the conductivity mapping results of TiO,

films at LRS and HRS by using HVAFM (high vacuum atomic force microscopy). Conductive



spots can be observed clearly in the electroforming process SET process. In the Cu/ZrO,:Cu./Pt
memory cell, by conducting temperature-dependent measurements, Guan, et al. investigated Cu
conductive bridge as the conductive filament path is formed in the SET process and the

dissolving of the existing Cu conductive bridge is caused by the Joule heating assisted oxidation

1.7nA 0.21nA
(b) HRS
OnA i OnA

Figure 2.3: The conductivity mapping results of TiO, at (a) LRS and (b) HRS [35].

[36].

In interface-type resistive switching mechanism, the resistive switching is caused by the
change of charge carriers or mobile ions which contribute to current transport. Various models
have been proposed for physical mechanism involving an interface-type conductive path,
including: (electrochemical) migration of oxygen vacancies [6, 37, 38], trapping and detrapping

of charge carriers (electrons or holes) [39] and Schottky barrier model [7, 40].
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2.2.3 Flexible Resistive Switching Memory Devices

Flexible electronics systems such as wearable electronics and built-in elements have
become an emerging field. Based on this trend, the demand for a flexible memory will also
increase to support flexible electronics. Flexible ReRAM has been demonstrated to be a
promising technology by several research groups.

For instance, Sungho et al., implemented Al/TiO/Al ReRAM fabricated on transparent
and flexible substrate of polyethersulfone (PES) [41]. The I-V correlation of this ReRAM
follows the SCLC theory. Meanwhile, Yongsung et al., implemented a 8x8 crossbar array of
organic ReRAM devices on polyethylene terephthalate (PET) flexible substrate [42]. This group
studied HRS/LRS ratio as a function of the bending radius as well as the number of bendings.
The authors of this work noted there were no significant difference in the HRS/LRS ratio
regardless the bending radius and the cycles. Furthermore, Lu-Hao et al., fabricated graphene
oxide resistive switching memories on PET with high RESET speed of 100 ns and a SET speed

of approximately 100 us [43]. The above flexible ReRAM devices are shown in Fig 2.4.

11



Figure 2.4: Photograph of different flexible ReRAM devices. (a) The Al/TiO/Al ReRAM [41].
(b) Ti/Au/Al/PI:PCBM/AI organic memory devices [42]. (c) Graphene oxide based ReRAMs

[43].
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Chapter 3

Fabrication of Cu/CuyO/Ag ReRAM Devices

The Cu/Cu,O/Ag ReRAM Device was fabricated on Dupont Kapton polyimide substrate. A
silver thin film seed layer was printed on Kapton substrate. Ink-jet printing was performed using
a FUJIFILM Dimatix Material Printer 2831 with a piezoelectric print head cartridge. The ink
used in this work was U5603 from Sun Chemical (20 wt% suspension of silver nanoparticles
dispersed in ethanol and ethanediol, particles size < 150 nm).

After printing, the sample was thermally cured at 200 °C for 2 h in a nitrogen environment
to remove solvent and other impurities from the printed silver ink. Copper was electroplated on
the silver lines at a current density of approximately 6 mA/cm? for 5 min. We used a copper
plating solution consisting of sulfuric acid (100 g/L), copper sulfate (60 g/L), Enthone SC MD (8
ml/L), hydrochloric acid (2 ml/L), and Enthone SC Lo (2 ml/L). The copper coated sample was
placed on a hot plate in air with heating temperature of 200 °C for 3 h to create a thin oxide
(CuxO) layer on the Cu. Note that we also fabricated a subset of control samples that did not
undergo the Cu oxidation step. Next, a second nanoparticle silver film pattern was printed on top
of the CuyO layer to create the cross structure of the device as well as Ag top electrodes (TE).
This layer was thermally cured at 200 °C for 2 h in a nitrogen environment. Last, a cotton swab
with 1 % HCI solution was used to remove the copper oxide thin layer in a region away from the
Ag overlay to allow better connection to the Cu bottom electrode (BE) [43]. Note that more

information of the fabrication equipment and materials can be found in Appendix A. The
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fabrication process flow is schematically shown in Fig 3.1. Fig 3.2 shows the photograph of the
fabrication process flow. The SEM image of the cross-sectional view of the Cu/CuyO/Ag MOM
device fabricated on a Kapton substrate is shown in Fig 3.3.

The memory cell has a cell size of 20 umx20 um, which is the smallest deposit feature limit
of the cartridge. In the cell-size dependent test, different cell-size memory devices have also been
fabricated in the same process. The ink-jet printer we used is the FUJIFILM DMP (Dimatix

Material Printer) 2831 with a piezoelectric print head cartridge.

Ag
Kapton substrate

(a)
Tg — —

Kapton substrate
(®)

“Cu~ [ [
Kapton substrate

(©)

A
+ I I
g
Kapton substrate

(@
Kapton Ag - Cu - Cu O

Figure 3.1: Schematic fabrication flow for the Cu/CusO/Ag ReRAM devices. (a) Silver seed

layer printed. (b) Electroplated copper. (c) CuxO layer created. (d) Silver top electrode printed.

14



(€)

Figure 3.2: Photographic process flow for Cu/Cu,O/Ag ReRAM array. (a) Ink-jet printed silver

seed layer. (b) Electroplated copper lines. (c) Copper oxidation. Create a thin CuxO layer on the
copper. (d) Ink-jet printed silver top electrodes (TE). (e) Copper bottom electrodes (BE) created

by removing copper oxide.

15



Ag seedlayer

Auburn SEI 20.0kV X15,000 1um WD 7.5mm

Figure 3.3: The SEM image of the cross section of the Cu/Cu,O/Ag ReRAM device.
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Chapter 4
Device Characterization and Testing
4.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is one of the most common tools for thin film
characterization. To analyze the oxide material induced BRS behavior, we did X-ray
photoelectron spectroscopy (XPS) on the original CuyO surface and the same sample after
sputter etching for 2 min and 4 min.

Fig 4.1 shows the X-ray photoelectron spectroscopy (XPS) of the original oxide film
before sputter etching, using a sputter rate of 25 A/min. The calculated XPS surface element
composition (at %) versus sputter time (depth) is shown in Table 4.1. For the initial CuxO film,
high resolution scans over the Cu2p peak in the XPS spectra indicate a native Cu oxide state,
which is a CuO film. This is corroborated by the approximately 50/50 at% Cu/O elemental ratio
of the “as received” surface.

However, as shown in Fig 4.2, over the sputtered depth of ~100A, there is a transition
from native CuO to Cu,O/Cu, shown by the shape change in the Cu2p peak and accompanying
Cu2ps, binding energy changes observed in the spectra. Additionally, the layer composition
shows an increase in Cu with depth. This indicates that the copper oxide has transitioned from
CuO to Cu,O/Cu over a film thickness of ~100A. We say “Cu,O/Cu” due to the well-known
limitation of XPS to distinguish Cu(0) = elemental and Cu(l) = Cu,0, since the Cu2ps;, Cu(0)

and Cu(l) peak shapes and binding energies are nearly identical [44]. Since the CuO thickness,

17



indicated by Fig 3.3, is on the order of 0.1 micron = 1000A, we presume we have not yet reached

the Cu substrate and that the Cu2p feature at a depth of ~100A is largely Cu,O.

- Cu2p -

Intensity (counts)

A 1 . 1
1000 800 600

Binding Energy (eV)

Figure 4.1: The XPS spectra of Cu,O thin film before sputter etching.
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Figure 4.2: The XPS spectra of CuO thin film after 2 min or 4 min sputter etching.

(Corresponding to removal of ~50/100A of the initial CuO surface).

Time (min) Cu (%) O (%)
0 47.9 52.1
2 63.7 36.3
4 69.6 30.4

Table 4.1: XPS surface elemental composition (at%) versus sputter etching time.

4.2 Current-Voltage Characteristics of Cu/Cu,O/Ag ReRAM Devices

4.2.1 Electroforming Process

Electroforming process is a pretreatment procedure for resistive switching in most binary-

transition-oxide ReRAM such as TiO, [27], ZnO [1] and NiO [45]. These ReRAMs show

19



electrically insulating characteristics initially, with relatively high resistance. For different
ReRAM devices, by applying high electrical stress (a voltage or a current) to one of the two
electrodes (TE or BE), the resistance of the device can be decreased by several orders of
magnitude (corresponding to a dramatic increase in current) suddenly. The specific
voltage/current which causes this sudden change is called the electroforming voltage/current or
threshold voltage/current. The electroforming procedure plays a significant role in resistive
switching. In some literatures, electroforming is believed to activate resistive switching in the
switching material layer and lead to the formation or growth of some conductive objects such as
filaments [46].

In this work, a Keithley 4200 semiconductor characterization system was used to measure
the current-voltage (I-V) characteristics of the fabricated devices. The electroforming process is
labeled as (1) in the Fig 4.3 [47]. By applying a voltage sweep from 0 V to +2 V as the arrow
shows, a large increase (corresponding to a dramatic reduction in resistance) happens in the
memory cell’s current at approximately +1.8 V (the electroforming voltage), indicating that the

strong electrical stress leads to the formation of conducting filaments.
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Figure 4.3: Electrical forming process and I-V characteristics of the memory.

4.2.2 1-V Characteristics after Electroforming

Voltage sweeps were performed in lower range. In the Fig 4.3, the arrows indicate the
voltage sweeping direction (-1 V— 0 V— +1 V— 0 V— -1 V), the I-V hysteresis curve is
obtained. During the voltage scan from -1 V to -0.8 V (SET voltage), a sharp current decrease is
observed before step (2), which is called the SET process, resulting in a significant change of
resistance in the ReRAM memory cell from the low resistance state (LRS) to the high resistance
state (HRS). Next, when the sweeping voltage increases to +0.8 V (RESET voltage), a rapid
increase in current is observed at the end of step (3), which is called the RESET process. During
the RESET process, the resistance of the ReRAM device is switched from HRS to LRS. The
magnitudes of both the SET voltage and the RESET voltage are less than 1 V, which shows the

low-voltage operation feature of the Cu/Cu,O/Ag memory devices.
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Fig 4.4 shows the corresponding resistance-voltage (R-V) curve during the same voltage
sweep. Two resistance states (HRS and LRS) are demonstrated. When the voltage reaches the
VseT, the resistance state of the device is switched to HRS. Alternatively, LRS is achieved after
the voltage bias reaches Vreser. The resistance at HRS and LRS is approximately 150 Q and 10

Q with a ratio of 15.

250 . .

200

150

Resistance (Q)

100

50

Voltage (V)

Figure 4.4: R-V characteristics of the Cu/CusO/Ag ReRAM.

The device shows excellent reproducible behavior, as shown in Fig 4.5. The
measurement was conducted in a lab environment at room temperature. The arrows indicated the
sweeping direction, which starts from -1 V to +1 V then back to -1 V. During all of the voltage

sweeps, the I-V curves show reproducible and stable behavior, and the ratio of HRS/LRS is

almost constant.

22



0.061

0.04-

Current (A)

Voltage (V)

Figure 4.5: Multi-cycle 1-V characteristics for the 1st, 250 th and 500 th cycles.

4.2.3 Temperature-Dependent I-V Characteristics

Temperature dependence of BRS characteristics after electroforming is investigated, which
is shown in Fig 4.6. The temperature-dependent measurement was conducted in a micro-
manipulated cryogenic probe station. The workable temperature range of the cryogenic probe
station is from 11 K to 370 K. However, an excessive high or cold temperature can affect proper
functioning of the ReRAM device. When the temperature is above 365 K or below 250 K, the
ReRAM device does show BRS behavior. In Fig 4.6, the temperature range is from 255 K to 315
K with a step size of 15 K. No strong temperature dependence was observed for the switching

voltages Vser and Vgeset, Which are approximately -0.6 V and +0.6 V respectively.
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Figure 4.6: Temperature dependence of I-V curves in semi-log scale.

4.3  Device HRS and LRS Yields

We have fabricated and electrically tested more than 220 devices. From 121 functional
memory cells, the HRS yield and LRS yield are shown in the Fig 4.7. The average value of
resistance at HRS and LRS is 95.3 Q and 13.7 Q, respectively. There is no overlap between HRS
and LRS and the ratio of HRS and LRS is approximately 6.9. The variation of the resistance at
HRS and LRS might be caused by: (a) the thickness of Cu,O film was not perfectly uniform and

(2) the defect in the fabrication processing.
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Figure 4.7: Distribution of HRS and LRS of fabricated devices.

4.4  Switching Endurance and Data Retention Performance

The switching endurance and data retention characteristics were studied to evaluate the
reliability of the Cu/CuxO/Ag ReRAM devices. Fig 4.8 shows the data endurance at 295 K. For
the switching cycle measurements, -0.8 V and +0.8 VV were applied to the device as the SET
voltages and RESET voltages, respectively, switching the device to HRS and LRS. Since once
the device is switched to one state (i.e. HRS/LRS), the resistance of the device will not be
changed until the voltage bias reaches to RESET voltage/SET voltage to switch the device to
LRS/ HRS. The resistance of the device can be read at a low voltage range. In this study, the
resistances of HRS and LRS were recorded at low voltage range from -0.01 V to +0.01 V.
During 100 switching cycles, resistance value of HRS was approximately 120 Q and LRS was
around 6 Q without switching failure. The resistance value of HRS and LRS remained stable

with a ratio of 20. Fig 4.9 shows the retention characteristics of the device at room temperature.
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After switching the device to one resistive state (HRS or LRS), no electrical power was needed

to maintain the resistance in this state. As shown in Fig 4.9, no significant change of the

resistance at both HRS and LRS remained for nearly 2 weeks, which further proved the

nonvolatile nature of the Cu/Cu,O/Ag ReRAM device.
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Figure 4.8: Switching endurance test of the device during 100 cycles.

Resistance (Q2)

100f
90~

80
70

60/
50/
40/
30}
20}
10+

T,

LRS

= G g -BE-goa

Nearly 2 weeks |

10

4..‘.‘.‘

10° 100 10 10
Retention Time (min)

5

Figure 4.9: Data retention performance of the device.
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4.5  Mechanical Bending Tests and Flex Tests

Flexibility is very important for future electronic applications such as wearable
electronic devices. The mechanical robustness test and flex tests of the Cu/CuxO/Ag ReRAM
devices were performed in order to examine the mechanical stability of the devices. Thus,
excellent electrical characteristic under bending condition is crucial for practical flexible
electronic devices. This required property of our Cu/CuO/Ag memory cells was investigated in

detail.

45.1 Mechanical Bending Tests

In the mechanical bending tests, I-V measurements were performed under various degree
of bending. We investigated the HRS/LRS ratios as a function of the bending radius of the
Cu/CuxO/Ag memory cells. The device was bent to form a convex shape with different radius of
55 mm, 35 mm, 26 mm, 17.5 mm, 11.5 mm and 5.5 mm and the device was measured while
being flexed, which is shown in the Fig 4.10. The devices exhibit stable I-V hysteretic behavior
under bending condition. With the increase of curvature, the resistances at HRS and LRS
remained stable with a ratio of greater than 7, which is shown in Fig 4.11. In particular, we
investigated the distribution of SET voltages and RESET voltages according to the bending
radius, which is shown in Fig 4.12. The Vsgr was at a range from -0.58V to -0.80 V and the
VRreser Was from +0.67 V to +0.79 V. There was no overlap between SET voltages and RESET
voltages observed during the bending process, indicating the device can be controlled precisely

and operated well at low voltage, even under significant flexing conditions.
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Figure 4.10: Photograph of the device bent at radius = 11.5 mm.
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Figure 4.11: Resistance of HRS and LRS as a function of the bending radius.
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Figure 4.12: Vet and Vreser as a function of the bending radius.

45.2  Flex Tests

The statistical data of mechanical robustness test for the Cu/CuxO/Ag ReRAM memory
cell is shown in Fig 4.13. The device was physically flexed for over 1000 cycles. For each flex
cycle, the 25-mm-long device was bent into a convex shape and then into a concave shape with a

radius of 8mm (convex shape shown in Fig 4.14). During 1000 flex cycles, the ratio of HRS and

LRS was approximately 20 and remained relatively stable.
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Figure 4.13: Resistance of HRS and LRS during 1~1000 flexes.

Figure 4.14: The Cu/Cu,O/Ag ReRAM device was bent into a convex shape.
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4.6  Switching Time Tests

Fig 4.15 illustrates the switching time (or writing time) of the SET/RESET operation
measured at room temperature. In Fig 4.15(a), a SET voltage of -0.8 VV was applied to the top
electrode of the memory device. The current that flowed through the cell was recorded as the
time changed. It can be observed that a drastic reduction of current happens at a time of
approximately 2 s, which means that it takes 2 s to switch the resistance from LRS to HRS.
Correspondingly, it takes roughly 1 s to switch from HRS to LRS by applying a RESET voltage

of +0.8 V and the result is shown in Fig 4.15(b).
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Figure 4.15: Switching time measurements of (a) RET and (b) RESET operation.
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To explore the temperature effect and the SET/RESET voltage effect on the switching
speed, we conducted the same experiments under different temperatures (from 255 K to 355 K),
and applied different SET/RESET voltage biases (from 0.6 V to 1 V) to switch to the memory
cell. However, there was no stable trend for the temperature and voltage bias effects observed.

Therefore, no corresponding results are shown in this thesis.
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Chapter 5

Resistive Switching Mechanism

5.1 Non-Cu-Oxidation Control Group
Fig 5.1 shows the I-V curve of a Cu/CuxO/Ag ReRAM device. Compared to these fully
fabricated devices, we fabricated a subset of devices without the Cu oxidation procedure and
tested the I-V characteristics, which is shown in Fig 5.2. We note that the resistance of devices
without Cu oxidation does not show BRS. Furthermore, -0.8 V and +0.8 V were applied to the
device as the SET voltages and RESET voltages, switching both the fully fabricated device and
the non-oxidation device to HRS and LRS, respectively. The resistances of HRS and LRS were
recorded at a low voltage range from -0.01 V to +0.01 V. The results for the fully fabricated
device and the no-oxidation device are shown in Fig 5.3(a) and Fig 5.3(b). We noted that the
fully fabricated Cu/CusO/Ag ReRAM device shows HRS and LRS with a ratio of 20. However,
during the 50 switching cycles, no resistance difference can be confirmed when writing the no-
oxidation device to the SET voltage and the RESET voltage.
In conclusion, the Cu oxidation process is necessary for realization of our devices. This
also provides some insight into the physical mechanism occurring in these devices that leads to

BRS.
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Figure 5.1: Hysteretic I-V behavior of the Cu/CusO/Ag ReRAM device.
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Figure 5.2: I-V curve of a non-oxidation device.
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Figure 5.3: Resistance dependence of HRS and LRS on number of switching cycles. (a) A fully

fabricated Cu/CuxO/Ag ReRAM device. (b) A Cu/Ag device without Cu oxidation step.
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5.2 Physical Mechanism of Cu/CuxO/Ag ReRAM Devices
Temperature-dependent resistance measurements on Cu/CuxO/Ag ReRAM devices were
performed to explore the physics of the resistive switching conduction mechanism.

The resistance of devices at initial resistance state (IRS, resistance state before
electroforming), HRS and LRS as a function of temperature is shown in Fig 5.4. The temperature
range is from 255 K to 355 K with a step size of 15 K. Reproducible BRS can be observed in this
temperature range. The resistance of all states is read by sweeping the voltage bias in a small
range from -0.01 V to +0.01 V to prevent the device from switching to a different resistive state.
The IRS and HRS can be considered to exhibit semiconductor behavior because when the
temperature increases, the resistance of the device decreases. On the contrary, a weak metallic
behavior can be observed at LRS. There is potential possibility that the filamentary conductive
paths were generated in the RESET process, which results in very low resistance. However, the
rupture of conductive filament paths happened at SET process, thus the temperature-dependent
HRS is dominated by the semiconductor behavior of the CuxO. Furthermore, the ratio of

HRS/LRS drops from approximately 82 to 13 over the temperature range from 255 K to 355 K.
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Figure 5.4: Temperature dependence of HRS, IRS and LRS.
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To exclude the effect of the SET and RESET operations on the original physical state, the
temperature-dependent 1-V measurement was conducted after the device was switched to HRS
by applying a SET voltage (-0.8 V). Fig 5.5 shows the 1-V curves in logarithm scale measured at
various temperatures from 255 K to 315 K, which is in a positive voltage region (0 V to +0.5 V)
low enough to prevent the RESET process. It was shown that with the increase of temperature,
the current increases gradually. The In(l) versus 1/KT for HRS was plotted in Fig 5.6. The plot
shows five generally straight lines at different voltages. Then, the activation energy (E,) at each
voltage bias was calculated from the slopes of fitting lines. Fig 5.7 shows the calculated E, as a

function of applied voltages.

Current (A)

10
Voltage (V)

Figure 5.5: Temperature-dependent I-V characteristics at HRS in log-log scale.
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Figure 5.7: Activation energy at various voltages.
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To further clarify the resistive switching mechanism of Cu/Cu,O/Ag memory devices, the
double logarithmic plot of I-V curves for the positive region was replotted, which is shown in
Fig 5.8. As indicated in Fig 5.8, in the positive voltage bias region, starting from 0 V, the I-V
behavior of Cu/CuyO/Ag memory cell in HRS is very close to linear and the linear dependence
for applied voltage is smaller than +0.60 V. In this low-voltage region, the slope of I-V curve is
very close to 1, in agreement with Ohm’s law. Next, a dramatic increase of current is observed at
approximately +0.8 V (Vreser) due to the formation of conductive filaments through the device
[4, 16], which does not follows space charge limited current (SCLC) theory [48]. Finally, the
Ohmic conduction behavior was observed again in the decreasing voltage bias scan in the LRS.

Different cell-size ReRAM devices were fabricated. The cell sizes were from 20x20 pm?
to 800x800 um?, which is shown in Fig 5.9. Fig 5.10 shows the cell-size dependence of the HRS
and LRS of Cu/CuxO/Ag memory cells. Different cell-size Cu/CuyO/Ag memory devices were
fabricated in the same condition. All devices show BRS during DC voltage scan. The best linear
fitting lines are also shown in the figure. With the increase of cell size, the ratio of HRS/LRS
deceases roughly from 30 to 10. The resistance of HRS decreases from approximately 264 Q to
46 Q, whereas the resistance of LRS only shows slight dependence of cell sizes, decreasing from
8.32 Q to 4.46 Q. The result reveals that the resistive switching behavior is a local phenomenon
in the Cu/CusO/Ag memory cell, dominated by the local conductive filament path, further
indicating the resistive switching mechanism of the Cu/Cu,O/Ag MOM cross-point structure is

attributed to the formation and rupture of the conductive filament paths [16, 49, 50].
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Figure 5.8: Logarithmic plot of I-V characteristic of positive voltage region.

Figure 5.9: Photograph of the fabricated different cell-size ReRAM array.
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Figure 5.10: Resistance of HRS and LRS versus cell size of Cu/CuxO/Ag ReRAM devices.

5.3 Resistive Switching Mechanism Model

Based on the temperature-dependent measurement and cell-size dependent measurement
analysis, we are able to conceive an intuitive diagram of the BRS in the device. Fig 5.11 shows
the schematic diagram of the resistive switching mechanism model of the Cu/Cu,O/Ag ReRAM
devices. Note that the geometry and distribution of this model are ideally simplified and the
actual conduction is considered to be more complicated. Fig 5.11(a) shows the fresh device at
IRS. After the electroforming process (Fig 5.11(b)), a strong electrical field leading to the
formation of a conductive filament is taking in the insulating matrix between the Ag top
electrode and the Cu bottom electrode. Next, at HRS, the filaments are ruptured under a large
negative voltage. Consider the SET process, a huge SET current will generate high Joule heating
at local filament paths, leading to the rupture of conductive paths, which is shown in Fig 5.11(c).
In this case, the carriers can only transport through the semiconductor material Cu,O thin film,

exhibiting a semiconductor behavior. On the other hand, the conductive filament paths are rebuilt
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under a certain positive voltage at LRS (Fig 5.11(d)). In this case, the current flowing through
the device is mainly confined in conductive filament paths. Thus a metallic behavior is shown at
LRS. Note that the SET process and the RESET process are reversible processes, leading to the

switching of HRS and LRS in a working device.
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Figure 5.11: Schematic diagram of the resistive switching mechanism model. (a) IRS. (b) ERS.

(¢) HRS. (d) LRS.
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Chapter 6
Conclusion and Future Work

In this work, we discussed the design and fabrication of the Cu/CuxO/Ag ReRAM device.
We described the process for fabricating ReRAM devices. We used ink-jet printing technology
during the fabrication process which has great potential for roll-to-roll processing in the
industrial production. The temperature of entire fabrication process was under 200 °C. The
memory devices were fabricated based on Cu and Ag, which are abundant and easy to process.
The electroformed devices exhibited reproducible and reliable BRS characteristics under a
temperature range from 255 K to 355 K. The fabricated device showed good switching
endurance (more than 100 cycles), excellent data retention performance (nearly 2 weeks). In
addition, as a flexible device, the device had great mechanical robustness properties.

The temperature-dependent and cell-size dependent measurement results reveal that the
physical mechanism of the memory device is attributed to the formation and rupture of the local
conductive filament paths in the insulating matrix between two electrodes. The device shows
semiconductor-like behavior at HRS and IRS, and exhibits metallic behavior at LRS. Moreover,
a physical mechanism model of the device has been presented. The observed trend of increased
ratio of HRS to LRS as the cell area decreases can be regarded as a benefit of device scaling. The
simple, flexible inexpensive low-temperature-fabricated low-voltage operation ink-jet printed
Cu/Cu,O/Ag memory cell is expected to provide opportunities for flexible memory electronics

and neuromorphic electronic devices.
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In terms of future work, we are studying various methods to optimize the fabrication
process to increase the ratio of HRS/LRS and decrease the writing time. Possible solutions
include: oxidizing high-quality CuxO and decreasing the memory cell size. Our current approach
using an oxidation temperature of 200 °C gets a layer of Cu,O with a thinkness of approximately
23 A. In addition, since the smallest deposit feature limit of the cartridge is 20 pmx20 pm, a
smaller cell size needs a bran-new design utilizing photolithography technology to be achieved.
Moreover, we are in the process of measuring the low frequency noise (flicker noise or 1/f
noise), which will be a useful tool and offer new ideas in understanding the operation mechanism

of the ReRAM devices.
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Appendix A

Processing Equipment and Materials

Figure A.1: FUJIFILM Dimatix Material Printer.

Figure A.2: Kapton polymide substrate.
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Figure A.3: Silver nanoparticle ink.

Figure A.4: Hot plate.
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Figure A.6: Copper electroplating equipment.
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Figure A.7: Keithley 4200 (Semiconductor Characterization Systems) parameter analyzer.

Figure A.8: Micro-manipulated cryogenic probe system.
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