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ABSTACT 
Resistive Random Access Memory (RRAM), is considered to be a very promising memory 

technology for the next generation of computer memory has undergone intense research in both 

industry and academia in the last ten years. As RRAM technology matures and electronic 

devices using RRAM are likely to be built soon, malfunctions of RRAM caused by cosmic rays 

and/or other radiation will become an important problem in industry since the size of these 

devices will continue to decrease. Of primary concern for RRAM are changes in performance 

and reliability of RRAM due to this radiation. 

In order to determine the mechanism of the damage produced by irradiation, multiple 

diagnostics were used to measure the damage level on HfO2 blanket films and two types of 

HfOx RRAM cells before and after exposure to neutrons and protons. For HfO2 blanket films, 
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electron-spin resonance (ESR) was used to detect defect-state concentrations before and after 

exposure. Leakage currents for irradiated HfO2 films were measured. Changes to crystal 

structure were measured with an x-ray diffractometer (XRD). For HfOx RRAM, forming 

process, I-V characteristics and endurance were examined before and after irradiation. 

Displacement damage and followed by annealing effects from neutrons were observed with 

ESR and leakage current measurements on HfO2 blanket films. 90% of HfOx RRAM cells 

were formed and end up in the low-resistance state (LRS) under a high neutron fluence which 

infers neutrons create a conduction path by producing oxygen vacancies. Generation of oxygen 

vacancies is attributed to displacement damage by neutron irradiation. On the other hand, an 

observed increase in the resistance of the high resistance state (HRS) of RRAM may be 

attributed to an annealing effect.  

For protons, only the annealing effect was observed from both ESR and leakage current 

measurements on HfO2 blanket films. For proton-irradiated HfOx RRAM, no forming were 

observed. However, a similar increase as in the case of neutron irradiation in the HRS was 

observed. Protons also annealed the HfOx film within a RRAM as was also the case for neutron 

irradiation. 

The changes in atomic-structure in HfO2 films were investigated with XRD. The results 

showed the HfO2 films become more crystalline after both neutron and proton irradiation. This 
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change results in shifts in values of the set voltage and degradation of endurance for both 

neutron-irradiated and proton-irradiated RRAM cells.  

Based on these results, a modified RRAM configuration is proposed and was shown to be 

more resistant to neutrons and protons than the original RRAM configuration. 
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Chapter 1 - Introduction 
 
As the size of devices decreases and the complexity of electronic chips increases, cosmic-ray- 
induced crashes and/or radiation-induced damage are becoming a severe threat to electronic 
circuits and devices. Resistive Random Access Memory (RRAM),1 which is considered as a very 
promising memory technology for embedded systems, has undergone intense research in both 
industry and academia in the last ten years. The advantage of a RRAM cell is because of its very 
simple structure: a layer of dielectric is “stacked” between two layers of metal and can be 
integrated with conventional CMOS fabrication technology.    

Figure 1. Schematic of RRAM cell in its simplest form. Adapted from [1]. 
As RRAM technology matures and electronic devices using RRAM are likely to be built, 
malfunctions of RRAM caused by cosmic rays and/or other radiation will become an important 
problem in industry since the size of these devices will continue to decrease. There are many 
effects produced by such radiation and they vary in magnitude from data disruptions to complete 
device failure. Of primary concern for RRAM is a change in resistance of the metal oxide since 
the two states of a RRAM memory cell depend on the resistance of the metal oxide. There is a 
consensus that the resistance change of the metal oxide is related to a change in the defect 
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concentration2 present in the metal oxide. Therefore, we must first consider how radiation affects 
the defect concentration.   
Thus, this work focuses on two specific issues: (1) how the radiation affects the properties of the 
metal oxide, and (2) permanent degradation in performance and reliability of RRAM due to 
radiation. 
Much literature has discussed radiation effects on different RRAM cells. Earlier work showed that 
TiO2 RRAM cells were tolerant to high levels of several radiation sources.3,4,5 For TaO2-based 
RRAM cells, they have shown various sensitivities to different radiation sources.6,7   
In this work, we investigate the details of radiation-induced effects on HfO2-based RRAM. A 
comparison of the effects induced by different radiation sources will be provided. 

1.1 Purpose of This Work 
 
The goal of this work is to investigate how cosmic rays and/or other radiation affects RRAM. The 
work determines the mechanisms that cause changes in states of a memory cell with concomitant 
permanent degradation in switching behavior. In addition, making RRAM becomes more damage 
resistant is also a goal of this work.  

To proceed, this work will be divided into two parts.  Part I will concentrate on blanket films.  
Typical metal oxides used for RRAM, especially HfO2, will be deposited on Si substrates. These 
samples will be exposed to those species included in radiation that could be damaging: neutrons 
and protons. To detect the influence of these species, multiple diagnostics will be used. Electron-
spin resonance (ESR) will be used to detect defect-state concentrations of the metal oxides 
deposited on high-resistivity substrates before and after exposure.  Changes in leakage currents 
produced by radiation are also measured with a picoammeter. An x-ray diffractometer (XRD) will 
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also be utilized to measure changes in crystal structure. Analysis of the results will determine how 
the properties of these dielectrics are modified by radiation.   

Part II will focus on RRAM. The radiation source and fluence will be the same as in Part I. The 
influence of radiation on RRAM, observed by examining the forming process, I-V characteristics 
and endurance, will be the key measurements in this part.    

1.2 Outline of Thesis 
This thesis is organized as follows. Chapter II provides background information on RRAM and 
details of the switching mechanisms. Cosmic rays and other radiation generated during plasma 
processing are described. Two fundamental mechanisms of radiation damage and radiation-
induced effects will be discussed. Finally, detailed information will be provided on radiation-
induced effects on different types of RRAM cells. 
Chapter III describes the experimental apparatus that has been used in this work. Three exposure 
systems, (1) a nuclear reactor as a neutron source, (2) a linear particle accelerator, and (3) an ion 
implantation, are introduced. Two different fabrication process of the metal-insulator-metal 
RRAM structure are used in this analysis.  They are: Type 1, a thick dielectric film produced by 
sputtering and Type 2, a thin dielectric film produced by atomic layer deposition (ALD). The 
techniques used to investigate damage on blanket films and RRAM cells are then discussed. 

In Chapter IV, neutron-induced effects are shown. For effects on blanket films, electron-spin 
resonance is used to measure changes in defect concentration and I-V characteristics are measured 
to support the ESR data. X-ray diffraction is also used to detect changes in crystal structure by 
neutrons. The experimentally measured influence of radiation on RRAM, especially the forming 
process, I-V characteristics and endurance of a RRAM are also shown in this chapter.  A thin-
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oxide layer produced by ALD within a RRAM will be shown to be a potential design that can 
increase radiation hardness. 

In Chapter V, proton-induced effects on the blanket film and RRAM are measured using the same 
techniques described in Chapter 4. A thin-oxide layer produced by ALD within a RRAM will also 
be shown to be a potential design that can increase radiation hardness. 

Finally, Chapter VI includes a summary and comparison of  the results drawn from this work 
and potential topics for future work. 
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Chapter 2 - Background  
 
In this Chapter, we introduce some background information for this work and separate it into four 
sections: (1) introduction to RRAM, (2) radiation sources and damage mechanisms, (3) changes 
in the properties of dielectrics used in RRAM produced by radiation, and (4) other studies of 
radiation-induced effects on RRAM. The material provided in this Chapter is important for 
understanding the work presented in subsequent chapters. 
2.1 Introduction to RRAM 
 
2.1.1 History, development, and applications 
 
A RRAM cell is a metal oxide sandwiched between two metal electrodes, making what is called a 
metal-insulator-metal (MIM) structure. For proper operation, the oxide used in a MIM structure 
turns into a conductive state when a voltage is connected across it. This property has been known 
for over 40 years.1 

Early observations of resistive switching were not robust enough for memory applications and 
these reports remained in the domain of scientific studies. The recent revival of interest in resistive 
switching began in the late 1990s, first with complex metal oxides such as the pervoskite oxides 
of SrTiO3, SrZrO3, and later the binary metal oxides such as NiO and TiO2. Many companies 
started to develop memory with these simple switching elements, some of which became patented 
versions of RRAM.2,3 Research activity began to intensify when Samsung released a paper at the 
International Electron Devices Meeting (IEDM) in 2004 that presented NiO memory cells 
integrated with conventional 0.18 µm complementary metal-oxide-semiconductor (CMOS) in a 
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one-transistor-one-resistor (1T1R) device structure.4 Its memory-cell properties, as well as a more 
complete set of measurements for devices such as data retention, endurance and programming 
characteristics were reported.  They suggested that a memory technology based on resistivity 
switching might be feasible. Extending the research to NiO RRAM, researchers at Fujitsu doped 
Ti into a NiO film to achieve low power and high-speed switching device properties.5 At IEDM 
2008, the highest performance RRAM technology was demonstrated by ITRI showing switching 
times less than 10 ns and currents less than 30 µA. 6  At IEDM 2010, an ultra-low energy 
consumption RRAM with good endurance and retention was shown. It is the first time that the 
switching energy of RRAM became close to that of existing flash memory.7 Figure 1 shows the 
improvements of RRAM operation, speed and current. 

 
Figure1. Improvement of RRAM operation in term of speed and current.   
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Based on the improvements in operating current and speed, RRAM may now be suitable for 
embedded applications as well as for nonvolatile memory (NVM).8 In addition to optimizing the 
operational speed and current, research has also focused on a new emerging-device structure. 
Figure 2 shows two structures of RRAM.  As mentioned above, 1T-1R means a RRAM cell is 
connected to a transistor. 1D-1R means a RRAM cell is connected to a diode. These combinations 
allow these devices to function as memory.9   

 
Figure 2. Two different device structures of RRAM. Adapted from [D. WOUTESR SISC 2012]. 

2.1.2 Resistive-switching mechanism 
 
Like other memories, a RRAM has two different states: (1) a high-resistance state (HRS) and (2) 
a low-resistance state (LRS). Switching from HRS to LRS is called the set process, and the voltage 
needed to produce the set process is called the set voltage. Inversely, switching from LRS to HRS 
is called the reset process and the voltage needed to produce the reset is called the reset voltage. 
The switching can be broadly classified into two different modes: unipolar and bipolar. Figure 3 
shows a sketch of the I-V characteristics for the two switching modes. Unipolar switching (a) 
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means the switching depends on the amplitude of the applied voltage and not on the polarity of the 
applied voltage. Thus, the set and reset can take place at the same voltage polarity. The bipolar 
switching mode (b) means the switch depends more on the polarity than the amplitude of the 
applied voltage. For the bipolar switching mode, set occurs at one polarity and reset occurs at the 
opposite polarity.  

 
Figure 3. Two modes of operation: In the unipolar mode (a), the RRAM can switch between the 

HRS and LRS by using the set and reset voltage, which have the same polarity. In the bipolar 
mode (b), the RRAM can switch between the HRS and LRS by using set and reset voltages that 
are of opposite polarity. In addition, a method that limits the current during the set process must 

be used; otherwise, the RRAM will be burned out immediately. Adapted from [9]. 

At startup, the number of intrinsic defects in the metal oxide in a pristine RRAM cell is small.9 A 
voltage higher than the set voltage is needed to create more defects for resistive-switching behavior. 
This is called the “electroforming” or “forming” process.10 In this process, a high electric field (> 
10 MV/cm) is applied across the oxide, resulting in oxygen ions leaving the lattices of the metal 
oxide and moving toward the anode. This localized deficiency of oxygen leads to the formation of 
conductive filaments (CFs). After this step, a significant number of defects are present.11 In 
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subsequent switching cycles, only the set or reset voltages, which are smaller than the forming 
voltage, are needed to achieve the switching between HRS and LRS.  

The set process can be interpreted to be a dielectric soft breakdown.12 That is, the breakdown 
occurs along a conducting path in the metal oxide that is formed temporarily. Figure 4 shows some 
possible electron-conduction processes through the oxide material. The electrons will seek the 
least resistive paths among all the possibilities.  

As a result, various metal-oxide RRAM cells may have different dominant conduction mechanisms 
depending on the dielectric properties, the fabrication process, and the properties of the interface 
between the oxide and the electrodes.  For an HfO2 RRAM, the conduction mechanism is 
dominated by defect-assisted tunneling.13 The defects are composed of either oxide vacancies or 
metal precipitates. Determination of the conduction mechanisms for other metal oxides is still an 
active research area. 

However, there is no current consensus about how the reset occurs.9 It seems that a thermal-
dissolution process14 can explain parts of the unipolar switching characteristics, while an ion-
migration process15 can explain parts of the bipolar switching characteristics. During the reset 
process, which returns the memory to the HRS, oxygen ions migrate back to the bulk either to 
recombine with the oxygen vacancies or with metal precipitates in the oxide. In the thermal-
dissolution mode, joule heating from the current thermally activates the diffusion of oxygen ions.14 
Oxygen ions diffuse from the interface or the region around the CFs. For the ion-migration mode, 
pure thermal diffusion is not sufficient, and therefore a reverse electric field is needed to aim the 
oxygen ions back to the bulk.15 
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Figure 4. Schematic of possible electron conduction paths through a MIM stack. (1) Schottky 

emission (2) Fowler–Nordheim (F–N) tunneling (3) Direct tunneling (4) tunneling from cathode 
to traps; (5) Poole–Frenkel emission; (6) F–N-like tunneling from trap to conduction band; (7) 

trap-to-trap hopping or tunneling  (8) tunneling from traps to anode. Adapted from [9]. 
Based on the above observations, Yu et al.16 proposed a unified reset mechanism for both unipolar 
and bipolar modes. This work showed that for devices without an interfacial barrier such as those 
using a noble metal for the electrode, unipolar switching behavior is obtained. For devices with an 
interfacial barrier, which use an oxidizable metal as the electrode, bipolar switching behavior is 
obtained.16  

2.1.3 Endurance and Retention 
   
In this section, endurance and retention of RRAM are discussed. Endurance is the number of 
pulsed-voltage cycles that can be applied to a RRAM until it becomes unreliable. Typical pulsed-
voltage cycles are shown in Figure 5.  Retention for HRS and LRS is determined by how long the 
resistance of HRS and LRS can remain at their initial values.  
  



12 
 

 
Figure 5. (a) Pulsed voltage cycle of unipolar switching mode, (b) Pulsed voltage cycle of 

bipolar switching mode. 
There are few references that focus on the endurance and retention for RRAM. According to a 
paper published by Chen17, endurance and retention failure can be discussed systematically.  
Endurance failure can be classified into two modes: set failure and reset failure. Figure 6 shows 
these two types of endurance failures.   

 
Figure 6. (a) Typical SET failure (b) Typical RESET failure. Adapted from [17]. 

For set failure, the resistance of the LRS of the memory tends to increase and finally it is not able 
to switch to the LRS.  For reset failure, the resistance of the HRS of the memory tends to decrease 
and finally it is stuck in the LRS. 
Retention failure can also be classified into two modes: HRS degradation and LRS degradation. 
For HRS degradation, the resistance of the HRS decreases with longer operation time and causes 
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retention failure.  For LRS degradation, the resistance of the LRS increases with operation time 
and also causes failure.  
2.2 Radiation Sources and damage mechanisms 
 
2.2.1 Cosmic rays and other radiation 
 
About 90% of cosmic rays are protons. The rest of the cosmic-ray composition consists of alpha 
particles, beta particles, neutrons, heavy ions and some photons (particularly x-ray and gamma 
ray).18 The protons react with the earth’s atmosphere via a strong interaction and produce complex 
cascades of secondary particles, such as protons, muons, neutrons and pions.19, 20  Other radiation, 
such as vacuum ultraviolet (VUV), is often generated during plasma processing.21 

2.2.2 Fundamental mechanisms of radiation damage 
 
All of these particles and radiation described in previous section lose their energy via ionizing or 
nonionizing process as they travel through a given material. The result of this energy loss is the 
production of electron-hole pairs (ionization)22 and displaced atoms (displacement damage).23  

Ionization can be caused by charged particles, including the ones with energies too low to cause 
lattice effects. The ionization effects are usually transient, which might create “glitches” or single 
event upsets (SEUs)24, but can also lead to destruction if they trigger other damage mechanisms.25 
Photocurrents caused by ultraviolet and x-rays can also be regarded as ionization damage.22 
Gradual accumulation of holes in the oxide layer may leads to worsening of device performance, 
up to device failure when the additional charge is high enough.26 

For the displacement damage that is caused by neutrons, protons, heavy ions and very high-energy 
gamma-ray photons, the primary lattice defects created are vacancies and interstitials. A vacancy 
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is the absence of an atom from its normal lattice position. If the displaced atom moves into a 
nonlattice position, the resulting defect is called an interstitial. The interstitials here might be a 
result of a nuclear reaction. In other words, the whole displacement process includes several steps, 
such as high-energy particles interacting with the material, transmutation of atoms in the material27, 
movement of atoms from their lattice structure, and formation of vacancies. An example of a 
collision and the resulting vacancies and interstitials is shown in Figure 7.28 The combination of a 
vacancy and an adjacent interstitial is known as a Frenkel pair.29  

Disturbances to the lattice’s periodicity may give rise to energy levels in the bandgap. The energy 
levels in the bandgap might lead to thermal generation of electron-hole pairs, recombination of 
electron-hole pairs, trapping or production of majority and minority carriers, etc. The impacts of 
these effects depend on the working mechanisms of semiconductor and the nature of the radiation 
damage.29  

 
Figure 7. Displacement damage. Adapted from [28]. 

2.3 Changes in the properties of dielectrics used in RRAM produced by 
radiation 
 
Ionization and displacement damage can affect dielectrics used in RRAM. In this section, we will 
describe two effects in dielectrics that are attributed to either ionization or displacement damage. 
These can affect the performance of RRAM. 
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2.3.1 Defect formation 
 
The numbers of defects in both Si/SiO2 and Si/HfO2 systems can be modified by radiation, e.g. x-
rays, gamma rays and VUV.30,31,32 Usually, there is a very thin (~1nm) SiO2 interfacial layer 
between the HfO2 and the Si.33 Thus, the same defects can be investigated in Si/SiO2 and Si/HfO2 
systems.32 In these references, electron-spin resonance (ESR) was used to detect defects in both 
Si/SiO2 and Si/HfO2 systems. In order to obtain effective ESR results, the SiO2 and HfO2 were 
deposited on high-resistivity substrates.34   

The primary defects measured with ESR are Pb-type states and E’ states. The Pb-type state is a 
trivalent center at the interface bonded to three Si atoms with a dangling orbital perpendicular to 
the interface. The two Pb-type defects on (100) silicon wafers are defined as Pb0 and Pb1.35  The 
E’ state is a positively charged oxygen vacancy.36 At Θ = 0 (B-field parallel to the sample normal), 
the Pb0, Pb1, and E’ states were found to have g values of 2.0062, 2.0037, and 2.0002 respectively, 
which are typical values. 32 

According to the original ESR paper measuring the Pb and E’ by Nishi37, the influence of radiation 
on the Pb states and the E' states has been intensively studied.  

2.3.1.1. Si/SiO2 system   

In the Si/SiO2 system, several models exist that describe the radiation effects on these defect 
states.38, 39The most common effect is that the ionizing radiation interacts with SiO2 and generates 
holes that result in interface-state formation.39 In particular, Winokur et al.40 used a pulsed e-beam 
and Hu41 used x-rays as radiation sources to observe these effects.  They have argued that the 
formation of interface states is related to holes generated by the specific radiation source in the 
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SiO2 followed by diffusion of molecular hydrogen near the interface. Significant quantities of 
hydrogen as impurities in SiO2 were liberated by radiation.42   

2.3.1.2 Si/HfO2 system 
In the Si/HfO2 system, Kang et al. 43 found that gamma rays generate a large amount of negative 
oxide charge in HfO2. Thus, the radiation response of HfO2 and SiO2 films are different. The lack 
of holes in HfO2 results in fewer generated interface states.43  

2.3.2 Charge generation 
 
Charge generation in dielectrics from VUV, x-rays, gamma rays, alpha particles, beta particles, 
neutrons and protons can be classified into two different kinds of mechanisms: (1) direct ionization: 
ionization by the incident particle itself and (2) indirect ionization: ionization by secondary 
particles created by nuclear reactions between the incident particle and the atoms. In the following 
section, each type of ionization will be described in detail. 
2.3.2.1 Direct Ionization 
When energetic particles pass through a semiconductor or an insulating material, they can pass 
their energy to the electrons in that material and strip electrons from an electron shell of an atom, 
which leaves the atom with a net positive charge. This process is called direct ionization.  VUV, 
x-rays, gamma rays, alpha particles, beta particles and protons can produce direct ionization when 
they interact with materials.44,45,46 The radiation ionization energy as a function of band gap energy 
is shown in Figure 8. It can be seen that the ratio of radiation ionization energy to the band-gap 
energy is independent of the material.47 
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Figure 8. Radiation ionization energy as a function of band-gap energy. Adapted from [47]. 
Photons such as VUV, x-rays, and gamma rays can all transfer energy to the electrons in materials 
and cause photoemission. Sinha et al.44 demonstrated how VUV generates charge in dielectrics. 
In addition, the excitation of electrons by x-rays is a very important property that generates x-
ray electron photoemission spectra.45 Photoemission is the dominant energy transfer 
mechanism for x-ray and gamma-ray photons with energies below 50 keV, but it is much less 
important for gamma rays at higher energies.46 Alpha particles, beta particles and protons, 
which are charged particles themselves, can transfer their energy to electrons in materials by 
electromagnetic interaction48 and cause direct ionization. 
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2.3.2.2 Indirect Ionization 

Protons and neutrons can interact with chip materials and can cause emission of alpha particles, 
gamma rays or other particles along with the recoil of a daughter nucleus all of which may cause 
ionization. This indirect ionization is very important in terms of neutrons.  Since neutrons are not 
charged particles, this is the main ionization mechanism of neutrons in materials. Figure 9 shows 
some of the nuclear reactions between protons with hafnium and oxygen nuclei. 49,50 Figure 10 
shows some of the reaction products produced when a neutron interacts with hafnium and 
oxygen.51 

Figure 9. Nuclear reactions between a proton with hafnium and oxygen nuclei. 

Figure10. Nuclear reactions between a neutron with a hafnium and an oxygen nucleus. 
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The amount of generated charge due to direct and indirect ionization is a function of the linear 
energy transfer (LET) rate, i.e., the amount of energy released by a particle in a given material per 
unit distance travelled. The LET is dependent on the mass and energy of the particle and the 
material in which it is traveling. Typically, massive and energetic particles incident on dense 
materials have the highest LETs.52  

2.4 Other studies of radiation-induced effects on RRAM 
 
Presently, much literature focuses on radiation damage to resistive random-access memory. For 
TiOx, TaOx, and HfOx RRAM, radiation effects have been studied with various sources.53-59 

2.4.1 TiO2 RRAM 
 
For the TiO2 RRAM, References [53] and [54] provide a review of different radiation effects. The 
radiation sources used included gamma rays, bismuth ions, protons, alpha particles and neutrons. 
In all cases, except for alpha particles, irradiation above a certain threshold (between 1014 and 1015 
particles/cm2), there was virtually no change in the resistances of the HRS and LRS. That was 
evidenced by the fact that the switching behavior doesn’t change after irradiation. These works 
showed TiO2 RRAM cells are tolerant to a number of radiation sources and seem to be suitable for 
space application.  

2.4.2 TaOx RRAM 
 
For the TaOx RRAM in Ref.[55], it was found that the LRS of RRAM is immune to gamma rays, 
whereas the sensitivity of the HRS to gamma rays depends on the dimensions of the devices, 
including the thickness of the oxide film and the area of the device. The HRS of a device with a 
large area and a thick oxide is vulnerable to gamma rays and has a high probability to change into 
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the LRS. To see this, note that it was assumed there are more trapped holes in the thicker oxide. 
These trapped holes may form a path for electron transport. For displacement damage caused by 
bromine ion bombardment, the resistance of the HRS was also found to be very sensitive to heavy-
ion radiation. Some irradiated devices even changed from the HRS into LRS56. These results 
indicated that TaOx-based RRAM need to be carefully designed for operation in a radiation 
environment. 

2.4.3 HfO2 RRAM 
 
For the HfO2 RRAM in Ref.[57], the resistive elements were shown to be tolerant against a total 
ionizing dose up to several Mrad of 10 keV x-rays. Excess carriers generated in the HfO2 layer 
recombine or are trapped at defect sites in the HfO2 layer or at interfaces between layers.58 
Fortunately, they have no effects on the HRS and LRS values. However, 1.8 MeV proton 
irradiation caused an increase in HRS resistance.59 A scatter plot of the resistance vs proton fluence 
for several HfO2-based RRAM cells is shown below. Fortunately, the logic state of the RRAM 
was not changed by proton irradiation.  
 

  

Figure12. Resistance of HRS and LRS as a function of proton fluence. Adapted from [59]. 
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In addition, the set process for a HfO2 based RRAM before and after exposure to proton is shown 
in Figure 13. The resistance of the RRAM was increased at a proton exposure level of 1014 cm-2 

and the set voltage increases. It is more difficult to switch. 

 Figure13. Switching curve for a HfO2/Hf-based RRAM before and after expose to 1.8 MeV 
proton. Adapted from [59]. 
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Chapter 3 - Experimental Apparatus 
This chapter focuses on the experimental apparatus that will be used in this work. The process 
flow of the work includes four steps: (1) neutron and proton exposure, (2) fabrication process of 
Metal-Insulator-Metal (MIM) structures, (3) property measurements of blanket films, and (4) 
property measurements of RRAM devices. Exposure from several radiation sources will be made 
on both the blanket films and RRAM devices. Multiple diagnostics will be used to determine the 
changes in the films and devices.    

3.1 Exposure systems 
 
Three exposure systems are used in this work. They are: (1) a nuclear reactor, (2) a linear particle 
accelerator, and (3) ion implantation. The nuclear reactor generates a continuous neutron spectrum 
including neutrons with different energies. The linear particle accelerator generates 5MeV protons, 
and the ion implantation implants 60 keV protons. More detail about how the appropriate proton 
sources and energies were chosen is described in Chapter 5.  

3.1.1 Nuclear reactor 
 
The neutrons used in this work are generated at the Max Carbon Radiation Science center at the 
University of Wisconsin-Madison. This light-water-moderated nuclear reactor 1  has multiple 
irradiation facilities including: 

(1) Three whale tubes: hydraulically operated in core. 
(2) Pneumatic tubes: pneumatically operated in-core tubes with send and receive stations 

located in a fume hood; operated with carbon dioxide cover gas. 
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(3) Beam ports: 6” diameter in-core section with 8” diameter tube penetrating through the 
shield; equipped with lead shutters. 

(4) Thermal columns: graphite filled irradiation space. 
Figure 1 is view of the light-water-moderated nuclear reactor. The reactor pit is made of reinforced 
concrete. 

 
Figure 1. UW Nuclear Reactor (UWNR) view from beam port floor. 

The UWNR 1-MW-thermal nuclear reactor has a continuous neutron spectrum including thermal 
(<1eV), epithermal (> 1eV and < 1 MeV), and fast (>1 MeV) neutrons. 

The data for exposures is shown in Table I. The power and exposure time are the main parameters 
that control the neutron fluence. 
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Table I. Exposure conditions used in this work. 
3.1.2 Linear particle accelerator 
Five MeV protons used in this work are generated using the tandem particle accelerator2 at the 
University of Wisconsin-Madison Waisman Center. The accelerator is a National Electrostatics 
Corporation 9SDH-2 Electrostatic Tandem. It is shown in Figure 2. In this accelerator, > 100 uA 
of protons can be accelerated to 7 MeV. A magnet is used to control the beam shape and direction. 
The measurement of the beam current on samples is used to calculate the proton flux.  

Figure 2. National Electrostatics Corporation 9SDH-2 electrostatic tandem to accelerate charged 
particles. 
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3.1.3 Ion implantation 
The 60 keV proton implantation of the blanket films and RRAM was performed by Luxience 
Technology. The protons are electrostatically accelerated to this particular energy. The decision to 
implant at the energy of 60 keV will be discussed in Chapter 5.   

3.2 Fabrication process of the Metal-Insulator-Metal (MIM) 
Structure 
In this thesis, the RRAM cells are a TiN/HfO2/Pt combination. Two fabrication processes for the 
RRAM cells are used. 

For the Type 1 RRAM, the bottom electrode of Pt (~90 nm) is deposited by e-beam evaporation 
on a Si wafer with a 2-nm Ti adhesion layer. Then, HfOx and TiN (~200 nm) are deposited by 
reactive sputtering at room temperature, followed by a lift-off process to generate a pattern on the 
top electrode.   

For the Type 2 RRAM, the Pt bottom electrode (~40 nm) is first deposited by e-beam evaporation 
with 100-nm thermal-oxide adhesion layer. Then, a lift-off process is used to form 5-nm of atomic-
layer-deposited (ALD) HfOx, followed by deposition of a 70-nm reactive-ion sputtered TiN layer, 
patterned by lift-off. 

3.3 Measurement of Dielectric Properties 
Three types of dielectric properties were measured. They are: (1) defect-state concentration, 
(2) leakage current and (3) crystal structure. 
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3.3.1 Electron-Spin Resonance Spectroscopy (ESR) 
ESR spectroscopy is used to measure defect-state concentration. The basic concept of ESR is that 
defect states (unpaired electrons) in a magnetic field absorb and emit electromagnetic radiation. 
Every electron has a magnetic moment and spin quantum number s=1/2, with magnetic 
components ms=+1/2 and ms=-1/2.  The energy state of an electron can be represented as E = 
msgµBB0, where g is the g-factor, and µB is the Bohr magneton. For an unpaired electron, it can 
move between the two energy states by absorbing or emitting a photon. Hence, the fundamental 
equation for ESR spectroscopy is  

 hߥ = gµBB0.  (1) 

In this case, the microwave frequency and the magnetic field value are two parameters that can be 
varied. Thus there are many of combinations of frequency and magnetic field values that yield the 
same energy. In common ESR systems, the frequency is usually located in the 9-10 GHz region, 
with a corresponding magnetic field at 3500 G. In our system, the frequency is fixed during 
measurement and a scan of the magnetic field is used to match the absorption or emission energy 
of the photons to satisfy equation (1). 

Figure 3 shows a conventional ESR system that includes the magnets, the microwave source, and 
the detection system. The dielectric sample is placed in the resonant cavity in the magnet and the 
electromagnetic energy is coupled from the microwave source into the cavity so that ESR spectra 
can be obtained from the detecting system. The ESR measurements were performed at room 
temperature using a Bruker EleXsys E500 spectrometer working at a frequency of ~ 9.85 GHz. 
The resistivity of the silicon substrate is 4000 Ω·cm. This high resistivity is needed to obtain 
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effective ESR measurements. A 0.0003% KCl weak-pitch sample (3.7×1013 spins/cm) was used to 
calibrate the system. 

To analyze the ESR signal and identify defect states, the following steps are used. First, the ESR 
signal can be regarded as the summation of the signals of several major defect states. The equation 
for the signal amplitude can therefore be expressed as a linear combination of defect state signals 
as shown in equation (2).  

 I ESR= ∑ Ii (B)  (2) 

I ESR is the ESR signal and Ii  is the signal for the ith defect state. The signal strength varies with 
the external magnetic field B. The value for Ii(B) is obtained by doing a least-squares fit of the 
data to equation (2). For material with a crystal structure, the Broer model3 was used to investigate 
the defect behavior during ESR measurements. This model was developed based on the response 
of the defects to the local magnetic field. Each defect has its fingerprint, i.e. its g-factor, which 
depends on the microwave frequency and magnetic field strength as 

g = ௛௩
ஜಳ஻బ  (3)

where h is Planck’s constant, µB is the Bohr magneton eh/(4πme),  ݒ  is the frequency of the 
oscillating microwave field, and B0 is the magnetic field strength at the peak of ESR absorption 
for each defect. The g-factor for a free unpaired electron is 2.0023193. For a defect (unpaired 
electron bonded to a particular electronic structure), the g factor deviates from this value because 
of the interactions in the electronic structure. 

In this model, Ii(B) has the form of the derivative of a Gaussian 
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Ii(B)=-ଶ஺೔బ(஻ି஻೔బ)
ఙ೔మ

݁ି൫ಳషಳ೔బ൯మ
഑೔మ  (4) 

where ܣ௜଴ ௜଴ܤ, , and ߪ௜  are parameters found during the least-squares fitting process because 
multiple defects can overlap to form the net signal.  ܣ௜଴ is the amplitude and ߪ௜ is the B-field width. 

The relative concentration of each defect can be calculated by integrating the area under the 
absorption line to yield 

׬=௜௥ܥ  ௜௢஻೓೔೒೓ܣ
஻೗೚ೢ ݁ି൫ಳషಳ೔బ൯మ

഑೔మ dB≈ ௜ߪ௜଴ܣߨ√  (5) 

Figure 3. Photograph of the x-band ESR system. 
3.3.2 I-V Characteristics 
Metal-insulator-semiconductor (MIS) structures were fabricated on the dielectric films to measure 
leakage currents.  Electrode patterns for the MIS structure were defined using commercially 
available transmission electron microscope (TEM) grids as masks. The TEM grids used for this 

Magnet system

Resonant cavity

Microwave source
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purpose are made of nickel and have an array of hexagonal patterns. An optical micrograph of the 
structure formed by the TEM grid is show in Figure 4.   

 
Figure 4. Optical micrograph of a typical MIS structure used in this work. Adapted from [4]. 

The grids were carefully placed on the sample surface and attached to the wafer surface using 
Kapton adhesive tape around the outer circumference of the grid. Because the electrodes needed 
for this work are relatively large, this technique allowed for sample fabrication without the 
complexity of photolithographic processes. Electrodes for the MIS structures were deposited 
through the TEM grid masks using e-beam evaporation at the Wisconsin Center for Applied 
Microelectronics (WCAM). Titanium was chosen as the electrode material for the structures used 
in this work. This Titanium layer is 300-nm thick. 

A Signatone probe station with an optical microscope was used to make contact with the above-
mentioned MIS structures for the leakage current measurements in this work. A photograph of the 
probe station is shown in Figure 5. This probe station consists of two movable micro positioners 

Dielectric 
film 
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with 20-µm diameter tungsten probe tips (Signatone SE-20T), and an X-Y wafer stage with a 
submicron resolution.  

 

 

 

 

 

 

 

 

 

Figure 5. Photograph of the probe station used in this work. A Keithley 6487 picoammeter was 
connected to this probe station to provide a variable d.c source and also to measure the leakage 

current. A Labview program was used to control the measurements. 

3.3.3 X-Ray Diffraction (XRD) 
 
A Bruker D8 Discover x-ray diffraction system is a tool used to study the atomic structure of a 
crystal. Atoms cause the diffraction of x-rays and then the direction and magnitude of the diffracted 
x-rays are measured5. By measuring the angles and intensities of these diffracted beams, several 
properties, such as phase identification6 of the material can be analyzed. 

Wafer platen 

Picoammeter 

Micro positioner Probe tip 



38 
 
The Bragg Law7 shown below describes the requirement to cause the diffraction of x-rays.  

                                                        2dsinΘ = nλ                                                        (6) 

where d is the spacing of parallel atomic planes and Θ is the angle between the incident x-ray beam 

and the surface of the material. The geometric relation for the Bragg Law is shown in Figure 6.  

 
Figure 6. Drawing for the derivation of the Bragg equation. Adapted from [7]. 

An x-ray beam impinging on a crystal will be scattered in all directions by the atoms of the crystal. 
The scattered x-rays produce interference patterns based on the scales of the lattice. Thus, in some 
directions, an increased intensity is observed due to the constructive interference of the scattered 
x-rays. Constructive interference will be observed for x-rays that are reflected from the lattice 
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planes at given specular angles, if the path length difference between x-rays scattered from planes 
is an integer times the wavelength.   

The diffraction can occur only for wavelengths λ ≤ 2d. This is why we cannot use visible light 

because the wavelength of visible light is too large compared with the spacing of parallel atomic 
planes.  

In this work, we use a two-dimensional diffractometer as shown in Figure 7.  

Figure 7. Two-dimensional XRD system. 

It consist of an X-ray source (usually, an X-ray tube), a sample stage, a detector and a way to vary 
angle θ. The x-ray source is focused on the sample at angle θ while the detector opposite the 
source reads the intensity of the X-ray beam at angle 2θ away from the source path. The incident 
angle is then increased while the detector angle always remains at 2θ away from the source path. 
In addition, the diffraction data collected in this diffractometer is not confined to a single 
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plane.8Instead, the whole or a large portion of the diffraction rings (as called Debye rings8) can be 
measured simultaneously as shown in Figure 7.  

Figure 8 shows the raw diffraction pattern collected with a 2D detector from corundum powder 
which is often used as a calibration for the XRD device and the HfO2 film used in this work. 

 
Figure 8. Two-dimension diffraction pattern for (a) corundum powder (Adapted from [8]) and 

(b) HfO2 film used in this work. 
The 2D diffraction pattern contains much information, such as phase identification, percent 
crystallinity, particle size, shape and texture.9 In this work, we focus on the phase identification6 

of particular thin films. The two-dimensional diffraction pattern of any particular thin film is 
measured and the same method is also used to analysis the diffraction pattern for comparison 
purposes.9 

3.4 Measurement of RRAM Properties 
 
The device properties of both Type 1 and Type 2 RRAM cells were measured using two methods. 
They are: (1) I-V characteristics, (2) endurance testing.  

 

(a) (b) 
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3.4.1 I-V Characteristics 
 
I-V characteristics of the RRAM devices were measured with an HP 4155B semiconductor 
parameter analyzer. The same probe station mentioned in the previous section was used in these 
measurements. The bottom electrode of the RRAM cell (Pt) was grounded and the signs of the 
positive/negative voltages mean positive/negative applied voltage across the device with respect 
to the bottom Pt electrode. In order to get the I-V characteristics of the RRAM device for the set 
and reset processes, an applied voltage was varied between 0 and 8 V and back from 8 to 0 V, 
followed by 0 to -8 V and then from -8V back to 0V. Each voltage step was 50 mV. The medium10 
measurement setting which represents the speed of the measurement was chosen in this work. The 
current compliance which limits current during the measurements is 100 μA.  

3.4.2 Endurance testing 
 
An endurance test was used to measure the number of pulsed-voltage cycles that can be applied to 
a RRAM device until it becomes unreliable.11 The pulsed-voltage cycle was generated with a 
LabJack USB DAQ device and two function generators. The Labjack USB DAQ device is used to 
trigger the two function generators synchronously. The amplitude and waiting time are controlled 
by the two function generators. A common pulsed-voltage cycle used in endurance testing is shown 
in Figure 9. The resistances of the RRAM device were measured with an HP 4155B semiconductor 
parameter analyzer after every 500 pulsed-voltage cycles. A photograph of the experimental setup 
and circuit diagram is shown in Figure 10. 
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Figure 9. A positive voltage is need to achieve set prosess and a negative voltage for reset 
process. The amplitude and waiting time of the applied voltages need to vary because the 

variation of device properties. 

 
Figure 10. (a) Photograph of the experimental setup and (b) Circuit diagram for endurance test.   
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Chapter 4 - Neutron-Induced Effects 
 
In this Chapter, neutron-induced effects will be presented.  Particular attention will be paid to two 
topics: (1) The effects of neutron irradiation on ultra-thin HfO2 films.  Several measurements were 
made including defect-state concentration, leakage current, and atomic structure (described in 
Section 4.1), and (2) The effects of neutron irradiation on two types of RRAM cells. Figure 1 
shows the two types of RRAM cells.  Type 2 HfOx RRAM is different from the Type 1 RRAM in 
two aspects, (1) the thickness of the dielectric film and (2) the fabrication process for depositing 
the HfOx within the RRAM.  

 

 

Figure 1. Schematic of Type 1 and Type 2 RRAM cells. 

For the Type 1 HfOx RRAM, as will be shown, neutrons do affect its performance (described in 
Section 4.2). In order to analyze their influence, several measurements were made, including the 
forming process, I-V characteristics, and endurance (described in Sections 4.2.1), sequential I-V 
characteristic measurements (described in Section 4.2.2), and the effects of RRAM cell area 
(described in Section 4.2.3). Based on these results, the Type 2 HfOx RRAM is proposed 
(described in Section 4.3) to be more neutron resistant than the Type 1 RRAM.  

Type 1 Type 2 
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4.1 Effects of neutron irradiation on ultra-thin HfO2 blanket films 
 
In this Section, blanket films of HfO2 deposited on Si were irradiated with neutrons over a range 
of fluences at the University of Wisconsin Max Carbon Radiation-Science Center. Electron-spin 
resonance (ESR) was used to detect changes in the defect-state concentration. In addition, leakage 
currents in the HfO2 films were measured to supplement the ESR data. X-ray diffraction was 
performed on the HfO2 films to determine whether there were any changes in crystal structure after 
irradiation. 

4.1.1 Electron-Spin Resonance Measurements 
 
The HfO2 blanket films were 20-nm thick room-temperature atomic-layer-deposited (ALD) on 
(100) Si. The resistivity of the silicon substrate was 4000 Ω-cm. This high resistivity was needed 
to obtain adequate ESR measurements.1 The ESR analysis techniques were described in Section 
3.3.1. Two sets of identical HfO2 samples were irradiated with neutron fluences that are shown in 
Table I.  

   Fluence  

Neutron Type  Thermal         
(<1eV)                

Epithermal 
(>1eV,<1MeV) 

Fast 
(>1MeV) 

Set  1  1.33 x 1014 

neutrons/cm2 
3.84 x 1012 

 neutrons/cm2 
1.76 x 1013 

 neutrons/cm2 
Set  2  1.33 x 1015 

 neutrons/cm2 
3.84 x 1013 

 neutrons/cm2 
1.76 x 1014  
neutrons/cm2 

Table I.  Neutron-fluence levels used for irradiation on the two sets of blanket films. 
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The ESR signals are shown in Figure 2, they are represented by black lines and can be decomposed 
into three defect states. The three defect state are Pb0, Pb1 and E’. These are the most common 
defects for HfO2 film deposited on the Si substrate as described in Section 2.3.1. 

 

Figure 2. ESR signals and defect-state fitting curves for (a) pristine sample, (b) neutron-
irradiated sample (set 1), and (c) neutron-irradiated sample (set 2).  The two sets are described in 

Table I. 

Figure 3 shows that the concentrations of the Pb0 and Pb1 states decrease after neutron irradiation. 
However the E’ concentration, which is the oxygen-vacancy defect, first decreases when fluence 
increases, but it is followed by a bounce-back upwards in the sample at the highest radiation 
fluence.  

Set 1 

Set 2 
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Figure 3. Absolute values of the defect-state concentrations. Sets 1& 2 are described in Table I. 

There is a large body of literature that discusses the interaction between neutrons and 
semiconductor materials.2,3,4 There is a consensus that neutrons displace atoms in the materials 
and cause emission of alpha particles, gamma rays or other particles along with the recoil of a 
daughter nucleus, each of which may cause ionization.2 The cross sections for these reactions 
decrease rapidly with increasing neutron energy and generally follow a 1/E dependence. Since the 
HfO2 in this work was irradiated in a light-water-moderated nuclear reactor where a continuous 
neutron spectrum is present including thermal, epithermal and fast (>1 MeV) neutrons, it is very 
likely that displaced atoms and electron-hole pairs were generated during irradiation. The 
generated electrons can then anneal the generated and existing Pb and E’ states. Hence, the number 
of defect states decreases first. However, as the neutron fluence increases, an increasing number 

Set 1 
Set 2 
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of oxygen atoms are knocked out of the lattice structure, which leads to the formation of a greater 
number of oxygen vacancies.  

4.1.2 Leakage-Current Measurements 
 
In previous studies of high-k gate materials, the leakage currents through HfO2 films were usually 
attributed to Poole-Frenkel emission. 5  The Poole-Frenkel mechanism generates conduction 
through defect states.6 Thus, it is likely that leakage currents in HfO2 film will be influenced by 
neutron radiation.   

The leakage currents of the pristine sample and samples irradiated with three different neutron 
fluences are shown in Figure 4. It is clear that the leakage current decreases when the neutron 
fluence increases.  

 

Figure 4. I-V characteristics of pristine and neutron-irradiated HfO2. 
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It is noted that in this experiment, although the E’ state concentration decreases and then increases 
at high neutron fluence, this defect has a negligible effect on the leakage current since the number 
of E’ states is very small compared with the number of Pb-type states. The concentration of Pb-
types always decrease when fluence increase.  

Thus, the decrease in leakage current is believed to be due to the decrease in the number of Pb-
type defect states, as was also shown in the ESR measurements. For pristine samples, the Pb-type 
defect states that are very near the Si/HfO2 interface reduce the potential barrier at the surface of 
HfO2, which enhances Poole-Frenkel conduction.7 However, after neutron irradiation, the number 
of Pb-type defect states decreases, with a concomitant reduction in leakage current.  

4.1.3 X ray diffraction measurements 
 
Local atomic structures of HfO2 films are changed as a result of neutron irradiation.8 In order to 
gain more insight into the modification, x-ray diffraction (XRD) was performed on control and 
neutron-irradiated HfO2 films. These results are shown in Figure 5. This shows that the pristine 
and irradiated films display polycrystalline monoclinic structure grains. 9 The increase in intensity 
of the peak (2Θ = 28.6°) indicates that the HfO2 film becomes more crystalline after neutron 
irradiation. Other work has reported8,10,11 that tetragonal and cubic grains appear after neutron 
irradiation of as-deposited HfO2 films with monoclinic structure.  
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Figure 5. X-ray diffraction patterns of selected HfO2 films grown on Si substrates.   

4.2 Effects of neutron irradiation on Type 1 HfOx RRAM 
 
Here, Type 1 HfOx RRAM cells shown in Figure 6 were irradiated with neutrons under three 
different fluences. The neutron fluences are shown in Table II  
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Figure 6. Schematic of Type 1 RRAM cell. HfOx (~25 nm thick) was deposited with reactive 
sputtering. The bottom electrode (Pt) was grounded and voltage was applied to the top electrode 

(TiN) in all the measurements. Thus, positive/negative bias means applying positive/negative 
voltage to the TiN electrode. 

 

Table II.  Three neutron fluences for Type 1 RRAM. 

The investigation of the effects of neutrons on the Type 1 HfOx RRAM are separated into three 
parts: (1) Type 1 RRAM performance as a function of neutron radiation fluence, (2) Sequential     
I-V characteristic measurements on irradiated Type 1 RRAM, and (3) Area effects on irradiated 
Type 1 RRAM. All the investigations use the same HfOx Type 1 RRAM cells as shown in Figure 
6. The neutron fluence levels and energies are shown in Table II.  
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4.2.1 Type 1 RRAM performance as a function of neutron radiation fluence 
 
In this section, neutron effects on the Type 1 RRAM, particularly on the forming rate, the forming 
voltage, the resistances of the high resistance state (HRS), the shift in set voltage, and endurance 
are analyzed. 

4.2.1.1 Forming Rate and Forming Process 

According to a review paper published by Wong, 12 a forming process is needed for fresh RRAM 
because the number of intrinsic defects in the metal oxide is typically small.  To produce the 
forming process, a d.c. voltage that is higher than the set/reset voltage is applied across the metal 
oxide. The forming voltage results in oxygen ions leaving the lattice of the metal oxide and moving 
toward the anode. The localized deficiency of oxygen leads to the formation of a conduction path12 

that makes RRAM end up in the low-resistance state (LRS)13. However, in the case of neutron 
irradiation, RRAM cells can be formed under irradiation. 

Figure 7 shows the forming rate of irradiated RRAM cells as a function of neutron fluence. The 
forming rate is the ratio of the number of Type 1 RRAM cells that changed their resistance under 
neutron irradiation to the total number of Type 1 RRAM cells. For each fluence, 50 Type 1 RRAM 
cells were irradiated and measured. It is clear that the forming rate increases nearly linearly when 
neutron fluence increases. 
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Figure 7. Forming rate as a function of neutron fluence (averaged over 50 Type 1 RRAM cells). 

It can be seen in Figure 7 that 90 % of Type 1 RRAM cells are formed after being irradiated with 
high neutron fluence. This indicates that neutrons create oxygen vacancies in the HfOx.5 These 
oxygen vacancies form a conduction path which makes the RRAM end up in the LRS.12  

Next, the forming voltages for unformed neutron-irradiated Type 1 RRAM cells were measured.  
These results are shown in Figure 8. For those unformed neutron-irradiated Type 1 RRAM cells, 
smaller forming voltages were needed.   
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Figure 8. Forming voltages of Type 1 RRAM cells under three irradiation conditions. 

From both the forming rate and the forming voltage measurements, it is apparent that either 
neutrons or the forming voltage can result in the formation of a conduction path. 

4.2.1.2 I-V Characteristics 

The I-V characteristics of formed Type 1 RRAM cells are shown in Figure 9.  The annealing effect 
appears as an increase in the resistance of the HRS.  
In addition, the neutron-induced effects on Type 1 HfOx RRAM devices agrees with our 
observations for blanket films,14 which showed that neutrons anneal the HfO2 films.  This resulted 
in measurements that showed increasing fluence decreases the leakage current. In addition, this 
type of radiation-induced anneal in RRAM devices was also observed by Zhang15 where gamma 
rays annealed TaOx-based RRAM. 
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Figure 9. I-V characteristics of pristine Type 1 RRAM cells and Type 1 RRAM cells irradiated 
by three different neutron fluences. 

Set voltages were also measured for the Type 1 RRAM cells after neutron irradiation. Figure 10 
shows the shifts of the set voltage. For pristine Type 1 RRAM, the set voltages was approximately 
3.5V.  Note that the variation of the set voltages from cell to cell is very small. For Type 1 RRAM 
cells exposed to high neutron fluence, at least 5V were needed to achieve the set process. Such 
shifting in set voltages might lead to a malfunction of Type 1 RRAM cells because after irradiation 
they do not appear to switch at fixed pulse voltages.  
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Figure 10. Set voltages of Type 1 RRAM cells irradiated with three different neutron fluences. 

4.2.1.3 Endurance  

Next, the endurance of pristine Type 1 RRAM that was exposed to high-neutron-fluence was 
measured. The experimental setup and circuit diagram are shown in Chapter 3 (3.4.2). The 
endurance test measures the number of pulsed-voltage cycles that can be applied to a Type 1 
RRAM until it becomes unreliable.16  Figure 11 shows a pulse cycle applied to Type 1 RRAM 
during the endurance test. Figure 12 is the result of this endurance test. A Type 1 RRAM is said to 
fail the endurance test when its resistance is stuck in the HRS state.   
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Figure 11. A pulse cycle applied to Type 1 RRAM during the endurance test. For every cycle, 
tcycle =  SET pulse width + RESET pulse width + waiting times = 9ms. 

 

 

Figure 12. Pulse endurance cycles for pristine and high-neutron-fluence irradiated Type 1 
RRAM. 

This is also called the SET failure mode.16 From Figure 12, it is obvious that the endurance of Type 
1 RRAM cells degrades after neutron irradiation.  

50%  
Device Failure 

Number of cycles 
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Summary of Section 4.2.1  

From these observations, some conclusions about neutron-induced effects can be drawn. First, 
defects created by neutrons can create a conduction path in the HfOx. The conduction path created 
by the neutrons is very similar to the conduction path created by the applied voltage during the 
forming process. Second, neutrons also anneal the HfOx film used in Type 1 RRAM. This results 
in a higher high-resistance state (HRS) value. Third, shift in values of the set voltage can be seen 
on the I-V characteristic of neutron-irradiated Type 1 RRAM. In other words, it is more difficult 
to produce the set process when the Type 1 RRAM has been irradiated. In addition, a consistent 
result from the endurance test is observed. That is, the irradiated Type 1 RRAM lasts for fewer 
switching cycles and finally stop with their resistance remaining in the HRS state. The increase in 
set voltage and degradation in endurance of irradiated Type 1 RRAM is believed to be the result 
of atomic-structure changes in HfOx caused by neutron irradiation. 

4.2.2 Sequential I-V characteristic measurements on irradiated Type 1 RRAM 
 
In the previous section, the performance of Type 1 RRAM cells over a range of neutron fluences 
was discussed. In this section, sequential I-V characteristic measurements of Type 1 RRAM cells 
at specific neutron fluences are presented. We want to examine whether these neutron-induced 
effects are permanent or recoverable after several switching cycles. The neutron fluences used here 
are the highest level listed in Table II. 

Figure 13 shows the sequential I-V characteristic measurements of Type 1 RRAM cells after high 
neutron fluence. All Type 1 RRAM cells begin in the LRS state from neutron irradiation. All I-V 
characteristics start from the most negative voltage resulting in a switch from LRS to HRS. After 
this step, a positive voltage was applied to the Type 1 RRAM to switch from HRS to LRS. The 
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combined set of negative and positive voltage swings generates a switching cycle. For all 
measurements shown in this section, the black lines are the first switching cycle, followed by red, 
blue, green, and pink cycles, respectively.   

 Measurements for several irradiated Type 1 RRAM cells are shown because of the variation 
between Type 1 RRAM cells.  It is seen that the I-V characteristics vary from cycle to cycle for all 
Type 1 RRAM cells. Finally, the I-V characteristics of the irradiated Type 1 RRAM cells are 
similar to the pristine Type 1 RRAM.  Therefore, it can be assumed that the influence of high-
neutron-fluence irradiation does not last after several switching cycles. 

Figure 13. I-V characteristics of Type 1 RRAM cells irradiated with high neutron fluence. The 
black lines are the first switching cycle, followed by red, blue, green, and pink lines. 
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4.2.3 Area effects on irradiated Type 1 RRAM 
In this section, Type 1 RRAM cells with different areas were exposed to the same neutron fluence. 
This was done so that the neutron-induced effects, especially the production of oxygen vacancies 
(discussed in Section 4.2.1) can be analyzed. The oxygen vacancies construct a conduction path 
and affect the LRS resistance. If the resistance of the LRS is dependent on the exposed area, then 
oxygen vacancies generated by neutrons would be a function of the exposed area. Figure 14 shows 
the resistance of the LRS at several Type 1 RRAM-cell sizes.   

Figure 14. Resistance of LRS (Type 1 RRAM cells irradiated by high neutron fluence) with 
different areas. 

It is obvious that the resistance of LRS exhibited very little dependence on area. This implies that 
although even more oxygen vacancies are generated in a large-size Type 1 RRAM, only a small 
portion of them form the oxygen conduction path.  Thus, other oxygen vacancies generated in the 
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large-size Type 1 RRAM may deviate from the conduction path(s), resulting in little change in the 
resistance of the LRS. 

4.3 Effects of neutron irradiation on Type 2 HfOx RRAM   
  
In this section, Type 2 RRAM was subjected to the same irradiation as Type 1 RRAM. Figure 15 
shows the schematic of the Type 2 RRAM cell. 

 

Figure 15. Schematic of the Type 2 RRAM cell. As mentioned previously, this RRAM cell is 
modified from Type 1 in the following two ways: (1) reduction in the thickness of the HfOx, and 

(2) use of Atomic-Layer Deposition to deposit the HfOx layer (~5 nm). 

These two modifications (reduction of the thickness and changing the fabrication process of HfOx) 
were made for several reasons. First, in the past, the influence of gamma rays on TaOx RRAM 
devices with different thicknesses was investigated.15  The results indicated that RRAM with 
thinner oxides have less degradation in both the HRS and LRS resistance after gamma-ray 
irradiation.15 Based on this clue, we propose that a thinner oxide RRAM is one possible way to 
increase the radiation hardness.  
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Second, some variations were seen in the reliability test for Type 1 RRAM cells. We expect that 
the quality of the HfOx film will become better and hypothesize that a good-quality film might 
have a higher degree of radiation hardness. It has been known that the quality of ALD films is 
better compared to sputter-deposited films.17 Hence, the fabrication process of the HfOx film was 
changed from sputter deposition to ALD.   

The Type 2 RRAM cells (shown in Figure 15) were exposed to very high neutron fluence as shown 
below. 

.  

4.3.1. Type 2 RRAM performance under neutron irradiation 
 
The forming rate, the forming voltage, the resistances of the high resistance state (HRS), the shift 
in set voltage of the irradiated Type 2 RRAM cells were measured.  No Type 2 RRAM cells were 
found to be formed and end up in the LRS after high-neutron-fluence irradiation 

Figure 16 shows the forming voltage for pre-irradiated and post-irradiated Type 2 RRAM cells. 
All forming voltages were approximately 7 V. There was no significant change in them after 
neutron irradiation. Figure 17 shows the I-V characteristics for pre-irradiated and post-irradiated 
Type 2RRAM cells. 

Thermal     Epithermal       Fast (<1eV)   (>1eV, <1MeV)  (>1MeV) 1.33×10ଵସ  3.84×10ଵଶ    1.76×10ଵଷ  (neutrons/ܿ݉ଶ)                             
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Figure 16. Forming voltages of pristine and post-irradiated Type 2 RRAM cells 

 

Figure 17. I-V characteristics of pri-irradiated and post-irradiated Type 2 RRAM cells 
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There is no significant influence generated by neutrons in the resistance of HRS, and set voltages. 

4.3.2 Sequential I-V characteristic measurements on irradiated Type 2 RRAM 
 
Figure 18 shows the sequential I-V characteristic measurements on the irradiated Type 2 RRAM 
cells. The black lines are the first switching cycle, followed by red, blue, pink, and yellow lines. 
There is no significant variation from cycle to cycle. 

 

Figure 18. Sequential I-V characteristic measurements on the irradiated Type 2 RRAM cells. 

Summary of Section 4.3 

Type 2 RRAM is not formed under high-fluence neutron irradiation, and no significant changes in 
the forming voltage and I-V characteristics appeared after neutron irradiation. For the sequential 
I-V characteristic measurements, no obvious variation is observed. Hence, the Type 2 RRAM can 
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be considered to be resistant to high neutron fluence. Since all the Type 2 RRAM cells had both 
the thickness and the fabrication method of the cell changed, it will be helpful to speculate on 
which of these two effects are dominant. It is very likely that both the changes in thickness and 
fabrication are very important since these two modifications can cut down on the number of defects. 
In addition, it was found that the forming voltage is linearly dependent on the thickness of the 
oxide film18. Obvious, it is not desirable to have a high forming voltage in practical applications. 
Thus this points to the use of a thinner oxide within a RRAM cell.18 

4.4 Summary  
Neutrons displace atoms and produce electron-hole pairs. This effects result in decreases the Pb-
type defects levels in ultra-thin HfO2 films. Thus, we may say that lower doses of neutrons “anneal” 
the sample. However, when the neutron radiation dose increases, more and more neutrons collide 
with oxygen atoms and cause them to leave the lattice or to transmute into different atoms.  This 
step then causes the number of E’ states to increase. These defect states are related to the electron 
transport in HfO2. Therefore, the leakage currents in HfO2 can change as the defect concentrations 
are changed. 

These neutron-induced effects are also observed at Type 1 RRAM. Many Type 1 RRAM cells can 
be formed by neutron irradiation and end up in the LRS. This effect indicates that neutrons create 
conduction paths in the HfOx, which makes the Type 1 RRAM at the LRS. On the other hand, 
unformed neutron-irradiated Type 1 RRAM only needs a lower voltages to form. In addition, the 
resistance of the HRS increased and anneal effects are observed on the HfOx film within the Type 
1 RRAM. The shift in values of the set voltage can be seen on the I-V characteristic of the neutron-
irradiated Type 1 RRAM. Degradation of endurance is also observed on irradiated Type 1 RRAM. 
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This is believed to be the result of atomic-structure changes in HfOx film caused by neutron 
irradiation. From the sequential I-V characteristic measurements of high-neutron fluence-
irradiated Type 1 RRAM cells, the influence from neutron irradiation does not last after several 
switching cycles. 

No effect of cell area on irradiated Type 1 RRAM cells was seen. This infers that some oxygen 
vacancies generated in large size Type 1 RRAM cells are dislocated from the conduction path. 

Based on all the measurements about how neutrons affect Type 1 RRAM, the Type 2 RRAM 
design was fabricated and shown to be resistant to high neutron fluence.   
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Chapter 5 - Proton-Induced Effects 
 
In this Chapter, proton-induced effects will be presented. This discussion will be separated into 
three parts: (1) Transport of Ions in Matter (TRIM) code calculation for protons interacting with 
materials (described in Section 5.1), (2) The effects of proton irradiation on ultra-thin HfO2 blanket 
films. Several measurements were made including defect-state concentration, leakage current, and 
atomic structure (described in Section 5.2), and (3) The effects of proton irradiation on the two 
types of RRAM cells. For the Type 1 HfOx RRAM, protons affect its performance (described in 
Section 5.3). In order to analyze the influence of protons, several measurements were made 
including the forming process, the  I-V characteristics, endurance (described in Section 5.3.1), and 
sequential I-V characteristic measurements (described in Section 5.3.2). Based on these results, 
the Type 2 HfOx RRAM is proposed (described in Section 5.4) to be more proton resistant than 
the Type 1 RRAM.  

5.1 TRIM Code calculations for protons interacting with material 
 
There is a large body of literature discussing the interactions between protons and materials.1,2 The 
interaction of protons with materials results in two major effects: production of electron-hole pairs 
(ionization)3 and physical displacement of atoms (displacement).4  Those interactions that result 
in electronic excitation or ionization of atoms are referred to as the ionization/excitation process. 
For protons, this process can be direct ionization/excitation since protons are charged particles. In 
the displacement process, the energy imparted by the incident particles results in atoms leaving 
their original lattice structure. Once defects are formed by the displacement process, these defects 
will attempt to reorder to form more stable configurations. Defect reordering is often called 
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annealing.5 In addition, this phenomenon is enhanced by free charged particles generated during 
the ionization process.6 
TRIM (the Transport of Ions in Matter) code calculations7 were performed to determine the proton 
interactions. The code calculates the ion distribution and a number of kinetic phenomena 
associated with ion energy loss, such as displacement and ionization. In this work, we focus on 
several MeV protons since cosmic ray protons are in this energy range.8 However, protons lose 
energy when they pass through matter.9 Thus, lower-energy protons are also investigated. 

Figure 1-3 shows the results of the TRIM calculations. The HfO2 film thickness was set to be 20-
nm and the Si substrate thickness was set to be 200 nm, which is the same as the blanket films.  
The proton energies were set to several MeV, several hundred keV and several tens of keV, since 
we are interested in protons with different energies. The simulation results include qualitative 
discussions on ionization and displacement and the tracks of the protons within the material.  
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Figure 1. TRIM Code calculation of 5 MeV protons passing through a HfO2 thin film and Si 
substrate: (a) Ionization, (b) Displacement, and (c) Tracks of protons. 
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Figure 2. TRIM Code calculation of 500 keV protons passing through a HfO2 thin film and Si 

substrate: (a) Ionization process, (b) Displacement process, and (c) Tracks of protons. 
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Figure 3. TRIM Code calculations for 60 keV protons passing through a HfO2 thin film and Si 
substrate: (a) Ionization process, (b) Displacement process, and (c) Track of protons. 

It can be seen in Figure 1 that only a very few 5 MeV protons interact with atoms and cause very 
little displacement. A similar simulation result was shown by Timotijevic et al.2  That is, high-
energy protons were shown to pass through SiO2, AlN, Al2O3 and polycarbonate thin films, but 
did not produce much atomic displacement. It can be seen in Figure 3 that there is more atomic 
displacement and less transmission probability when proton energy is decreased to 60 keV.   
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The main goal here is to investigate proton-induced effects on blanket films and RRAM.  As 
described earlier, the energies of the protons vary because of energy losses caused by collisions 
with matter. In this work, only 5 MeV and 60 keV protons were chosen for irradiation. This was 
done based on the TRIM-code results. 
 5.2 Effects of neutron irradiation on ultra-thin HfO2 blanket films 
 
In this Section, blanket films of HfO2 deposited on Si were irradiated with protons with two 
fluences. These are: (1) ~2×1014 protons/cm2 and (2) ~2×1015 protons/cm2. The proton energies 
were set to 5 MeV and 60 keV for both fluences. 

 Electron-spin resonance (ESR) was used to detect changes in the defect-state concentration. In 
addition, the leakage currents of pristine and irradiated HfO2 films were also measured. X-ray 
diffraction was also used to detect changes in crystal structure for these proton-irradiated samples.  
These are the same diagnostic measurements used for the neutron-irradiated HfO2 films.  

5.2.1 Electron-Spin Resonance Measurements 
 
In this work the HfO2 films were 20-nm thick room-temperature atomic-layer-deposited on (100) 
Si as was the case for the neutron-irradiated films. The resistivity of the silicon substrate was 4000 
Ω cm. This resistivity was needed to obtain adequate ESR measurements.10 The ESR analysis 
techniques were the same as those used for the neutron-irradiated HfO2 films.  

i) 5MeV protons 

The measured and fit ESR data for the pristine and 5 MeV proton-irradiated samples are shown in 
Figure 4. 
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Figure 4. ESR signals and defect-state fitting curves for (a) Pristine sample, (b)  5MeV proton-
irradiated sample (1.75×1014 protons/cm2), and (c) 5MeV proton irradiated sample 

(2×1015protons/cm2). 

The corresponding defect-state concentrations are shown in Figure 5. 
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Figure 5. Absolute values of the defect-state concentrations. 

Figure 5 shows that the concentrations of the Pb0 and Pb1 states change after proton irradiation. 
However, after considering experimental error, the results for 5 MeV protons cannot be regarded 
as a statistically significant change in concentration of any of these defects including Pb0, Pb1, 
and E’ even after being exposed to a very high proton fluence. According to previous TRIM code 
calculations, very few effects of 5 MeV protons should be observed as is shown in the case here. 
ii) 60keV protons 

The measured and fit ESR data for the pristine and 60 keV protons irradiated samples are shown 
in Figure 6. 
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Figure 6. ESR signals and defect-state fitting curves for (a) Pristine sample, (b) 60 keV proton-
irradiated samples (2 × 1014 protons/cm2), and (c) 60 keV proton-irradiated samples (2 × 

1015protons/cm2). 

The corresponding defect-state concentrations are shown in Figure 7. 
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Figure 7. Absolute values of the defect-state concentrations. 

Figure 7 shows that the concentrations of the Pb0, and Pb1 states decrease after proton irradiation. 
According to previous TRIM code calculations, there should be more displacement effects 
observed for 60 keV protons, which is the case here. The defect reordering enhanced by the 
charged particles generated by ionization (annealing) is also observable.5   
5.2.2 Leakage-Current Measurements 
 
Leakage currents through HfO2 are usually attributed to Poole-Frenkel emission, 11  which 
generates conduction through defect states. 12 Therefore, the leakage currents after proton 
irradiation were also measured to determine whether this is consistent with the ESR measurements. 
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i) 5MeV protons 

 
Figure 8. I-V characteristics of pristine and 5 MeV proton-irradiated HfO2 films. 

For 5 MeV proton irradiation, the changes in leakage currents (shown in Figure 8) are more 
obvious than the changes in defect-state concentration that were shown in Figure 5.  Thus, we can 
conclude that there are still some observable annealing effects after exposure to 5 MeV protons. 
ii) 60 keV protons 

The annealing effect is observed in the 60 keV proton-irradiated samples as shown in Figure 9. 
This result is consistent with previous defect-state concentration measurements that were shown 
in Figure 7.  
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Figure 9. I-V characteristics of pristine and 60 keV proton irradiated HfO2 films. 

5.2.3 X-ray diffraction measurements 
 
Local atomic structures of HfO2 films can be changed as a result of proton irradiation.13,14 In order 
to gain more insight into the modification, XRD was performed on a control and two proton-
irradiated HfO2 films.  

i) 5MeV protons 
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Figure 10. X-ray diffraction patterns of selected HfO2 films grown on Si substrates. 

ii) 60keV protons 

 

Figure 11. X-ray diffraction patterns of selected HfO2 films grown on Si substrates. 
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It appears that both the pristine and irradiated films display polycrystalline monoclinic structure 
grains.15 The increase in intensity of the peak (2Θ = 28.6°) indicates that the HfO2 films become 
more crystalline after both 5 MeV and 60 keV proton irradiation. 

5.3 Effects of proton irradiation on Type 1 HfOx RRAM 
For reference, the schematic structure of the HfOx-based Type 1 RRAM cell is shown again in 
Figure 12. HfOx-based Type 1 RRAM cells were irradiated with 2 different proton levels: (1) ~2 
× 1014 protons/cm2 and (2) ~2 × 1015 protons/cm2. The proton energies were again set to 5 MeV 
and 60 keV. 

Figure 12. Schematic of Type 1 RRAM cell. The bottom electrode (Pt) was grounded and 
voltage was applied to the top electrode (TiN) in all the measurements. Thus, positive/negative 

bias means applying positive/negative voltage to the TiN electrode. 

The investigation of the influence of protons on the Type 1 HfOx RRAM can be separated into 
two parts: (1) Type 1 RRAM performance as a function of radiation fluence, and (2) Sequential 
I-V characteristic measurements on irradiated Type 1 RRAM. All the investigations use the same 
Type 1 HfOx RRAM cells shown in Figure 12 as described previously. 



84 
 
5.3.1 Type 1 RRAM performance as a function of radiation fluence 
 
In this section, proton effects, particularly on the forming rate, the forming voltage, the resistances 
of the high resistance state (HRS), the shift in set voltage and endurance are analyzed.  

5.3.1.1 Forming Rate and Forming Voltage 

For each fluence, 50 Type 1 RRAM cells before forming were irradiated. The forming rate and the 
forming voltages of these irradiated Type 1 RRAM cells were measured.  

i) 5MeV protons 

No Type 1 RRAM cells were formed so as to end up in the low-resistance state (LRS) even after 
being exposed to high 5 MeV proton fluence (2.79 × 1015cm-2). The forming voltages for the 
irradiated Type 1 RRAM cells after irradiation are shown in Figure 13. 

No differences were found in the forming voltages for both pristine and all Type 1 RRAM cells 
under 5 MeV proton irradiation.  From these results, it is likely that 5 MeV protons do not affect 
the formation of a conduction path in the metal-oxide film. 
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Figure 13. Forming voltages of Type 1 RRAM cells under two fluence conditions of 5 MeV 
protons. 

ii) 60 keV protons 

No Type 1 RRAM cells are formed and end up in the LRS even after being exposed to high 60-
keV proton fluence (2 × 1015 cm-2). The forming voltages for irradiated Type 1 RRAM cells are 
shown in Figure 14.  
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Figure 14. Forming voltages of Type 1 RRAM cells under two fluences for 60 keV proton 
irradiation. 

No statistically different forming voltages were found in the forming voltage for pristine and 
irradiated. Type 1 RRAM cells.    

Based on previous TRIM code calculation, 60 keV protons cause more displacement damage. 
However, it is clear that 60 keV protons do not affect the formation of a conduction path in the 
metal-oxide film.16 

5.3.1.2 I-V Characteristics 

i) 5MeV protons 

I-V characteristics of 5 MeV proton-irradiated Type 1 RRAM cells are shown in Figure 15.  
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Figure 15. I-V characteristics of pristine Type 1 RRAM and Type 1 RRAM irradiated with two 

different proton fluences of 5 MeV protons. 

The annealing effect appears as an increase in the resistance of the HRS. The proton-induced 
effects on Type 1 HfOx RRAM devices agrees with the observations for blanket films that was 
shown in Section 5.2.1. In addition, the set voltages increased after proton irradiation. The largest 
increase in set voltage is from 3.5 to 7V. These shifts of set voltages may create problems in real 
device applications.  First, the irradiated RRAM cannot achieve the set process at a fixed pulse 
voltage. Besides, even increasing the set voltage in the irradiated RRAM a little bit, a much large 
power is needed for the switching since the power is proportional to the square of the voltage.   

ii) 60 keV protons 

Figure 16 show the I-V characteristics of Type 1 RRAM cells irradiated with 60 keV protons. 
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Figure 16. I-V characteristics of pristine Type 1 RRAM and Type 1 RRAM cells irradiated with 

60 keV protons under two different fluences. 

Based on the previous TRIM code calculation, more interaction for 60 keV protons should be 
found as is shown here. The annealing effect is more obvious with the 60 keV proton-irradiated 
Type 1 RRAM. In addition, the set voltage is higher than 10V after proton irradiation. These shifts 
of set voltages will also have the potential to create problems in real device applications.   

5.3.1.3 Endurance 

The endurance of pristine Type 1 RRAM and Type 1 RRAM irradiated with a high-proton fluence 
of approximately 2×1015cm-2 was measured. The proton energy for this measurement was 5MeV. 
The endurance test is designed to measure the number of pulsed-voltage cycles that can be applied 
to a RRAM device until it becomes unreliable.17 Figure 17 shows the pulse cycle applied to the 
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Type 1 RRAM during the endurance test. Figure 18 is the result of this endurance test. From this 
figure, it is obvious that the endurance of Type 1 RRAM cells degrades after proton irradiation.  

 
Figure 17. A pulsed voltage cycle applied to Type 1 RRAM for the endurance test. For every 

cycle, tcycle = SET pulse width + RESET pulse width + waiting times = 9 ms. 

 

Figure 18. Endurance cycles for pristine and photon-irradiated Type 1 RRAM.  
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Summary of Section 5.3.1  

From these observations, the following conclusions can be made. First, no Type 1 RRAM cells 
were formed that end up in the LRS state and no differences were found in the forming voltage 
after proton irradiation, even with different energies and fluences. Second, protons also anneal the 
HfOx film used in Type 1 RRAM. Third, shift in values of the set voltage can be seen on the I-V 
characteristic of proton-irradiated Type 1 RRAM. In other words, it is more difficult to achieve 
the set process of the irradiated Type 1 RRAM. In addition, a consistent result from the endurance 
test is observed. The irradiated Type 1 RRAM lasts a significantly fewer number of switching 
cycles. The cause of the increase in set voltage and endurance degradation of irradiated Type 1 
RRAM, is believed to be the result of similar atomic-structure changes in HfOx caused by the 
proton irradiation as was observed in blanket HfO2 films as described in Section 5.2.3 

5.3.2 Sequential I-V characteristic measurements on irradiated Type 1 RRAM 
 
In the previous section, the performance of Type 1 RRAM at different proton fluences was 
discussed. In this section, sequential I-V characteristic measurements on Type 1 RRAM cells at 
specific proton fluences are presented. This measurement was made to determine whether these 
proton-induced effects are permanent or recoverable after several switching cycles. For all 
measurements, the black lines are the first switching cycle, followed by red, blue and green lines.   

i) 5 MeV protons 

The sequential I-V characteristic measurements are shown in Figure 19. From these measurements, 
it shows that the influence of proton irradiation including “increasing in HRS resistance” and 
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“changes in set voltages” appear in every switching cycle. This indicates that this change may be 
the result of permanent damage to the Type 1 RRAM. 

 

Figure 19. I-V characteristics of Type 1 RRAM cells irradiated by two proton fluences (a) 2.79 × 
1014 protons/cm2 and (b) 2.05 × 1015 protons/cm2. The black lines are the first switching cycle, 

followed by red, blue, and green lines, respectively. 

ii) 60 keV protons 

The sequential I-V characteristic measurements are shown in Figure 20. The effects caused by 60 
keV protons including “an increase in HRS resistance” and “changes to set voltages” may be 
regarded as permanent damage to the Type 1 RRAM. 
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Figure 20. I-V characteristics of Type 1 RRAM cells irradiated with 60 keV protons with two 
fluences (a) 2 × 1014 protons/cm2 and (b) 2 × 1015 protons/cm2. The black lines are the first 

switching cycle, followed by red, blue, and green lines, respectively. 

5.4 Effects of proton irradiation on Type 2 HfOx RRAM 
Here we discuss the effect of proton irradiation on Type 2 RRAM as shown in Figure 21. 

Figure 21. Schematic of the Type 2 RRAM cell. This RRAM cell is modified in two aspects: (1) 
Reduction of the thickness of the HfOx, and (2) ALD fabrication of the HfOx (~5 nm). 
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As described earlier, Type 2 RRAM has a thinner metal oxide than a Type 1 RRAM and a different 
fabrication process of the HfOx film. The Type 2 RRAM was exposed to high proton fluence (2 × 
1015cm-2). The proton energy was either 5 MeV or 60keV as was the case for the Type 1 RRAM. 

5.4.1 Type 2 RRAM Performance under proton irradiation 
The forming rate, forming voltages, the resistances of the high resistance state (HRS), and the shift 
in set voltage of the irradiated Type 2 RRAM cells were measured. No Type 2 RRAM cells are 
formed and ended up in the LRS after exposing to either 5 MeV or 60 keV protons. 

i) 5 MeV protons

Figures 22 and 23 shows the forming voltage and the I-V characteristics for pre-irradiated and 
post-irradiated Type 2 RRAM cells.  

Figure 22. Forming voltages of Type 2 RRAM cells under 5 MeV protons. 
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The Type 2 RRAM showed no significant changes to the forming voltage and the I-V 
characteristics after 5 MeV proton irradiation. Hence, these Type 2 RRAM should be considered 
to be resistant to high proton fluence at this energy. 

 
Figure 23. I-V characteristics of pre-irradiated and post-irradiated (5MeV) Type 2 RRAM cells. 

 
ii) 60 keV protons 

Figures 24 and 25 shows the forming voltage and the I-V characteristics for pre-irradiated and 
post-irradiated Type 2 RRAM cells. 
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Figure 24. Forming voltages of Type 2 RRAM cells under 5 MeV protons. 

 
Figure 25. I-V characteristics of pre-irradiated and post-irradiated (60keV) Type 2 RRAM cells. 
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The Type 2 RRAM showed slight changes to the set voltage and the resistance of HRS after 60 
keV proton irradiation. However, the changes were not very significant compared with the changes 
to Type 1 RRAM that was shown in Figure 16.  Hence, the Type 2 RRAM again should be 
considered to be more resistant to high proton fluence at this energy than Type 1 RRAM. 

5.4 Summary  
A similar annealing effect was found in the defect concentrations and leakage currents of HfO2 
blanket films irradiated by 5 MeV and 60 keV protons. In addition, the annealing effects are more 
obvious in HfO2 blanket films irradiated with 60 keV protons since more protons interact with the 
HfO2 blanket films. The same annealing effect is also observed in the resistance of the HRS in 
Type 1 RRAM. Type 1 RRAM irradiated with 60 keV protons has a higher increase in the 
resistance of the HRS than Type 1 RRAM irradiated by 5 MeV protons.  

On the other hand, no Type 1 RRAM was formed and exhibited the LRS and no changes were 
observed in the forming voltage of irradiated Type 1 RRAM. 60 keV protons have more interaction 
with the HfO2 film within RRAM. However, these 60keV protons still could not generate a 
conduction path within the HfOx film.   

The shift in values of the set voltage can be seen on the I-V characteristic of Type 1 RRAM 
irradiated with 5 MeV and 60 keV protons. A degradation of the endurance was observed after 5 
MeV proton irradiation. This is believed to be the result of atomic-structure changes in HfOx 
caused by proton irradiation.  

From sequential I-V characteristic measurements, the influence of proton (5MeV, 60keV) 
irradiation should be regarded as a permanent damage.  Based on all the measurements about how 
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protons affect Type 1 RRAM, Type 2 RRAM is provided and is consider to be more resistant to 
high proton fluence than Type 1 RRAM. 
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Chapter 6 - Conclusions and Future work 
 
The goal of this work was to determine whether cosmic rays or other radiation affects RRAM. We 
looked into the radiation-induced effects on two types of RRAM cells and the mechanisms that 
cause these effects.  

This work included two parts: (1) Measuring the radiation induced effects on HfO2 thin films with 
the goal of identifying the damage-causing mechanisms of the radiation-induced effects on HfOx 
RRAM. In addition, the degradation of the reliability of RRAM was also investigated. A 
comparison of the effects induced by different radiation sources was provided. (2) An RRAM cell 
with a thinner dielectric layer made by atomic layer deposition proved to be more damage resistant. 

In the first section of this Chapter, a summary of the significant findings will be given. Then, 
recommendations for future work are provided. 

6.1 Summary of Significant Results 
6.1.1 Comparison of Neutron and Proton effects on Type 1 RRAM 
 
For neutron irradiation, neutrons were generated in a light-water-moderated nuclear reactor where 
a continuous neutron spectrum is present including thermal, epithermal and fast neutrons. In this 
work, the highest neutron fluences were:  

 

 

 

Thermal     Epithermal       Fast 
(<1eV)   (>1eV, <1MeV)  (>1MeV) 
1.33×10ଵସ  3.84×10ଵଶ    1.76×10ଵଷ  (neutrons/ܿ݉ଶ) 



102 
 
At this neutron fluence, 90 % of the RRAM cells are formed with neutron irradiation alone, and 
end up in the low resistance states (LRS). For any unformed neutron-irradiated RRAM cells, lower 
voltages were needed to form the cell. In addition, the resistance of the high resistance state (HRS) 
increased after neutron irradiation.  From the sequential I-V characteristic measurements of the 
irradiated RRAM cells, the influence of neutron irradiation disappears after several switching 
cycles.  

The forming process generated by neutrons, the reduced forming voltage for unformed RRAM 
and the increase in HRS resistance for neutron-formed RRAM, can be regarded as the results of 
the displacement effects of neutrons, followed by anneal enhanced by electrons generated during 
ionization process. These effects are consistent with the measurements made on the neutron-
irradiated ultra-thin HfO2 blanket films. 

In addition, the resistance of the low-resistance state (LRS) exhibited very little dependence on 
area. This may indicate that some oxygen vacancies in a large-area RRAM are formed away from 
the primary conduction path. 

However, protons with different energies (5MeV, 60keV) do not result in any formed RRAM and 
no change in the forming voltage was observed at a fluence level up to 2× 1015 protons/cm2. A 
similar increase in the resistance of HRS is also observed on proton-irradiated RRAM. From the 
sequential I-V characteristic measurements of the irradiated RRAM cells, the influence of proton 
irradiation lasts after several switching cycles. 

Therefore, for protons, no obvious displacement effects are observed. The increase in the HRS 
which is an annealing effect by protons that is similar to that for neutrons, however, was observed.  
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The shifts in values of the set voltage can be seen on the I-V characteristics of both neutron-
irradiated and proton-irradiated RRAM cells. Degradation of endurance was also observed on both 
neutron-irradiated and proton-irradiated RRAM cells. This is believed to be the result of atomic-
structure changes in HfOx caused by the irradiation.  

A table is shown below to list the neutron and proton induced effects on Type 1 RRAM. 

 

Table I.  Summary of neutron and proton effects on Type 1 RRAM. 

6.1.2 A modified RRAM (Type 2) to increase radiation hardness 
 
The Type 2 RRAM device was proposed as a solution, based on previous measurements and the 
literature. The Type 2 RRAM cells were modified in two aspects: (1) Reduced thickness of the 
metal-oxide film within the RRAM, and (2) Use of atomic layer deposition (ALD) to deposit the 
HfOx film. 

There were no Type 2 RRAM cells that are formed ending up in the LRS after neutron and proton 
irradiation. There was no significant alternation in forming voltage and I-V characteristics after 
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neutron and proton irradiation. Thus the Type 2 RRAM have been shown to be resistant to high 
fluence neutron and proton irradiation. 

A table is shown below to list the neutron and proton induced effects on Type 2 RRAM. 

 

Table II.  Summary of neutron and proton effects on Type 2 RRAM. 

6.2 Recommendations for Future Work 
 
Measurements of radiation-induced effects on RRAM and the damage mechanisms have been 
presented in this work. A new RRAM design was also proposed to increase radiation hardness. 
These results act as a foundation for exciting future work. 

In this section, a number of recommendations for future work will be provided as possibilities to 
extend the work. 

I-V characteristics of neutron and proton irradiated RRAM cells were measured and discussed in 
the previous section. We found that leakage current in the high-resistance state would decrease 
after neutron irradiation. However, this neutron-induced effect was not permanent. 
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For pristine RRAM, the conduction mechanism was dominated by defect-assisted tunneling. For 
neutron-irradiated RRAM, temperature-dependent I-V characteristics should be performed to 
determine the dominant conduction mechanism. 

There are several mechanisms that have been proposed1,2for electronic transport in RRAM. Most 
of them can be categorized into a thermionic process that involves thermal activation and a 
tunneling process that does not involve thermal activation. It should be possible to infer the 
dominant electronic transport in the neutron irradiated RRAM from the temperature dependent I-
V characteristics.  

In addition, measurements of single event upsets (SEU)3  in RRAM before, during and after 
irradiation is also a very important task that must be undertaken. 
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