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ABSTRACT 

Neutron and proton induced effects on HfOx-based Resistive Random Access Memory 

(RRAM) is investigated. Displacement damage resulting in oxygen vacancies, followed by 

“annealing” from neutron irradiation and some self-forming of the RRAM cells was 

observed. An increase in the resistance of the high-resistance state (HRS) of the RRAM 

may be attributed to the annealing effect. For protons, self-forming was not observed on 

proton-irradiated RRAM. Thus, there is likely to be less displacement damage during 

proton irradiation of the same fluence, which is likely caused by coulomb effects. 

However, a similar increase in the resistance of the HRS as in the case of neutron 

irradiation was observed.  Similarly, protons also annealed the HfOx film within a RRAM 
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cell. Shifts in values of the set/reset voltage were observed for both neutron-irradiated 

and proton-irradiated RRAM cells. We hypothesize that changes to the local atomic 

structure of HfOx as a result of neutron and proton irradiation might make defect 

diffusion difficult. 
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I. Introduction 

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

technology and has attracted great attention.
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 as the size of these devices 

continues to decrease.
2
  

In the past, RRAM devices using transition metal oxides, such as TiOx, HfOx, and TaOx 

have been extensively studied.
3 , 4 , 5  

In particular,
 
HfOx-based RRAM devices show 

excellent performance in terms of operating current and speed.
6
 Hence, HfOx-based 

RRAM devices were chosen as the model system for this work. 

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 in 

the x-ray and gamma-ray regions).
7
 Other radiation, such as vacuum ultraviolet (VUV), is 

often generated during plasma processing.
8
 Among these, protons and neutrons that come 

from cosmic rays are the most likely ones to cause damage to RRAM based on their 

fluxes at terrestrial altitudes and their interaction cross sections.
9
 

In this work, the primary concern is neutron and proton-induced effects on HfOx RRAM. 

The effects on the forming rate, the forming voltage, the resistance of the HRS and the set 

voltages are investigated. 

II. Experimental Configurations 

A cross section of an HfOx RRAM cell used in this work is shown in Fig. 1. The bottom 

platinum electrode (~90 nm thick) is deposited by e-beam evaporation on a Si wafer with 
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a two-nm Ti adhesion layer. Then, HfOx (~25nm) and TiN (~200 nm) layers are deposited 

by reactive sputtering at room temperature, followed by a lift-off process to generate a 

pattern on the top electrode.   

 These RRAM cells were irradiated with neutrons under three different fluences at the 

University of Wisconsin Max Carbon Radiation-Science Center. The neutron irradiation 

conditions are shown in Table I.   For proton irradiation, 5 MeV and 60 keV protons were 

generated using both a linear particle accelerator and an ion-implantation facility. Proton 

irradiation in the MeV range of energies were chosen since cosmic-ray protons are in this 

range.
10

 However, protons lose energy when they pass through matter.
11

 Thus, lower-

energy protons were also investigated. Based on TRIM simulations, 60 keV protons are 

the most likely to cause damage to the HfOx film within RRAM. Electrical measurements 

were made with an HP 4155B semiconductor parameter analyzer. The bottom electrode 

(Pt) was grounded and the signs of the positive/negative voltages mean positive/negative 

applied voltage across the cell with respect to the Pt electrode.  
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  Fluence   

Neutron Type Thermal 

(<1eV)                        

Epithermal 

(>1eV,< 1MeV) 

Fast 

(>1MeV) 

Low 1.33 x 10
12 

neutrons/cm
2
(X) 

3.84 x 10
10 

 neutrons/cm
2
(X) 

1.76 x 10
11 

neutrons/cm
2
(X) 

Medium 10 X 10 X 10 X 

 

High 100X
 

  

100X 100 X 

    

    

III. Results 

 

   

The investigation of the neutron and proton effects on the HfOx RRAM cells is separated 

into two parts. Part A is the effect on the forming process and the resistance of HRS.
1
 

Part B discusses changes to the set/reset voltages.
12

  

According to a review paper published by Wong
1
, a forming process is needed for fresh 

RRAM cells because the number of intrinsic defects in the metal oxide is typically small. 

To achieve this, a d.c. voltage higher than the set/reset voltage is needed to apply across 

the oxide. This voltage results in oxygen ions leaving the lattice of the metal oxide and 

moving toward the anode. This localized deficiency of oxygen leads to the formation of a 

conduction path
13

 that makes RRAM cells switch to LRS. In subsequent switching cycles, 

reset or set of the RRAM refers to destruction or reconstruction of the conduction path. 

However, neutrons and protons could also affect the formation of a conduction path.   

I-V characteristics of RRAM cells are also affected by neutron and proton irradiation, 

especially the resistance of HRS and the set/reset voltage. The increase in the resistance 
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is related to the changes in defects. The set/reset voltage shifts are considered to be a 

manifestation of the degradation of the mobility caused by defects. 

A. Forming Process and Resistance of HRS  

 

Figure 2 shows the forming rate for RRAM cells irradiated with the three different 

neutron fluences.  Fifty RRAM cells were irradiated with each neutron fluence. The 

forming rate is the ratio of the number of RRAM cells that were formed and entered the 

LRS under neutron irradiation to the total number of RRAM cells (which is 50 for each 

fluence). 

The forming rate as a function of neutron fluence is shown in Figure 2.  It increases 

approximately linearly with neutron fluence. Figure 3 shows the forming voltages for 

unformed RRAM cells that were irradiated with neutrons. The result is shown in Figure 3.   

From both results, it is apparent that either neutrons alone or a smaller forming voltage 

after irradiation can result in the formation of the conduction path. 

For proton-irradiated RRAM, no RRAM cells were formed even after being exposed to 5 

MeV and 60 keV high proton fluence (~2 × 10
15

cm
-2

).  The forming voltage for the 

proton-irradiated RRAM cells is shown in Figure 4. No obvious change in forming 

voltage after proton irradiation was observed.  Thus, for proton-irradiated RRAM cells, 

no effect is observed in the forming process. 
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Current of the irradiated RRAM at HRS is always smaller than the pristine RRAM at 

HRS are shown in Figure 5 and 6. This means that both neutrons and protons “anneal” 

the RRAM cells by increasing the resistance of the HRS. 

The neutron-induced effects on HfOx RRAM cells agrees with observations from 

previous work,
14

 which showed that neutrons interact with the dielectric material and 

generate two separate effects: displacement and ionization. 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 results in the annealing 

process described above.  For protons, ionization and displacement processes also occur 

during irradiation. Thus, less displacement occurs during proton irradiation. 

B. Set and reset voltage shifts  

Set and reset voltages were also observed for RRAM cells after neutron and proton 

irradiation shown in the Figure 5 and 6. For pristine RRAM, the set voltage was 

approximately 3.5 V. The set voltage for neutron-irradiated RRAM increased after 

irradiation.  For proton-irradiated RRAM, the set voltage also increased with either of the 

two proton energies used here.  The increase in set/reset voltages may lead to the 

hypothesis that changes to the local atomic structure of HfOx as a result of neutron and 

proton irradiation might make defect diffusion of difficult.
15

  The shifts of the set/reset 

voltages might lead to a malfunction in RRAM cells because they may no longer be able 

to switch at fixed applied-pulse voltage. In addition, after an increase in the set voltage in 

the irradiated RRAM, a much larger power needed for the switching.  
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IV. Conclusion 

Neutron-induced and proton-induced effects on HfOx RRAM cells were investigated.  

Some RRAM cells can be formed by neutron irradiation and appear in the LRS after 

neutron irradiation. For those unformed irradiated RRAM cells, a smaller forming 

voltage was needed. In addition, an increase in the HRS resistance was observed in 

neutron-irradiated RRAM.  Furthermore, shifts in values of the set/reset voltage can be 

seen on the I-V characteristics of neutron-irradiated RRAM cells.  

No RRAM cells were formed by proton irradiation after proton irradiation.  This was the 

case even when the energy and fluence of protons were adjusted to increase the 

interaction between the protons and the dielectric material. In addition, an increase in the 

HRS resistance was observed in proton-irradiated RRAM. Shifts in values of the set/reset 

voltage can be seen in the I-V characteristics of proton-irradiated RRAM cells.  
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 Figure and Table Captions 

Table 1.  Neutron fluence levels. 

FIG.1 Schematic of RRAM cell. HfOx (~25 nm thick) was deposited with reactive 

sputtering. 

FIG. 2 Forming rate of RRAM cells irradiated with three different neutron fluences. 

FIG. 3 Forming voltage of RRAM cells irradiated with three different neutron fluences. 

FIG. 4 Forming voltage of RRAM cells irradiated with different proton energies: (a) 

5MeV and (b) 60keV.FIG. 5 I-V characteristics of RRAM cells irradiated with three 

different neutron fluences. 

FIG. 6 I-V characteristics of RRAM cells irradiated with different proton energies: (a) 

5MeV and (b) 60keV. 
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