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Abstract 

!

Hafnium oxide(HfO2) is one of the most popular dielectric materials for RRAM. Cosmic ray is a 

major radiation damage and contains about 90% proton. In order for HfO2-based RRAM to 

considered using in space related application, it is important to investigate the effects of proton 

radiation on HfO2-based RRAM.   Changes of the defect concentrations of HfO2 may affect the 

resistive-switching mechanism of RRAM. In this work, in order to investigate the effects of proton 

radiation on HfO2-based RRAM, HfO2-based RRAM cells and HfO2 blanket film are exposed to 

proton radiation with energy from 10-keV to 300-keV, fluence from 109 to 1015 photons/cm2. After 

proton radiation, I-V characteristics are measured with pristine and proton-irradiated RRAM cells 

as function of proton energy and proton fluence. Some of the 10keV proton-irradiated RRAM cells 

are formed during proton irradiation and turn to LRS. The HRS resistance decreased after proton 

irradiation. The ESR, C-V measurements are made with HfO2 blanket films. The results show that 

oxygen vacancies are generated in the bulk of HfO2 and the interface, from displacement damage. 

The extra radiation-induced oxygen vacancies increase the conductive filaments’ size and length 
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and decrease the HRS resistance. This is consistent with TRIM code simulation results. Then, the 

endurance of proton irradiated RRAM cells are measured as a function of proton energy, fluence 

and temperature. The endurance cycles decrease with higher proton energy and also decrease when 

the proton fluence are higher than 1013 cm-2. The retention time measurements show that after 

proton irradiation with energy from 10keV to 300keV, the HfO2-based RRAM can still maintain 

the stored information for about 14-15 years. 
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Chapter I. Introduction 

!
A.!Motivation  

!
!

Resistive random-access memory (RRAM) is a type of non-volatile random-access memory 

(NVM) that operates by changing the resistance of a solid-state dielectric placed between two 

electrodes. Several new types of nonvolatile memory (NVM), such as magnetic random-access 

memory (MRAM), phase-changeable memory (PCM), and resistive random-access memory 

(RRAM), are thought to be promising candidates for flash memory for the next generation of 

memory applications.1 Metal-oxide-based RRAMs are promising candidates for universal memory 

due to their high speed, low power and simple structure. Many metal oxides have been found to 

exhibit resistive-switching behavior, such as TiO2, ZrO2, AlOx and HfO2. Among these materials, 

HfO2-based RRAMs have drawn much attention and have been extensively studied in the past 

several years. This is because HfO2-based RRAMs have shown excellent performance, i.e. fast 

switching speed and high endurance. 

 

An important application of NVM is to serve as a memory device for the aerospace and nuclear 

industries, which requires the memory to have excellent radiation-hardness properties. 

Environments that contain a large amount of ionizing radiation create special design challenges 

for RRAM devices. Cosmic rays are a major radiation-damage source and consist of approximately 

90% protons. Therefore, in order for HfO2-based RRAM to be considered for aerospace and 

nuclear-related applications, it is important to investigate the effects of proton radiation on HfO2-

based RRAM. RRAM is often operated at high temperatures (around 125°C) in the above 
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applications because of the harsh environment and Joule-heating effects from currents. Therefore, 

the stability and reliability of proton irradiated devices at high temperature (~ 125°C) is critical for 

their proper operation.  

 

B.!Hypothesis 
!
!

The hypothesis of this work is that proton radiation with energies from 10-300keV will 

generate damage to HfO2-based RRAM that will affect the RRAM cell’s resistive switching, 

reliability, stability and endurance as a function of proton energy and fluence. We further 

hypothesize that this damage is generated by radiation-induced atomic displacement.  

 

C.!Tasks to prove the hypothesis 

 
Task One:  Measure RRAM cells’ I-V characteristics after proton irradiation to determine 

whether the proton irradiated RRAM cells are still working. I-V measurements are used to 

determine the effect of proton radiation on the RRAM’s resistive switching characteristics.  These 

are: the HRS and LRS resistances, the forming process, and the set and reset voltages. These will 

be measured as function of proton energy and proton fluence. In order to find out whether the 

damage can be recovered, the HRS and LRS resistance of proton irradiated RRAMs will be 

measured immediately after after irradiation and also after 3 months’ storage at room temperature.  

Task Two: If the RRAM cells are still working functionally after proton radiation, then 

reliability tests will be made. In order to determine the effect of proton radiation on the reliability 
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of RRAM, endurance and retention will be measured. These quantities are key parameters for 

memory reliability.1  

Task Three: To measure the stability of the irradiated RRAM cells, the HRS and LRS 

resistance values (the ratio of HRS resistance to LRS resistance, which is often called the Roff/Ron 

ratio) of the proton-irradiated RRAM cells will be measured as a function of the number of 

switching cycles. This is because switching failures could happen when the Ron/Roff ratio is too 

low (< 10).2 

Task Four: The performance of RRAM is temperature dependent,3,4 and because proton-

induced damage will be enhanced at high temperatures, the resistive switching characteristics, 

HRS and LRS resistances, and the endurance of proton-irradiated RRAMs will be measured as a 

function of temperature from room temperature to 150°C, in order to find out how the proton-

irradiated RRAM cells behave at high temperature.  

Task Five: To determine the cause of the damage, C-V, leakage current, XRD and ESR 

measurements will be made on HfO2 blanket films, to be compared with the results of a TRIM 

simulation. The TRIM simulation will show where displacement damage is predicted. ESR 

measurements will be made to determine whether displacement damage and oxygen vacancies are 

generated by the radiation. C-V measurements will be made to determine the radiation-induced 

defect-charge type and where the defects are generated. If the results of these measurements agree 

with each other, then it is more likely to prove the hypothesis that the damages are from radiation-

induced displacement.  

  



! 4!

References 

1!Wong, H-S. Philip, Heng-Yuan Lee, Shimeng Yu, Yu-Sheng Chen, Yi Wu, Pang-Shiu Chen, 

Byoungil Lee, Frederick T. Chen, and Ming-Jinn Tsai. "Metal–oxide RRAM." Proceedings of 

the IEEE 100, no. 6 (2012): 1951-1970. 

 

2 Chen, Yang Yin, Robin Degraeve, Sergiu Clima, Bogdan Govoreanu, Ludovic Goux, Andrea 

Fantini, Gouri Sankar Kar et al. "Understanding of the endurance failure in scaled HfO2-based 

1T1R RRAM through vacancy mobility degradation." In Proc. IEEE Electron Devices Meeting 

(IEDM), 2012 IEEE International, pp. 20-3. IEEE, 2012. 

 

3 Walczyk, Christian, Damian Walczyk, Thomas Schroeder, Thomas Bertaud, Małgorzata 

Sowinska, Mindaugas Lukosius, Mirko Fraschke et al. "Impact of Temperature on the Resistive 

Switching Behavior of Embedded HfO2-Based RRAM Devices." IEEE transactions on electron 

devices 58, no. 9 (2011): 3124-3131. 

 

4 Fang, Z., H. Y. Yu, W. J. Liu, Z. R. Wang, X. A. Tran, B. Gao, and J. F. Kang. "Temperature 

Instability of Resistive Switching on HfOxBased RRAM Devices." IEEE Electron Device 

Letters 31, no. 5 (2010): 476-478. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



!

!

5!

Chapter II. Background. 
 

A.!Introduction to Resistive random-access memory 

!
RRAM operation involves the generation of defects in a thin-oxide layer, which are typically 

oxygen vacancies (oxide-bond locations where the oxygen has been removed). The oxygen 

vacancies can subsequently charge and drift under an electric field.1 The motion of oxygen ions 

and vacancies in the oxide is considered to be analogous to the motion of electrons and holes in 

semiconductors1.  

 

A RRAM-cell structure is an oxide material sandwiched between two metal electrodes, 

called a metal-insulator–metal (MIM) structure (Figure 1 (a)). Among such memories, RRAM 

using binary oxides, like HfO2, NiO, TiO2, and ZrO2, has recently begun to attract attention.2, 3, 4, 

5 RRAM has two states: high-resistance state (HRS) and low-resistance state (LRS). Devices can 

exhibit resistive switching between these two states. At LRS, oxygen ions migrate from the 

dielectric, there are more oxygen vacancies in the oxide layer and these generate a path of 

conductive filaments.  

 

B.!Resistive switching mechanism 

 

The switching event from the high-resistance state (HRS) to the low-resistance state (LRS) is 

called the “set” process. Conversely, the switching event from LRS to HRS is called the “reset 

process”. Usually, for fresh samples, a voltage higher than the set voltage is needed to initiate the 
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resistive switching behaviors for subsequent cycles. This initialization is called the “forming” 

process. Metal-oxide RRAMs have two switching modes: unipolar: the RRAM can switch 

between the HRS and LRS by using the set and reset voltages that have the same polarity, and 

bipolar: the RRAM can switch between the HRS and LRS by using set and reset voltages that 

have opposite polarity.6 Figure 1 shows a sketch of the IV characteristics of the unipolar (b) and 

bipolar (c) switching modes.  

 

 

 

The forming and set processes for fresh RRAM cells are defined to be a soft dielectric 

breakdown.7 Under a relatively high electric field, a soft breakdown occurs and the resistance is 

significantly reduced. The soft breakdown is recovered when the RRAM cell is reset under a 

reversed electric field. When a high voltage is applied to the set condition, the deficiency of 

oxygen leads to the formation of conductive filaments(CFs) that are formed with either oxygen 

vacancies or metal precipitates. 8  Experimental observations and simulations 9 , 10 , 11  have 

previously shown that oxygen migration between the dielectric and the electrodes is present in 

the switching process and plays an important role in both bipolar and unipolar devices.  

 

Figure 1. (a) MIM structure of RRAM and IV characteristics of the 
unipolar (b) and bipolar (c) switching modes.6  
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Yu et al. 12 proposed a unified reset mechanism for both unipolar and bipolar modes. Figure 2 

shows an illustration of the switching processes.6 During the forming process, soft dielectric 

breakdown occurs and oxygen ions drift to the anode interface under the influence of the high 

electric field.2 The oxygen ions are discharged as neutral non-lattice oxygen during the forming 

process.6 For a memory cell in the LRS, the current flows through the conductive filaments (CFs) 

in the bulk oxide.13 During the reset process, oxygen ions migrate from the top electrode back to 

the bulk to recombine with oxygen vacancies that turns the memory cell back into the HRS.6 

 

 

 

C.!Endurance, retention and switching failure 

 

The endurance of memory is the number of program/erase (P/E cycles) that can be applied to 

a block of flash memory before the storage media becomes unreliable (when set or reset cannot 

take place). Cycling or endurance measurement refers to how many operations/cycles the RRAM 

Figure. 2 switching process in the binary metal–oxide RRAM6 
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cell can sustain, while making sure that the ration RHRS/RLRS is still in the right range (usually 

100 to 100014). Cycling of 106 is commonly reported.24 Generally, the endurance of RRAM cells 

depends on a variety of factors e.g., material, processing, device structure, and operating 

scheme.15 Endurance failure can be classified into two modes: set failure and reset failure.16, 17 It was 

found that for the low current operation region (LRS < 5kΩ), the dominant endurance failure is SET 

failure (stuck at HRS), and this endurance failure is depend on the switching frequency. 16 In 

Reference 18, it was reported that the endurance is related to the SET/RESET pulse amplitude and 

pulse width. Too high RESET voltage pulses result in the depletion of the oxygen vacancies at the 

switching interface so that the SET pulse is unable to reconstruct the conducting filaments.18 In 

addition, too high SET pulses lead to an excess amount of oxygen vacancies induced at the switching 

interface so that the RESET pulse is unable to rupture the filaments.18 

 

In general, the HRS resistance tends to decrease as the number of switching cycles increases. 

The final failure state of RRAM cells is the LRS and the cell is unable to reset back to HRS.19 

The resistance change of HRS is gradual at first, then followed by a sharp decrease and finally 

the RRAM cell remains stuck in LRS.17 This can be caused by too many defects such as oxygen 

vacancies that accumulate during the cycling. 21 

 

Retention refers to how well the cell is capable of retaining the stored information. It reflects 

the RRAM cells’ main nonvolatile property.24 A RRAM cell should be able to retain stored 

information for several years. To measure the retention time, the resistances of a RRAM cell are 

continuously read by using a very small Vread. High-temperature retention measurement is 

usually used to extract activation energies and accelerate the retention testing.20 
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Three different physical mechanisms are proposed to explain the endurance-failure behaviors 

in reference 21.  

1)! Anode-oxidation-induced interface reaction.  

High temperature, large current and/or power process and oxygen ions produced during 

the forming and/or SET process can cause oxidation at the electrode interface: 

 !"#"$%&'(" +*+,-
."/% !"#"$%&'("+ +*21-*. 

2)! Extra vacancies induced.  

Electric-field-induced extra oxygen vacancies that are generated during switching may 

increase the conductive filament size. 22  As shown in Figure 3, the increase of the 

conductive filament (CF) size may cause RESET failure since the rupture of the CFs need 

more oxygen ions and it therefore becomes more difficult to produce the reset condition. 

 

 

 

 

3)! Depletion of O2
- induced HRS-resistance reduction.  

During the RESET process, the oxygen ions recombine with the oxygen vacancies. The 

drop in oxygen-ion concentration can the reduce the recombination rate of the remaining 

oxygen vacancies and reduce the HRS resistance.23 As a result, a higher reset voltage will 

Figure 3. extra vacancy-induced reset failure. Left: oxygen vacancy 
generated during SET. Right: extra oxygen vacancies generated with 
more switching cycles. 21 
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be needed to generate more O2-. 21 However, such a reset voltage may cause dielectric 

breakdown. !

 

D.!Review of previous work  

!
Research on RRAM devices has been very active in the last few years. Resistance values of 

the LRS and HRS states as well as the difference between the LRS and HRS resistances is one of 

the important quantitates used to characterize RRAM devices. A high RHRS/RLRS ratio enables 

good differentiation between the information stored in the cell and makes it easier to process. 

The resistance values of HRA and LRS are also important for designing the memory array and 

for power consumption issues and to minimize leakage currents through the memory array.24 

Endurance is also an important characteristic of RRAM devices operation. An endurance cycling 

characterization is the HRS and LRS resistance plotted as a function of the corresponding cycle. 

This plot allows one to visualize the distribution of resistance values for given operation 

conductions (same SET and RESET voltage). Usually, the RHRS/RLRS ratio is larger than 100 and 

there is no overlap of the two HRS and LRS state, which indicates a proper switching 

operation.24 In addition to set and reset voltage, retention is also an important characteristic of 

RRAM.  

 

In recent years, different types of radiation have been used to examine their effects on 

RRAM. Previous radiation studies on HfO2-based RRAMs found that Pt/HfO2:Cu/Cu devices 

(HfO2:Cu copper-doped HfO2) are radiation-immune to a total ionizing dose (TID) of 350 

krad(Si) Co-60γ radiation (1.25Mev, ~1014cm-2 ).25 The total ionizing dose (TID) effect is due to 

the creation of electron-hole pairs, ionic species and their subsequent reactions.24 It was found 
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that RRAM can sustain a TID level of about 5.2 Mrad (1.25MeV, ~1015 cm-2) γ rays without 

significant change in the functionality or the switching characteristics of the RRAM cells.26 

However, the stability of the conductive filaments was weakened and the HRS resistance slightly 

decreased. The stability degradation is caused by Hf-O bond breaking which can result in oxygen 

vacancies and non-lattice oxygen in interstitial sites.25 One-Mev proton radiation was used in the 

study of total ionizing dose (TID) effects on TiN/HfO2/TiN RRAM.27, 28 In reference 28, an 

HfO2-based RRAM device was found to have high total ionizing dose (TID) radiation tolerance, 

including HRS and LRS resistance, set and reset voltage, up to 5 GRads (Si) (equal to 1.77×

1078photons/cm2 ). After TID irradiation, the device had >105 cycles endurance. In reference 

27, it was reported that the proton TID radiation improves the overall uniformity (less variation 

on Ron and Roff) of resistive switching of TiN/HfO2/TiN Valence change memory RRAM devices. 

This was explained by the creation of conducting paths between filaments and electrodes due to 

radiation-induced amorphization. The conducting pathways would serve to reduce cycle-to cycle 

variation and variations from one device to another.27  

 

In another study, energetic ions including 1.6 MeV Ne, 1 MeV He, and 2.75 MeV Ar ions, 

with fluences ranging from 1012 to 1015 cm-2 were used.29 The Ar-ion irradiation, which produced 

the highest displacement damage due to its high mass, was shown to switch some devices from 

HRS to LRS.29  It also showed that the degradation of HRS resistance caused by displacement 

damage is likely to be recovered after several set/reset cycles since the movement of oxygen 

vacancies and interstitials could create more opportunities for vacancy-interstitial recombination. 

The same results were seen in this work.  
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Neutron and proton radiation have been used in the study of displacement damage in 

Pt/TiO2/Pt RRAM devices. 30  In reference 30, the Pt/TiO2/Pt based RRAM cells had no 

significant changes in their I-V characteristics after 3×107A  1-MeV equivalent neutrons/cm2 

(neutrons with energy from 1-10 MeV). Furthermore, after 7.75×107C  350-keV protons/cm2 

exposure, the off state (HRS) of the device showed a decrease in resistance. This may be 

explained by the difference in the oxygen vacancies’ distribution between the HRS and LRS 

states. In the HRS state, there is a region in the dielectric film that has very few oxygen 

vacancies (the gap of the conductive filaments), so that the oxygen vacancies generated by 

displacement damage in this region could increase the HRS current significantly. Displacement 

damages to TiO2 and TaOx-based RRAM cells caused by both 800-keV Ta ions and 28-MeV Si 

ions caused the HRS resistance to degrade as the oxygen-vacancy concentration increased.31  

 

Experiments on TiO2-based RRAM reported that Co-60 Gamma rays and 941 MeV Bi-ions 

had only minor effects on resistance values (both HRS and LRS) .32 The samples could remain in 

the off state (HRS) and the resistance only changed slightly after both 45 MRad of 1-MeV Co-60 

Gamma rays and 23 MRad of 941 MeV Bi-ions irradiation (~1015 cm-2). Both gamma rays and 

Bi-ions cause predominantly TID damage in these TiO2-based RRAM cells. Therefore, these 

results show that ionization damage, which results in the generation of electron-hole pairs, is 

unlikely to have a strong effect on the resistive switching of RRAM devices, 24, 28, 30, 31, 32, 33 since 

the switching mechanism of RRAM is based on the movement of oxygen vacancies.34 However, 

displacement damage, which results in the generation of oxygen vacancies and oxygen atoms35 is 

likely to have a strong effect on RRAM devices. 
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Chapter III. Theory-TRIM simulation.!

!
The Stopping and Range of Ions in Matter (SRIM) or Transport of Ions in Matter (TRIM) 

codes1 are popular in the ion-implantation research and technology community and also used 

widely in other branches of materials science. The TRIM code is based on a Monte-Carlo 

simulation. As output, it lists or plots the distribution of the ions in a solid and its parameters, such 

as penetration depth, concentration of vacancies, sputtering rate, ionization, and phonon 

production in the target material. 2  

 

The SRIM-2008 (Stopping and Range of Ions in Matter) package was downloaded online. As 

input parameters, it needs the ion type and energy (in range 10 eV to 2 GeV) and a target material 

of one or several layers. In the simulation, H ions were implanted. In order to make the simulation 

conditions closer to those of a RRAM cell, the target material has three layers. Si substrate, 5-nm 

HfO2 and 40-nm TiN. The angel of implanted ions is 5 degrees with respect to the vertical direction 

of the film surface. Five thousand ions were implanted in each simulation run.  

 

Figure 1 presents the TRIM results for three ion energies, showing the distribution of the 

protons throughout the oxide after irradiation. For the low-energy exposure, more protons are seen 

to stay in the HfO2 film, however, 300keV protons have enough energy so that most of them pass 

through the HfO2 film. The results of 100keV case are in between as shown in the Figure below. 

As output, the simulation software can plot the distribution of the ions in the target material. It can 

also show the damage events, such as location of vacancies, sputtering rate, and ionization. The 

results of damage events on the right show that more vacancies are generated in the HfO2 film 
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during lower proton energy irradiation. In chapter V, the HRS resistance and endurance 

measurements results show the proton radiation induced oxygen vacancies could be recovered 

during reset process. High energy proton radiation generate more long lasting defects and those 

defects affect the HRS resistance and endurance. 
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Figure 1. The 10, 100 and 300-keV H-ion implantation damage from TRIM simulation 
The results on the right show where the collision/displacement event happens and the 
distribution of vacancies generated from displacement damage.   
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Chapter IV. Experimental methods and setup!

 

In this work, the RRAM devices used are fabricated with a Pt/HfO2/TiN metal-insulator-metal 

structure, as shown in Figure 1. The 5-nm thick HfO2 films were deposited by atomic layer 

deposition. The RRAM cells were made in Stanford University. The bottom and top electrodes are 

Pt and TiN, respectively. The proton irradiation was performed using H-ion implantation. Ten, 

100 and 300-keV energies were chosen based on the TRIM simulation. In addition, five different 

proton-radiation fluences were used: 109, 1011, 1013, 1014, and 1015 photons/cm-2. The maximum 

fluence was picked based on the total ionizing dose (TID) level that HfO2-based memory can 

sustain1 .  

!

A.!I-V characteristics 

!

The I-V characteristics of RRAM were measured using a HP 4155B semiconductor-parameter 

analyzer. A probe station with an optical microscope was used to make contact with the RRAM 

cell. The current was measured with two probes placed in contact with the two electrodes of a 

RRAM cell. The structure of the HfO2 RRAM cell used in this work is shown on the left in Figure 

1. Pt is used as the bottom electrode and the top electrode is TiN. This RRAM cell has a bipolar 

switching mode, which means the switching direction depends on the polarity of applied voltage. 

Then the set and reset voltage were read from the I-V curve and the resistance were calculated 

based on the I-V curve. 
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B.!Endurance  

!

The long-term reliability of proton-irradiated RRAM plays a critical role in determining the 

viability of HfO2-based RRAM for use in space applications.2 Endurance is one of the essential 

criteria for any memory application. A circuit diagram for the endurance measurements is shown 

in Figure 2 (a) and (b). The pulse signal used is shown in Figure 2 (c). The signal amplitude is 

picked based the measured set and reset voltage. The frequency of the signal is 100kHz. This signal 

will make sure the RRAM cells have enough voltage and wait time to switch. The I-V 

characteristics were measured with an HP 4155B Semiconductor-parameter analyzer. The voltages 

were applied to the top electrode and the bottom electrode was grounded during the measurements. 

Approximately 20-30 RRAM cells were measured in each case to get the endurance statistics.  

 

Limiting the current during the set process could control the size of conductive filament and 

the LRS current after set, whereas the stop voltage during reset process effect the HRS.3 Current 

Figure 1. left: structure of RRAM cell and right: optical micrograph of RRAM top 
structure during I-V measurement.  
 

probe!
probe!
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compliance is a parameter that can be set in the HP 4155B to protect the device from breaking 

down at LRS. It is the highest current that can flow through the device during the I-V 

measurements. Start voltage and stop voltage are others parameters that can be set. The voltage 

sweep will start from start voltage and stop when it get to the stop voltage. Thus, in all the 

endurance measurements, the current compliance and stop voltage are held constant. For room-

temperature measurements, the current compliance was 30µA and the stop voltage was -2.7V, and 

for high temperature, the current compliance was 50µA and the stop voltage was -2.6V. The swept 

voltage during reset is from 0V to the stop voltage. The current during measurements will not 

exceed than the current compliance.  

 

 

Function!generator!
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C.!Retention  

!

A data retention time longer than ten years is expected for nonvolatile memory. The retention 

must be maintained at its operating temperature.  To measure this, a small electrical stress (such 

as read voltage) is applied.4 The retention time was measured by using a HP 4155B semiconductor 

parameter analyzer, a probe station and a hot plate. Labview was used to control the 

semiconductor-parameter analyzer. The devices are heated to 120°C with a hot plate, The HRS 

and LRS resistances are monitored by applying read voltage (0.5V) pulses every 10 seconds. In 

actual operation, the read voltage is smaller than 0.3V.5  However, in order to speed up the 

dielectric breakdown, a higher temperature and higher read voltage has been used. The I-V 

characteristics were measured before and after the retention measurement to make sure the RRAM 

devices did not fail during the retention measurement. The extrapolation to room temperature will 

be explained in the results section. 

 

Figure 2. (a). circuit diagram and (b). the actual setup for the endurance 

measurement, (c). pulse signal for endurance. 
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Measurements on HfO2 blanket films:  

In order to determine the cause of the damage, C-V, XRD and ESR measurements will be made 

on HfO2 blanket films, to be compared with the results of TRIM simulation. Two different 

thickness of HfO2 film were used: 5 and 100 nm. The 5-nm blanket films are same as the 5-nm 

HfO2 layer in RRAM and thus, 5-nm blanket film were used in most of the following 

measurements. However, 5-nm is too thin for XRD measurements. One-hundred nm blanket film 

was therefore also used for XRD measurements, as well as CV and leakage current measurements. 

Both films were made by ALD, they are deposited in the same way as the HfO2 film in RRAM.!

!

D.! C-V measurements 

!
The C-V characteristics of HfO2 blanket film were measured using a HP 4285A LCR Precision 

meter at high frequency (1MHz). A probe station with an optical microscope was used to make 

contact with the samples. Metal electrodes were deposited on the top of the HfO2 film with vacuum 

evaporation so that the samples for C-V measurement have a MOS structure. The metal electrode 

has a structure of 200-nm silver on top of 30-nm titanium.  
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E.!Electron spin resonance 

 

Electron spin resonance (ESR) spectroscopy is a very powerful and sensitive method for the 

characterization of the electronic structures of materials with unpaired electrons. An electron-spin 

resonance experiment generally consists of measuring the absorption of microwave power at a 

fixed frequency as a function of an applied laboratory magnetic field B.6, It has been applied to 

various high-k dielectrics, such as SiO2 and HfO2.7 In this work, the ESR measurements were made 

with an X-band Bruker Elexsys 500E EPR spectrometer. A 0.0003% KCl weak-pitch sample was 

used to calibrate the system (1013spins/cm). 

 

To determine the cause of damage, electron-spin-resonance measurements were made on the 

5-nm thick ALD HfO2 blanket films on Si substrate before (pristine) and after proton irradiation. 

In this work, the ESR measurements were made with an X-band Bruker Elexsys 500E EPR 

spectrometer. 

 

Each defect has its fingerprint, i.e., the g-factor, which depends on the microwave frequency 

and the magnetic field strength as:6, 8
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Experimentally, the absorption spectral signals are written as a Lorentzian derivative. The integral 

of the Lorentzian distribution is used to determine the concentration of the defects. They can be 

easily expressed as: 
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where 3456+789: 1 is the signal shape of Lorentzian derivative and F456+789  represents the 

concentration of the defect state.7 1#RS# and 1T5U are the maximum and minimum values of the 

scanned magnetic field. K is defined as the B-field width that represents the width of the ESR 

spectroscopic signal and JVrepresents the amplitude of the distribution.8   

 

F.!X-ray diffraction (XRD) 

 

X-ray diffraction is a destructive analytical technique that reveals information about the crystal 

structure, chemical composition, and physical properties of materials and thin films. A Bruker D8 

Discover diffractometer is used in this work to measure the structure of 100-nm thick HfO2 films 

before and after proton irradiation. As mentioned earlier, the 5nm blanket film is too thin for XRD 
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measurements. The 100nm blanket film were made in the same way as the 5nm samples. The 

blanket HfO2 film is polycrystalline (monoclinic). This can be seen from the XRD results. 

 

G.!Radiation sources  

!
The protons used in this work were generated by using H-ion implantation. In order to 

investigate the damage as a function of proton energy and fluence, both blanket HfO2 films and 

RRAM cells were exposed to protons with three different energies based on the TRIM simulation 

results: 10, 100 and 300-keV respectively. In addition, 5 different proton-radiation fluences were 

used: 109, 1011, 1013, 1014, and 1015 photons/cm-2. Again, the energies were chosen based on 

simulation results and the maximum fluence was picked based on the total ionizing dose (TID) 

level that HfO2-based memory can sustain.9 The ion implantation was performed at Luxience 

Technology. 
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Chapter V. Experimental results. 

!

A.!Task One results from IV characteristic measurements: 
!
!

1.! Forming process 
 

All of the fresh pristine RRAM cells need to be formed. The forming voltage is approximately 

3.4 - 3.7 V. However, a number of low-energy proton-exposed samples were found to have been 

formed and set after irradiation. For the devices measured within a week after proton irradiation, 

about 30% of the 10-keV proton-irradiated devices were formed by irradiation and turned to LRS 

without applying any electric field. However, the 100 and 300-keV proton-exposed RRAM 

samples were not formed or set after proton exposure. As shown in Figure 1, for those RRAM 

cells that were not formed under proton radiation, the forming voltages are about the same as those 

needed in the pristine case.!Those RRAM cells that are formed and set to LRS by proton irradiation 

could be reset to HRS during the reset process when a negative was applied on the top electrode. 

This radiation-induced forming process could be explained as radiation-induced dielectric soft 

breakdown.1, 2!



!

!

35!

 

 

 

The fact that 10-keV proton-irradiated samples were formed and set to LRS is likely caused 

by oxygen displacement damage and broken O-Hf bonds.3, 4 The oxygen vacancies and oxygen 

ions/oxygen atoms are generated during proton irradiation. When the fluences are the same, there 

are more oxygen vacancies generated in the 10-keV proton irradiated samples than the 300-keV 

samples during the proton radiation. Therefore, the oxygen vacancies created in the HfO2 can act 

as a conductive filament and turn the RRAM to LRS. 5, 6 Then, during the reset process, the oxygen 

ions migrate back into to the HfO2 film and thus most of the proton-induced oxygen vacancies 

near the electrode are recombined with the oxygen ions, so that the RRAM cells can be reset to 

HRS state. 

 

2.! Set and reset voltage 
!

Except for the fact that some of the 10keV RRAM cells are formed by the proton radiation, 

these proton-irradiated RRAM devices work functionally. Figure 2 shows a typical pristine 

Figure 1. The forming process of fresh RRAM cells. All 
of the pristine RRAM cells need to be formed.  
!
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resistive-switching I-V characteristic of several cycles in one fresh device which need a forming 

process. To reset the device from LRS to HRS, a negative voltage sweeps from 0 to -2.8V is used, 

to set the device from HRS to LRS, a positive voltage sweep from 0 to 2.5V is used with a current 

compliance of 50 to 10 µA. 

 

 

 

The set and reset voltage amplitude distributions were examined after irradiation. As shown in 

Figures 3 and 4, the average amplitudes of set and reset voltage did not significantly decrease after 

10 to 300keV proton irradiation. The average values showed in the Figure 4 are listed in Table 1.   

 

Figure 2. I-V characteristics of pristine RRAM cell  !

Voltage!
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 Figure 3. the set and reset voltage of each sample after irradiation The 
values in each figure are not in any specific order.   
!



!

!

38!

 

 

 

 

 Set (V) Variance Reset (V) Variance 

pristine 1.948±0.7 0.12 -1.166±0.3 0.08 

10keV 1013cm-2 1.726±0.7 0.03 -1.043±0.4 0.06 

10keV 1015cm-2 1.737±0.5 0.08 -1.122±0.3 0.04 

100keV 1013cm-2 1.7±0.5 0.08 -1.045±0.4 0.05 

100keV 1015cm-2 1.68±0.4 0.04 -0.98±0.4 0.07 

300keV 1013cm-2 1.677±0.7 0.04 -1.0796±0.6 0.06 

300keV 1015cm-2 1.649±0.8 0.09 -0.959±0.4 0.06 

 

 

 

 

Figure 4. Average values of set and reset voltage of pristine and 
proton-irradiated RRAM for a range of fluences and energies.!

Table 1. The average values of set and reset voltage.!
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3.! HRS resistance as function of proton energy and fluence 

 

Next, the HRS resistances of pristine and proton-irradiated RRAM cells are calculated based 

on the IV-characteristics. The average resistance values of each case are calculated based on more 

than 50 data points. Since those samples that are formed by radiation could be reset and still work 

functionally, the formed and non-formed RRAM cells are not separated here. 

 

The results show that the HRS resistance decreased after proton radiation. Figure 5 shows the 

I-V characteristics of pristine and proton irradiated RRAM cells measured within a week after 

proton irradiation. In Figure 5 a), the 300-keV proton-irradiated samples show more significant 

differences before and after proton irradiation, while the 10-keV proton-irradiated case shows a 

smaller difference. The HRS resistance of the 300-keV irradiated samples measured at -0.5V is 

about 17-19 times smaller compared with the pristine samples. The HRS resistance of the 10-keV 

irradiated samples is 7-10 times smaller than that for the pristine samples. This bias was chosen 

because -0.5V is lower than the reset voltage, so at -0.5V, the LRS and HRS resistances are 

significantly different. This decrease of resistance occurs, as has we have shown, after proton 

irradiation which causes displacement damage that generates oxygen vacancies in the HfO2. There 

are a lot of oxygen vacancies (conductive filaments) in LRS to make the resistance very low, so 

that the proton-induced oxygen vacancies have little effect on the LRS resistance. Figure 5 b) 

shows the first 3 reset cycles of a 300keV 1013cm-2 proton irradiated RRAM cell. It shows that 

both HRS and LRS currents are getting lower with each reset cycle. This further shows that after 

proton radiation, some of the radiation-induced oxygen vacancies are recombined with oxygen ion 
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during the reset process. The decreasing of LRS and HRS currents (increasing LRS and HRS 

resistance) means there are less oxygen vacancies with more reset process. 

 

!

 

 

 

 

After a few months of storage at room temperature, the HRS resistance of 10, 100 and 300-

keV proton-irradiated RRAM cells were measured as function of proton energy and fluence. 

Figure 5. a) I-V characteristics of pristine and irradiated RRAM measured 
within a week after proton radiation; b) the first 3 reset cycles of a 300keV 
1013 cm-2 proton-irradiated RRAM cell. 
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Figure 6 is the average HRS resistance measured at -0.5V of the RRAM cells irradiated with same 

fluence and different proton energies. About 20 samples are measured in each case, each RRAM 

cell was switched 5 to 10 times. They are plotted in both a linear (left) and a log scale (right). The 

graphs show that after proton radiation, the HRS resistance decreased compared with that of the 

pristine RRAM cells. Also, from the log-scale plot on the right, it can be seen that the HRS 

resistance is lower with higher proton energy. The 300-keV proton-irradiated samples show more 

significant differences before and after proton irradiation, while the 10-keV proton-irradiated case 

shows a smaller difference. This shows that the 300-keV protons generated more long-lasting 

damage that did than the 10-keV and 100-keVprotons.  That is, the lower energy proton damage 

is recoverable.  

 

 

 

 

These results show that even though more oxygen vacancies are generated during lower-energy 

proton radiation, most of these radiation-induced-oxygen vacancies can recombine during the reset 

peocess. This is seen because those RRAM cells that are turned to LRS could be reset to HRS, 

which means that most of the radiation-induced-oxygen vacancies can recombine during the reset 

Figure 6. the HRS resistance as a function of proton energy. 
Left: linear scale; right: log scale.!
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process. Those radiation-induced defects that did not recombine during reset act as temporary 

electron trapping centers and affect the conductive filament’s size.7, 8, 9 Besides, in the HRS, there 

are more oxygen vacancies in the gap region of conductive filaments, as shown in Figure 7.8The 

extra oxygen vacancies can help to reconnect the filament under the set operation electric field.10 

This is the explanation of why the resistance of the HRS decreases after proton radiation. 

 

 

 

 

In order to examine the HRS resistance as a function of proton fluence, the middle proton 

energy 100keV was picked to expose the RRAM cells with higher fluences ranging from 109 to 

1015 cm-2. Figure 8 is the HRS resistance of RRAM cells irradiated with 100-keV proton radiation 

with different fluences. Left: linear scale; right: log scale. The fluences were chosen based on the 

maximum fluence obtained from the total ionizing dose (TID) level that the HfO2-based memory 

can sustain.10 Table 2 is the HRS resistance value of the sample exposed by each fluence. From 

the results, it can be seen that the HRS resistance decreases with higher fluence. This shows that 

more radiation-induced oxygen vacancies are generated by higher-fluence proton radiation.  

 

Figure 7. the effect of radiation on the RRAM’s physical 
mechanism, (a) HRS and (b) LRS8 
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Fluence HRS resistance(!") variance Standard 

deviation 

Pristine    

   

  !

   

   

 

 

 

     

 

 

4.! Damage Self-recovery at room temperature 

 

As mentioned earlier, in order to determine if the proton radiation has long time effect on 

RRAM cells, the 10 and 300-keV proton-irradiated RRAM cells were measured twice. First: 

Table 2. HRS resistance values of 100keV proton irradiated 
RRAM cells as a function of fluence.!

Figure 8. the HRS resistance as a function of proton fluence. 
Left: linear scale, Right: log scale.  !
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within a week after proton irradiation, and second: 5 months after irradiation. Because the first 

measurement needed to be done as soon as possible and these measurements are time consuming, 

only the highest and lowest proton energy cases were used in this part. 

 

After 5 months’ of storage (“annealing”) at room temperature, the HRS resistance of the 10 

and 300-keV irradiated samples increased. Table 3 shows the comparison of the HRS resistance 

measured within a week and after 5 months.  The 10-keV case shows the smallest change before 

and after room-temperature annealing, while the 300-keVcase shows the highest change. Figure 9 

shows the comparison of the HRS resistance measured immediately after 300-keV, 1013 cm-2 

fluence irradiation (first measurement) and 5 months after irradiation (second measurement). The 

HRS resistances were measured under 3 different bias. However, these values are still lower than 

those for pristine RRAM cells for all exposure conditions, which means the damage has only 

partially recovered at room temperature. The HRS resistance increased by 60% after 5 months.  

 10keV 

1013cm-2 

10keV 

1015cm-2 

300keV 

1013cm-2 

300keV 

1015cm-2 

1 week 1.71x106Ω! 6.95x105Ω! 6.1x105Ω! 6.7x105Ω!

5 months 2.34x106Ω! 1.48x106Ω! 1.84x106Ω! 1.08x106Ω!

 

 Table 3. HRS resistance of 10keV and 300keV proton 
irradiated RRAM measured within a week and after 5 months.   
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Figure 10 compares the average HRS resistance of pristine and 300-keV, 1013 cm-2 fluence 

proton-irradiated RRAM. The average HRS resistances calculated at -0.1V bias from the first and 

second measurements, are 3.49×10*+kΩ and 1.8×10/+kΩ respectively. The resistance value for 

the pristine sample is 5.1×10/+kΩ. as shown in Figure. 10. The average HRS resistances calculated 

at -0.5 V bias from the first and second measurements are 2.15×102+kΩ  and  9.38×102+kΩ 

respectively.  The value for the pristine sample is 1.48×10/+kΩ.  

 

Figure. 9 Comparison of the HRS resistances as a function of bias. voltage.  The 
pristine is compared in the next figure (Figure 10) where it shows that the 
resistance is still lower than pristine samples after recovery.!
!
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The fact that some of the 10-keV proton-irradiated samples are formed and set to LRS is after 

irradiation likely caused by oxygen-displacement damage and O-Hf bond breaking10 11. The H ions 

incident on the film lose energy as they travel through HfO2. The result of the energy loss is often 

the production of electron-hole pairs and displaced oxygen atoms (displacement damage). The 

displacement damage creates vacancies and interstitials. The electron-hole pairs are generated 

from ionization not displacement and the electron-hole pairs will recombine very fast.9 The oxygen 

vacancies generated during proton irradiation at the interface may affect the forming process by 

changing the interface potential barrier.30 In fact, forming-free RRAM (RRAM cells that don’t 

need to be formed) using ion implantation with different kinds of ions has been reported in 

references12, 13, 14. Ti and Al ion implantation have been used in ZrO2-based RRAM.12 Oxygen-ion 

implantation has been used in Ta2O5 and HfO2-based RRAM to obtain forming-free RRAM 

devices.14 Ge doping has been used to obtain forming-free HfO2-based RRAM.14 The proton 

radiation in this work is same as H ion implantation. Forming free means those RRAM cells that 

Figure.10 The average value of HRS resistances of pristine and 300-keV 1013 cm-2 fluence 

irradiated RRAM cells. The resistance increased after 5 months’ storage (“annealing”) at 

room temperature, but remained still smaller than the pristine sample.  
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are formed after ion implantation do not need to be formed with a separate forming process. The 

displacement damage produces oxygen vacancies and interstitial oxygen atoms that contribute to 

the conductive filaments by acting as temporary trapping centers.9,8,9 The high-energy proton 

radiation breaks up some of the Hf-O bonds, which can also result in oxygen vacancies and oxygen 

in interstitial sites.5 During the reset process, some radiation-induced oxygen vacancy-interstitials 

can recombine under the influence of an electric field.9 The change of resistance after radiation is 

likely from the segregation of radiation-induced defects.6 However, defect reordering (annealing) 

can take place at room temperatureError! Bookmark not defined., so the radiation-induced 

displacement damage decreases, and the crystal structure of the HfO2 film can recover with time.15 

This might be the reason that after 5 months’ annealing at room temperature, the HRS currents of 

irradiated RRAM cells have less variation between switching cycles. 

 

B.!Task five results from measurements on blanket films:  

 The effect of proton radiation on HfO2 blanket films 

 

Next, in order to determine the cause of the damage on RRAM cells, and to prove the 

hypothesis, measurements will then be made on HfO2 blanket films. This is a result of our 

hypothesizing that proton radiation will generate damage to RRAM. We further hypothesize this 

damage is generated from radiation-induced displacement. So in the tasks, we first examined if 

any RRAM has been damaged by proton radiation. Then we make measurements on blanket films 

to help determine the cause of the damage.  

!
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1.! Electron-spin-resonance measurements 

!
To determine possible damage mechanisms of the films, electron-spin-resonance 

measurements were made on 5-nm thick ALD HfO2 blanket films on a Si substrate before 

irradiation (pristine) and after proton irradiation. As shown in Figure 11, only Si dangling bonds 

were detected in the pristine film. On the other hand, two defect states were detected from the 

proton-irradiated film: (1) Si dangling bonds as before and (2) oxygen vacancies. These results 

show that oxygen vacancies are generated during proton irradiation. In addition, the defect 

concentration of oxygen vacancies in the 10-keV proton-irradiated samples is higher than the 300-

keV proton-irradiated samples. This can be seen from the results for oxygen vacancies in Figure 

11 (b) and (c). These results are consistent with the TRIM-code simulation as shown in Chapter 

III. For low-energy exposure, more protons are likely to stay in the HfO2 film and the 300-keV 

protons have enough energy to pass through the HfO2 films and get to the substrate without doing 

as much damage as the lower energy protons.  However, as mentioned earlier, the damage that is 

done by the 300-keV protons is more serious and often cannot be recovered.  

 

10keV!pristine!
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2.! C-V and leakage current measurements 

!
C-V characteristics can be used to determine the fixed oxide charge, interface defect states, 

dielectric constant and dielectric thickness. C-V measurements were made on both 5 and 100-nm 

thick HfO2 blanket films with a MOS structure. For the proton-exposed samples, the HfO2 film on 

Si substrate was exposed to proton radiation first and then a metal electrode was deposited on the 

HfO2 film with vacuum evaporation. The metal electrode has a structure of 200-nm silver on top 

of 30nm titanium. The fixed oxide charge in the bulk and the interface charge will affect the shape 

of the C-V characteristics. The fixed oxide charge will affect the flat-band voltage of the C-V 

characteristics. The slope change of the depletion region of the C-V characteristics indicates the 

presence of interface defect states.16 Figure 12. shows the C-V characteristics of the pristine and 

10-keV proton-irradiated HfO2 films with different thicknesses: 5 nm (left) and 100 nm (right).  

 

Figure 11. Measured Electron spin resonance and defect states fitting 
of (a). pristine, (b). 10-keV and (c). 300keV proton irradiated HfO2 
blanket films.!

300keV!
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First, the value of Cox under negative bias shows a 50% decrease in value in the 5-nm HfO2 

film after 10-keV and a fluence of 1014cm-2 proton exposure. All CV characteristics are measured 

at room temperature. The oxide capacitance Cox is related to the dielectric thickness 3 and the 

dielectric constant 4  by the expression 567 ≈
9:;<
=

, where A is the area and >?  is the vacuum 

permittivity.  This change can come from the decrease of the k value or an increase of the thickness 

of the oxide layer or both. However, the C-V characteristics of 100-nm HfO2 sample shows that 

the value of Cox is about the same before and after proton irradiation.  

   

The same setup for the CV measurements can also be used to measure leakage currents.  As is 

well known, the capacitance and conductance of an object are duals of each other.  That is, by 

replacing the permittivity with conductivity, the same expression can be used to calculate the 

conductance of the object. The leakage-current measurements on the MOS structure can thus be 

easily made.  

 

Figure 12. High frequency C-V characteristics of 5nm(left) and 100nm(right) HfO2 films.  



!

!

51!

To confirm this, as shown in Figure 13, the leakage currents for 5-nm and 100-nmHfO2 blanket 

films show similar results as the CV measurements. The leakage current of the 5-nm blanket film 

decreases after 10-keV proton irradiation, indicating that the conductivity increases. However, the 

leakage current of the 100-nm blanket film did not change before and after proton radiation.  This 

indicates that both the changes in capacitance and conductance occur at the interface of the films 

with the electrodes.  

 

 

 

The film crystallization structure of the HfO2 film is closely dependent on the film thickness.17, 

18, 19 The XRD results shows that the film structure isn’t changed after proton radiation from 10keV 

to 300keV. This shows that the thickness of the 100-nm HfO2 film isn’t significantly changed after 

proton radiation. Therefore, there is no significant change on the k value or the thickness of the 

100-nm HfO2 film after proton irradiation. Thus, the decreasing of Cox of the 5-nm HfO2 sample 

after proton irradiation is most likely from the fact that a thin layer of oxide is generated in the 

HfO2/Si interface after proton irradiation (as shown in Figure 14). Oxygen vacancies and oxygen 

Figure 13. leakage current measurements of 5-nm HfO2 film. 
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atoms (and/or oxygen ions) are generated during proton irradiation.  Oxygen is then released from 

both the 5-nm and 100-nm films and moves into the Si substrate.20 Since the 5-nm HfO2 film is 

very thin, most of the defects are generated in the interface. It is likely that the same effect occurs 

with the 100-nm thick film, but the result only changes the capacitance by a virtually undetectable 

amount since the capacitance of the bulk is so much smaller than that of the interface.  Note the 

equivalent circuit of the film with the oxide layer is that of two capacitors in series.  The 5-nm film 

capacitance is much larger than the 100-nm capacitance, so the thin layer oxide capacitance has a 

much larger effect.  The identical argument can be made for the conductance measurements.  

 

 

 

 

The flat-band voltage shift is often used to determine whether there are fixed defect states 

present in the bulk of dielectric film. In order to show the flat-band voltage shift and the charge 

accumulation, a normalized C/Cox ratio C-V curves of both the pristine and 10-keV proton 

irradiated HfO2 film are plotted in Figure 15. It shows that there is a lateral leftward shift in the C-

Figure 14. Shows how oxygen atoms are released from the hafnium oxide and move 
into the substrate and thus the silicon surface is being oxidized.  
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V curve of the 10-keV proton irradiated sample. The left shift means that there are fixed defect 

states which are positively charged are generated in the oxide after proton irradiation.21 

 

In addition to the flat-band voltage shift, there is also a slope change in the C-V curve after 

proton-irradiation. The “changed” C-V curve of the proton-irradiated sample shows that interface 

traps are present after proton irradiation.22 These interface traps behave very much like bulk deep-

level traps and can have energy levels in the bandgap of the oxide.22 

 

!
!
 

3.! X-Ray diffraction XRD 
 

To determine whether the crystal structure of HfO2 is changed after irradiation, samples with 

100-nm thick ALD HfO2 blanket films on Si substrate were measured with XRD. The HfO2 film 

is monoclinic polycrystal and the measurements were made with a Bruker D8 Discover 

diffractometer. Figure 16 shows the XRD results for pristine and proton-irradiated polycrystalline 

HfO2 films. The HfO2 blanket films have the structure as the HfO2 in RRAM.  The XRD results 

Figure 15. normalized C-V curve of pristine and 10-keV proton-
irradiated 5-nm HfO2 samples. In Figure 13, no such changes 
were seen in 100nm HfO2 samples. 

Slope!change!
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show that the crystal orientation was not changed by the proton radiation with energies of 10-keV 

or 300-keV. The XRD measurements were made at two different times: 1). within a week and 2). 

5 months after after proton irradiation. The results of these two measurement are same. 

 

 

 

 

 

 

C.!Tasks two, three, and four: Results from endurance and 
retention measurements: 

 
1.! Endurance  

!
a.! Endurance measurements of pristine samples and endurance failure. 

 
 

Figure 17 shows the endurance of the pristine RRAM cells. The pristine HfO2 RRAM cells 

have endurance up to 3M cycles measured under the conditions explained in Chapter IV. The 

m
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Figure 16. XRD measurement results of pristine and 
proton irradiated polycrystalline HfO2 film.   
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endurance of the same HfO2-based RRAM (non-irradiated) has been reported in reference 23 . The 

results showed in reference 23 indicate that this pristine HfO2-based RRAM has good endurance 

(up to 109 cycles).  

 

 

 

 

Figure 18 a) shows the measured I-V Characteristics and Figure 18 b) shows the HRS and LRS 

resistances during repeated switching cycles of a pristine RRAM cell. From Figure 18 a), it can be 

seen the HRS current increased slightly as the number of switching cycles increased, which means 

the HRS resistance decreased as the number of switching cycles increased. However, within ~106 

cycles, no significant degradation of the ON/OFF window or set/reset voltage is seen for those 

devices still operating. 

Figure 17. Endurance of pristine RRAM devices.  
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!

 

Generally, the number of endurance cycles of RRAM depends on a variety of factors, e.g,  

materials, structure, write voltage and frequency24, 25. Therefore, these conditions were set to be 

constant, as listed in chapter IV, for the measurements of different radiation cases. Thus, we know 

the observed differences between samples are from the proton radiation. Usually , the  final failure 

state of RRAM is that it is stuck in the LRS state and unable to reset back to HRS.26 The reason 

for this could be that too many defects such as oxygen vacancies have accumulated during the 

cycling. There are two locations where this can happen 1). at the electrode/oxide interface; 2). near 

the filament in the oxide layer.27 These can happen at the same time. 

 

There are also two types of RRAM endurance failures that were measured in this work The 

first type of endurance failure is due to a small ON/OFF ratio (decreased RHRS and increased RLRS) 

as shown in Figure 19. The other type of endurance failure is due to dielectric breakdown so that 

the RRAM can no longer be reset during switching. Only the second type endurance failure was 

measured with pristine RRAM cells. Both types of endurance failure were measured with the 

Figure 18. a). measured I-V characteristics and b). HRS and LRS resistance of 
pristine RRAM cell as a function of switching cycles.   

 

Pristine!
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proton-irradiated RRAM cells. 

 

 

 

 

In the SET process, the conductive filaments are formed from the generation of oxygen 

vacancies and oxygen ions. Then the oxygen ions drift to the anode (top electrode) and are stored 

in the electrode under positive bias.27  In a typical RESET process, the stored oxygen ions in the 

electrode layers can be moved to the resistive switching layer from the top electrode to rupture the 

conducting filament  when the device is under reverse bias. This nature of this reset process has 

been previously explained in Chapter II. 

 

The oxygen ions produced during the SET/RESET switching process can cause oxidation at 

the anode and electrode interfaces.24, 27 This interface oxidation will increase the LRS resistance, 

as explained in chapter II. In addition, extra oxygen vacancies generated in the HfO2 film during 

proton radiation and set process under the forward electric fields increase the filament size and 

decrease the HRS resistance.31 

@4 @2 0 2 4

Endurance Faiure: too!small
RHRS/RLRS ratio!

I
@3 @2 @1 0

Endurance failure: reset
breakdown

V

I

Figure 19. a). endurance failure due to small RHRS/RLRS ratio;  
b). endurance failure from dielectric breakdown.  

!V!
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b.! Endurance as a function of proton energy 
!
!

Figure 20. shows the endurance of the pristine and the proton-exposed RRAM cells. The 

proton-exposed RRAM cells are irradiated with different proton energies and the same fluence 

(1014 cm-2). Under the same measurement conditions, the pristine HfO2 RRAM cells have 

endurances up to  3*106 cycles. After proton irradiation the endurance decreases, especially the 

50% endurance failure point. In addition, the 50% endurance failure decreases with higher proton 

energy. For the pristine RRAM samples, 50% of the cells failed below 300k cycles. 50% of the 

300keV proton irradiated RRAM cells failed below 100k cycles, around 50% of the 100keV and 

10keV proton irradiated RRAM cells failed below 180k cycles. To extrapolate to real time, the 

endurance is measured at different temperatures and the results are then extended to room 

temperature.  The high-temperature measurements are presented in next section. 

 

!

 

 

Figure 21 shows a comparison of the a) pristine and b) 300-keV proton-irradiated RRAM 

cells’ resistance endurance characteristics up to 106 cycles. Good uniformity of switching 

Figure 20. Endurance of pristine and proton exposed RRAM 
devices. The proton energies are 10keV ,100keV and 300keV. 
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parameters such as LRS and HRS resistance was measured in pristine RRAM cells. Within 106 

switching cycles, there is no significant decrease of the ON/OFF ratio (It is also called the logic 

window) in pristine RRAM cells. The ON/OFF ratio of pristine RRAM is about 10 times 

smaller after 106 switching cycles. However, for the 300-keV proton-irradiated RRAM cells, 

the HRS resistance decreased by two orders of magnitude after 106 switching cycles. The LRS 

resistance of 300-keV proton irradiated RRAM cells increased about 5 times after 106 

switching cycles. Finally, the ON/OFF ratio is about three orders of magnitude smaller after 

106 switching cycles (as shown in Figure 21 b). This means after proton radiation the ON/OFF 

ratio are decreases faster with more switching cycles.   

 

 

 

 

Figure 22 is the measured I-V characteristic of a 300-keV proton-irradiated RRAM cell up 

to 106 switching cycles. As compared with the I-V characteristics of a pristine RRAM cell in 

Figure 18 a), the proton-irradiated RRAM cell shows greater HRS resistance decrease with as 

the number of switching cycles increased. It is likely that the HRS changes comes from the 

Figure 21. measured HRS and LRS resistance of a) pristine and b) 300keV proton 
irradiated RRAM as a function of switching cycles. The LRS resistance of proton 
exposed RRAM cells is 5 times smaller and HRS resistance is 100 times smaller 
after 1 M cycles.  
 

HRS!decrease!

LRS!increase!

HRS!decrease!
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number of the ruptured CFs (conductive filaments) length (physical gap of the CFs as shown 

in Figure 23) 28 .  In the LRS state, there is no gap, so that the change is less significant for the 

LRS resistance than the HRS.28, 29  

 

The radiation-induced charge-trapping centers add energy levels in the HfO2 bandgap.Error! 

Bookmark not defined., 30 In addition, the radiation-induced defects in the devices may affect the CFs’ 

size, length and the filament growth activation energy Ea.31 The increased CFs size may also 

cause RESET failure.32 The uncombined proton-induced oxygen vacancies and defects serve 

as electron trapping centers in the HfO2 film and make the dielectric material easier to break 

down.30  Furthermore, the H ions can reduce the filament-formation energy. The higher the 

concentration of H ions, the greater the reduction of the filament-formation energy.33 Therefore, 

the endurance cycles of proton-irradiated RRAM decrease with higher proton energy. 

 

 

 

Figure 22. measured I-V characteristics of one 300-keV proton 
irradiated RRAM cell up to 106 switching cycles. 

300keV!
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!
c.! Endurance as a function of proton fluence 

!

The endurance was also measured as a function of fluence. Table 4. shows that the 

endurance failure percentage of RRAM cells that are exposed with 100keV proton energy over 

a range of proton fluences. The fluences are: 10 9, 10 11, 1013, 1014 and 1015 cm-2. Table 3 and 

Figure 24 shows that when the fluence is less than 1013 cm-2, the endurance is not significantly 

affected by the proton irradiation. However, when the fluence is higher than 1013 cm-2, the 

endurance slightly decreases compared with the pristine RRAM cells. 

 

 

Figure 23. Conductive filaments in HRS and LRS.28 

Figure 24. Measured endurance of 100-keV proton-exposed 
RRAM cells as a function of proton fluence. 
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Number'

of'cycles!

pristine! 100keV'''

109cm72!

100keV'

1011cm72!

100keV'

1013cm72!

100keV'

1014cm72!

100keV'

1015cm72!

<60000! ! ! ! 0.2! 0.25! 0.25!

<90000! ! 0.2! ! ! ! !

<120000! 0.15! ! 0.25! 0.5! 0.4! 0.4!

<180000! 0.3! 0.4! ! ! ! 0.5!

<250000! 0.4! ! ! 0.6! 0.6! 0.75!

<300000! 0.5! 0.5! 0.5! 0.7! ! !

<600000! 0.8! ! 0.7! 0.9! ! 0.9!

<800000! ! 0.8! ! ! 0.9! !

<1000000! 0.9! 0.9! 0.9! ! 1! 1!

<1500000! ! ! 1! 1! ! !

<2000000! ! 1! ! ! ! !

<3000000! 1! ! ! ! ! !

 

!
 

! 

Figure 25. show that when the fluence is higher than 1013cm-2, the endurance of the 10-

keV, 100-keV and 300-keV proton-irradiated RRAM cells all decrease compared with pristine 

RRAM cells. The endurances of proton-exposed samples with different fluences is very close 

and 50% failure happens in about same range. The endurance values for each proton energy 

are given in the previous section.  This is designed to show the endurance decreases after proton 

Table 4. Endurance failure rate of 100-keV proton exposed RRAM cells as a 
function of fluence. !
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irradiation compared with the pristine RRAM cells.  

 

 

 

 

d.! Endurance as a function of temperature 
!
!

The endurance of pristine and proton-irradiated RRAM cells was measured at four 

temperatures: room temperature, 75, 120 and 150 °C. A hot plate was used for the high temperature 

measurements as shown in Figure 26. The temperature of the samples could be manually controlled. 

Figure 25. Measured endurance of 10 to 300-keVproton-irradiated 
RRAM cells as a function of fluence. 

10keV! 100keV!

300keV!
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Figure 27 shows the endurance characteristics of pristine RRAM measured at different 

temperatures. The endurance of pristine RRAM cells decreases as the temperature increased. It is 

clear that more pristine RRAM devices fail earlier at higher temperatures. 

 

!

 

Figure 27. Endurance characteristics of pristine RRAM as a function 
of temperature. 

Hot!plate!

Figure 26. The hot plate and probes used for high-temperature 
measurements. 
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A comparison of resistive switching measured at room temperature and 150°C is shown in 

Figure 28. It is observed that the HRS current increases at high temperature. The LRS current 

under positive voltage is the compliance current so that it is always held constant. Since the HRS 

current at 150°C  is higher than at room temperature, the compliance current needed be set to a 

higher value in order to make sure the device can be successfully set. The compliance current can 

be set in the semiconductor parameter analyzer.  When the device is reset to HRS, the conductive 

filaments are broken near the dielectric/electrode interface (as shown in Figure 6), and the gap 

between the conductive filaments and the electrode limits the current (HRS current).34  

 

The oxygen-vacancy generation probability (when the applied voltages are constant) can be 

expressed as35, 34: 

p ∝ exp − EF
:GH

        (1) 

where IJ  is the activation energy for the formation of oxygen vacancies, 4K  is Boltzmann’s 

constant and T is the temperature in degrees Kelvin. With increasing temperature, the probability 

of oxygen-vacancy formation increases. The increased oxygen-vacancy-related trap density at high 

temperature can enhance the trap-assisted tunneling current at HRS.34, 36, 37 Thus, the HRS current 

increases at high temperature.  In addition, the oxygen-ion mobility will increase with increasing 

temperature.34 Since the probabilities of creating oxygen vacancies and the oxygen ion mobility 

are both increased at higher temperature, the set and reset voltage will decrease with increasing 

temperature. 
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!

 

 

The high-temperature endurance characteristics of the proton-exposed RRAM are shown in 

Figure 29. In Figure 29 (a) and (b), the 10-keV and 100-keV proton-irradiated RRAM cells’ 

endurance cycles (until failure) decrease at higher temperatures. The degradation of endurance at 

high temperature is less significant in the RRAM cells that are exposed with 100-keV than 10-keV. 

However, in Figure 29 (c), the endurance of 300-keV proton-exposed RRAM cells measured at 

high temperature and room temperature are very close, except that more 300-keV proton irradiated 

RRAM cells fail before 50k switching cycles at 150°C.  

!

Figure 28. Comparison of resistive switching at room temperature and 150°C. 

(b)!100keV!(a)!10keV!
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!

 

Figure 30 (a) shows the 600k cycle endurance test of a 100-keV proton irradiated RRAM cell 

measured at room temperature and (b) at 150°C. The HRS and LRS resistance are read at -0.5V. 

It was observed that the resistance uniformity of each measurement is better at room temperature 

than at 150°C. The variance between Max and Min value of HRS resistance measured in room 

temperature is about 100, and at 150 °C, the variance is about 2000. This is because oxygen-ion 

diffusion is enhanced at high temperature. The diffused oxygen-ions recombine with oxygen 

vacancies randomly in the dielectric film. Therefore, the size and length of the conductive 

filaments are affected by oxygen-ion diffusion.  

(c)!300keV!

Figure 29. Endurance of proton-irradiated RRAM cells a) 10-keV, b) 
100-keV and c) 300-keV measured at high temperatures. 
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As shown earlier, the HRS resistance decreases with higher proton energy. This means that 

during resistive switching, there are more unrecoverable radiation-induced defects in 300-keV 

proton-irradiated RRAM cells than for the lower proton energies. These defects enhance the 

electron hopping and lower the formation energy IJ.38, 39 Based on crystal defect and probability 

theories, the cumulative-failure probability (time-dependent failure probability)  can be expressed 

as a function of applied voltage and defect-generation probability.35, 40, 41, 42  The oxygen-vacancy 

generation probability is shown in Eq (1). A low IJ value exhibits a weak temperature-dependence 

of the dielectric breakdown.43 Since the IJ value is smaller after higher proton irradiation,33 the 

300-keV proton-irradiated RRAM cells have the smallest IJ value. Thus, the endurance of 300-

keV exposed RRAM cells shows less difference between the measurements at different 

temperatures.   

!
!

Figure 30. HRS and LRS resistance of a 100-keV 1014cm-2 proton-irradiated RRAM cell 
measured at a) room temperature and b) 150°C with repeated switching cycles.  
The variance of HRS resistance measured in room temperature is about 100 times, and 
at 150 °C, the variance is about 2000 times.   

(a)! (b)!
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2.! Retention  

!
The LRS retention was measured for the pristine, 10, 100 and 300-keV proton-exposed RRAM 

cells at 120°C.  The samples exposed with the highest fluence (1015 cm-2) were used for the 

retention measurements. In order to accelerate the retention test, a high temperature of 120°C and 

a read voltage of 0.5V were used in the retention measurements. As shown in Figure 31, all the 

measured RRAM cells can still be set and reset after >105 s (more than 8 hours) retention 

measurement. Based on the accelerated reliability testing model described in references 44 and 45, 

higher temperature and higher voltage would speed up the failure. The 8-hour retention time 

measured in this situation can be extrapolated to about 14-15 years’ lifetime. These results show 

that after proton exposure, the RRAM cells still have very good retention behavior.  
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More!than!8!hours!

Figure 31. Retention time of pristine and proton irradiated RRAM cells at 120°C. 
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 Chapter VI. Summary and Conclusions. 

 
!

A.!Comparison of experiment with theory. 

 

The TRIM code simulation results showed that for low-energy exposure, more protons are seen 

to stay in the HfO2 film. However, 300-keV protons have enough energy so that most of them can 

pass through the HfO2 film. The simulation results for vacancies distribution (Chapter III, Figure 

1), show that more vacancies are generated in the HfO2 film after 10-keV proton irradiation than 

300-keV irradiation. It must be noted that these results are only those obtained for blanket films, 

not for the RRAM Cells themselves.  However, it was seen that the damage that was produced by 

the 300-keV protons is more severe that that produced by the lower energy protons.  This was seen 

because it was not possible to recover the damage from the 300-keV protons, while that produced 

by the 10-keV protons could be significantly recovered. 

 

Electron-spin resonance measurements were made with the 5-nm ALD HfO2 blanket film. The 

ESR spectra of pristine and-proton irradiated samples were fitted using a Gaussian distribution to 

determine the g values for each defect in the dielectric film. As shown in Figure 28 in chapter IV, 

only Si dangling bonds were detected in the pristine HfO2 film. On the other hand, two defect 

states were detected in the proton-irradiated film: (1) Si dangling bonds and (2) oxygen vacancies. 

These results show that oxygen vacancies are generated during proton irradiation. In addition, the 

defect concentration of oxygen vacancies in the 10-keV proton-irradiated samples is higher than 

the 300-keV proton irradiated sample. This can be seen from the fitting results for oxygen 
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vacancies shown in Figure 28 (b) and (c) in chapter V. These results are consistent with the TRIM 

code simulation results as shown in Chapter III.  That is, more oxygen vacancies are generated in 

the HfO2 film after 10-keV proton radiation than 300-keV. For low-energy exposure, more protons 

are likely to stay in the HfO2 film than the 300-keV protons which have enough energy to pass 

through the HfO2 film and get to the substrate.   

 

This results can explain the fact that some of the 10-keV proton exposed RRAM cells are 

formed during radiation. Low-energy proton radiation is more likely to induce a soft breakdown 

in the dielectric film.1 The radiation-induced soft breakdown in high-k oxides results if the proton 

ions create a random conductive path in the oxide.2 Such a soft breakdown is not, however, 

permanent.2 It can indeed be recovered during resistive switching.3 During the reset process, some 

radiation-induced oxygen-vacancy-interstitials can recombine under the influence of an electric 

field. From the results of Task one in chapter V, those RRAM cells that are formed by proton 

irradiation could be reset and turn to HRS. When a RRAM cell is reset from LRS to HRS, that 

means the oxygen vacancies have recombined with oxygen ions.  

 

C-V measurements were made on 5 and 100-nm thick HfO2 blanket films with a MOS structure. 

Figure 15 in chapter IV shows that there is a lateral leftward shift in the C-V curve of the 10-keV 

proton irradiated sample. The left shift means that there are fixed defect states, which are positively 

charged, are generated in the oxide after proton irradiation.4 Except for the flat-band voltage shift, 

there is a slope in the C-V curve change after proton-irradiation. The “distorted” C-V curve (Figure 

15 in chapter IV) of the proton-irradiated sample shows that interface traps are present after proton 
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irradiation.5 These interface traps behave very much like bulk deep-level traps and can have energy 

levels in the bandgap of the oxide.5  

 

The C-V characteristics of 100-nm HfO2 samples show that the value of oxide capacitance Cox 

is about the same before and after proton irradiation. The value of Cox under reverse bias shows a 

50% decrease of the 5-nm HfO2 film capacitance after 10-keV proton exposure. Thus, the decrease 

of Cox in the 5-nm HfO2 samples after proton irradiation is likely from the fact that a thin layer of 

oxide is generated in the HfO2/Si interface after proton irradiation (as shown in Figure 14, chapter 

IV). In the 100-nm HfO2. Since the thickness of this HfO2 film is much larger, such a change in 

the interface is not likely to affect the net capacitance. Therefore, the value of Cox in the 100-nm 

HfO2 sample is about the same after proton irradiation. Leakage-current measurements were also 

made with the same MOS structure. The leakage current of the 5-nm blanket films decreased after 

10-keV proton irradiation, indicating that the conductance decreases. However, the leakage current 

of the 100-nm blanket film did not change before and after proton radiation.  This indicates that 

both the changes in capacitance and conductance occur at the interface of the films with the 

electrodes.   

 

 

B.!Conclusions 

 

The hypothesis of this work is that proton radiation with energies from 10-300keV will 

generate damage to HfO2-based RRAM that will affect the RRAM cell’s resistive switching, 

reliability, stability and endurance as a function of proton energy and fluence. We further 



!

!

82!

hypothesized that this damage is generated by radiation-induced atomic displacement. The effect 

of proton radiation on HfO2 blanket films and HfO2 based RRAM was investigated using 10, 100 

and 300-keV protons with fluences from 109 to 1015 cm-2. The I-V characteristics, endurance and 

retention were measured before and after irradiation.  

 

Tasks to prove the hypothesis: 

Task One:  Measure RRAM cells’ I-V characteristics after proton irradiation to determine 

whether the proton irradiated RRAM cells are still working. I-V measurements are used to 

determine the effect of proton radiation on the RRAM’s resistive switching characteristics.  These 

are: the HRS and LRS resistances, the forming process, and the set and reset voltages. These will 

be measured as function of proton energy and proton fluence. In order to find out whether the 

damage can be recovered, the HRS and LRS resistance of proton irradiated RRAMs will be 

measured immediately after after irradiation and also after 5 months’ storage at room temperature.  

Task Two: If the RRAM cells are still working functionally after proton radiation, then 

reliability tests will be made. In order to determine the effect of proton radiation on the reliability 

of RRAM, endurance and retention will be measured. These quantities are key parameters for 

memory reliability.6  

Task Three: To measure the stability of the irradiated RRAM cells, the HRS and LRS 

resistance values (the ratio of HRS resistance to LRS resistance, which is often called the Roff/Ron 

ratio) of the proton-irradiated RRAM cells will be measured as a function of the number of 

switching cycles. This is because switching failures could happen when the Ron/Roff ratio is too 

low (< 10).7 
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Task Four: The performance of RRAM is temperature dependent,8,9 and because proton-

induced damage will be enhanced at high temperatures, the resistive switching characteristics, 

HRS and LRS resistances, and the endurance of proton-irradiated RRAMs will be measured as a 

function of temperature from room temperature to 150°C, in order to find out how the proton-

irradiated RRAM cells behave at high temperature.  

Task Five: To determine the cause of the damage, C-V, XRD and ESR measurements will be 

made on HfO2 blanket films, to be compared with the results of a TRIM simulation. The TRIM 

simulation will show where displacement damage is predicted. ESR measurements will be made 

to determine whether displacement damage and oxygen vacancies are generated by the radiation. 

C-V measurements will be made to determine the radiation-induced defect-charge type and where 

the defects are generated. If the results of these measurements agree with each other, then it is 

more likely to prove the hypothesis that the damages are from radiation-induced displacement.  

 

Tasks one to four are all made with RRAM devices, task five is made with blanket film. 

 

The results of task one:   

 The proton irradiated RRAM devices work functionally after proton irradiation. However, 

a number of the low-energy proton-exposed samples were found to be set to LRS after exposure.  

In addition, after negative DC bias reset, these particular devices can switch to HRS. This 

forming/set process could be explained as radiation-induced dielectric soft breakdown.10 That is, 

oxygen vacancies are generated during proton radiation which produces the dielectric soft 

breakdown. The results in a random conductive path in the oxide and switches the RRAM cell to 
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LRS.11 The ESR measurements shows that a soft-dielectric breakdown results from displacement 

damage. 

 

In addition, the HRS resistance value exhibited a significant decrease after irradiation. Those 

radiation-induced defects that could not recovered during the reset action act as temporary trapping 

centers and affect the conductive filaments’ size.12 13 14 In addition, in the HRS, there are more 

oxygen vacancies in the gap region of the conductive filaments. The extra oxygen vacancies can 

help to reconnect the filament under the set operation electric field. The resistance is related to the 

size of the conductive filaments.14 Since the radiation-induced oxygen vacancies increase the size 

of the conductive filaments, the resistance at HRS decreased after proton irradiation. After a period 

of time at room temperature, the radiation-induced damage in the HfO2 film recovered and the 

HRS resistance increased compared to the just-exposed samples. Once defects are formed by 

incident radiation, those defects will reorder to form more stable configurations which have the 

lowest energy levels. However, the HRS resistance is still lower than that for pristine RRAM. This 

indicates that the oxygen vacancies generated during proton irradiation can only be partly annealed 

at room temperature. After the room temperature “annealing”, the HRS resistance was measured 

as a function of proton energy and fluence. The results show that the HRS resistance is lower with 

higher proton energy and higher fluence. This means that even more oxygen vacancies are 

generated during proton radiation, most of the could be recombined with oxygen ion during reset 

process and after 5 months’ storage at room temperature. Those damages that are not be able to 

recover, act as temporary trapping centers and add extra energy in the band gap. In addition, the 

activation energy of oxygen vacancies is lower after proton radiation. It also decreases more with 

higher proton energy. Another reason is that even fewer protons stay in the HfO2 film when energy 
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is 300keV, so one 300keV proton may produce more oxygen vacancies or other charged trap 

centers that are not be able to recovered during switching process. Therefore, there are more long-

lasting damage generated with higher proton energy and fluence.  

 

These results prove the hypothesis that proton radiation will affect the I-V characteristics of 

RRAM cells. However, more long-lasting damage is generated by higher proton energy and higher 

proton fluence. 

  

The results of task two and three: 

The results of task one show that the RRAM cells are still working functionally after radiation. 

Good uniformity (small variance) of switching parameters such as LRS and HRS resistance were 

then measured in pristine RRAM cells. Within 106 switching cycles, there was no significant 

decrease of the ON/OFF (RHRS/RLRS) ratio (also called the logic window) seen in the pristine 

RRAM cells. The proton-exposed RRAM cells were exposed to different proton energies with the 

same fluence (1014 cm-2). After proton irradiation with energies from 10 to 300keV, the endurance 

decreases, especially the 50% endurance failure. In addition, the 50% endurance failure decreases 

(RRAM cells breakdown with fewer switching cycles) with higher proton energies. For the pristine 

RRAM samples, 50% of the cells failed below 300k cycles. 50% of the 300keV proton irradiated 

RRAM cells failed below 100k cycles, around 50% of the 100keV and 10keV proton irradiated 

RRAM cells failed below 180k cycles. Even though the endurance of proton irradiated RRAM is 

not as long as that for pristine RRAM, the endurance of proton irradiated RRAM cells shows that 

a small fraction of them can still get up to 106 cycles. The endurance was also measured as a 

function of fluence. RRAM cells were exposed with a proton energy of 100keV and different 
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proton fluences: 10 9, 10 11, 1013, 1014 and 1015 cm-2. When the fluence was less than 1013 cm-2, the 

endurance was not significantly affected by the proton radiation, the endurance is very close to 

pristine samples. However, when the fluence was higher than 1013 cm-2, the endurance decreased 

compared with the pristine RRAM cells, as the values showed in Table 4, Chapter V.  

 

The radiation-induced defects in the RRAM devices may affect the CFs’ size, length and 

filament growth activation energy Ea.15  The larger CFs sizes may cause reset failure. 16  The 

uncombined proton-induced oxygen vacancies and defects serve as electron trapping centers in the 

HfO2 film and make the dielectric material easier to break down.11 In addition, H ions can reduce 

the filament formation energy.  The higher the energy of the protons, the more reduction in the 

formation energy was observed.17 Therefore, the endurance cycles of proton irradiated RRAM 

consistently decreased with higher proton energy.   

 

The results of Task four: 

The endurance of pristine and proton irradiated RRAM cells were also measured at high 

temperatures, i.e., 75, 120 and 150°C. The endurance of pristine RRAM cells decreased as the 

temperature increased. For endurance cycles below 100k, more devices failed at higher 

temperatures. It was also observed that the HRS current increases at high temperature. With 

increasing temperature, the probability of oxygen vacancy formation increases. The increased 

oxygen vacancy-related-traps density at high temperature can enhance the trap-assisted tunneling 

current at HRS. 18, 19 In addition, oxygen-ion mobility will increase with increasing temperature.20 

The probability of creating oxygen vacancies as well as the oxygen-ion mobility both increase at 

higher temperatures.  This shows that the set and reset voltage should decrease with increasing 
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temperature which has been observed in Figure 22, chapter V. High-temperature endurance 

measurements were also made with proton-irradiated RRAM cells. The 10 and 100-keV proton-

irradiated RRAM cells’ endurance cycles decreased at higher temperatures. The degradation of 

endurance at high temperature is less significant in the RRAM cells that were exposed with higher 

energy photons (at the same fluence). However, the endurance of 300-keV proton-exposed RRAM 

cells measured at high and room temperature are very close, except that it was seen that more 300-

keV proton-irradiated RRAM cells failed before 50k switching cycles at 150°C compared with the 

lower temperature 300keV case.  

 

As shown in the preliminary work, the HRS resistance decreases with higher proton energy. 

This means that during resistive switching, there are more unrecoverable radiation-induced defects 

in 300-keV proton-irradiated RRAM cells than at lower proton energies. These defects enhanced 

electron hopping and decreased the activation energy !".21, 22  

 

Based on crystal defect and probability theories, the cumulative failure probability can be 

expressed as a function of defect generation probability F = 1 − (1 − ()"*, where p is the defect 

generation probability: p ∝ exp − /0
123

. 23 , 24 , 25  A low !"  value shows a weak temperature 

dependence of the dielectric breakdown.26 Since the !" value is smaller after higher-energy proton 

irradiation,17 the 300-keV proton irradiated RRAM cells have the smallest !" value. However, 

more oxygen vacancies are generated in 10-keV exposed RRAM cells than in 300-keV. However, 

most of the proton-induced oxygen vacancies can be recovered during the reset process using an 

electric field, because these damages are like the soft breakdown in dielectrics that can be 

recovered. However, those damages that are not be able to recovered during reset appear in lower 



!

!

88!

values for the HRS resistance and !". This explains the results that the endurance of higher-energy 

exposed RRAM cells showed fewer differences between the measurements at different 

temperatures, as showed in Figure 23, chapter V.   

 

The LRS retention was measured for pristine, 10, 100 and 300-keV proton-exposed RRAM 

cells at 120°C.  The retention measurements is the time that the device at least could work before 

breakdown, so the samples exposed to the highest proton fluence (1015 cm-2) were used in the 

retention measurement. All the measured RRAM cells could still be set and reset after >105 s (more 

than 8 hours) retention measurement. These results show that after proton exposure, the RRAM 

cells still have very good retention behavior. The 8-hour retention time measured in this situation 

can be extrapolated to about 14-15 years’ lifetime.27  

 

The results of task five (measured with blanket films): 

The ESR measurement results for blanket films show that, during proton irradiation, oxygen 

vacancies are generated in the HfO2 blanket films. During 10-keV proton radiation, more oxygen 

vacancies were generated in the HfO2 films than when they were irradiated with 300-keV protons. 

This result is constant with the TRIM simulation results. The C-V measurements also showed that 

positively charged defects were generated in the HfO2/Si interface and dielectric bulk. The XRD 

measurements made within a week and 5 months after proton radiation shows that the proton 

radiation did not change the crystalline structure of the HfO2 film. 

These results prove the hypothesis that the effects on RRAM cells are caused by radiation 

induced oxygen vacancies that is generated from displacement damage.  

 



!

!

89!

C.!Future work 

 

One of the limiting factors of RRAM is the need for an initial electroforming step to create a 

conductive filament in the dielectric. The forming process is a timing-consuming step. In addition, 

the forming voltage, which is much higher than the switching voltage (set and reset voltage), makes 

RRAM less compatible with low-voltage CMOS technology. 28 Therefore, it is important to reduce 

the forming voltage as low as the set voltage or to have forming-free RRAM. From this work, it 

has been found that some of the RRAM cells were formed during 10-keV proton irradiation. As a 

possibility to extend the work, in the right energy range, proton radiation could be used to get 

forming-free HfO2-based RRAM devices. The optimized proton energy range and fluence need to 

be determined to produce forming-free RRAM devices, without degrading the switching 

performances and endurance.  

 

An improvement of resistive switching properties in ZrO2 based RRAM with implanted ion 

has been reported.29 After doping Ti in ZrO2, the variations of set voltage and HRS resistance 

could be reduced. In this work, the HfO2-based RRAM shows more variations of HRS resistance 

after proton radiation and/or at higher temperature. Future work to find an ion implantation process 

that can reduce such variations is important.   
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