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The total ionizing dose (TID) effect of gamma-ray (c-ray) irradiation on HfOx based resistive

random access memory was investigated by electrical and material characterizations. The memory

states can sustain TID level �5.2 Mrad (HfO2) without significant change in the functionality or

the switching characteristics under pulse cycling. However, the stability of the filament is

weakened after irradiation as memory states are more vulnerable to flipping under the electrical

stress. X-ray photoelectron spectroscopy was performed to ascertain the physical mechanism of the

stability degradation, which is attributed to the Hf-O bond breaking by the high-energy c-ray

exposure. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875748]

The resistive switching phenomenon in metal oxides is

intriguing and has initiated the development of the resistive

random access memory (RRAM) technology for the next

generation of non-volatile memory (NVM) beyond the

FLASH technology.1–3 HfOx-based RRAM devices have

demonstrated great scalability (<10 nm), fast switching

speed (<10 ns), low energy consumption (<pJ/bit), good

reliability (>1010 cycles and >10 yr extrapolated at 85 �C),

multi-bit capability, and compatibility with complementary

metal oxide semiconductor (CMOS) technology.4–6 The

RRAM switching mechanism between the low resistance

state (LRS) and the high resistance state (HRS) is generally

attributed to the formation and rupture of the conductive fila-

ment which may consist of oxygen vacancies.7–9 For aero-

space applications, the lack of low-cost high-density

radiation-hardened NVM is a severely limiting factor in the

design of systems for the harsh space environment. Present

solutions relying on FLASH technology can only sustain a

total ionizing dose (TID) up to 75 krad (Si).10 Therefore, it is

necessary to assess the radiation hardness of the emerging

memory technologies such as RRAM as alternatives for

FLASH. In this work, we report the results of a gamma-ray

(c-ray) irradiation study on the HfOx-based RRAM devices

showing TID hardness �5.2 Mrad (HfO2) and we also ana-

lyze the physical mechanism of degraded filament stability.

Generally, there are five types of radiation sources

employed in laboratory testing: Photons (x-ray, c-ray), elec-

trons, light ions (protons, a-particles), heavy ions, and neu-

trons. For TiOx, TaOx, NiOx, based RRAM, Cu doped

HfOx, and chalcogenide based programmable metallization

cells (PMC), radiation effects have been studied with various

radiation sources.11–23 For the Cu doped HfOx RRAM in

Ref. 22, the switching mechanism was attributed to the Cu

ion migration and formation/rupture of Cu filament, while in

this work, the switching mechanism was attributed to the

generation/recombination of oxygen vacancies.8 For the

HfOx-based RRAM with oxygen vacancy filament, there

were reports on X-ray19 and the heavy ion18 radiation effects

but no report on the c-ray radiation effect. As HfOx is the

one of the most mature RRAM materials4–6 and the highly

penetrating c-rays do not cause other phenomena such as dis-

placement damage and nuclear reactions, it is prudent to per-

form a TID effect study using c-ray on the HfOx device.

RRAM devices with a structure of TiN(50 nm)/

HfOx(10 nm)/Pt(50 nm) were fabricated by e-beam evapora-

tor deposition of Pt films on the silicon oxide substrate as the

bottom electrode, atomic layer deposition (ALD) of HfOx

using TEMA-Hf and H2O as precursors at 220 �C, and reac-

tive sputtering of TiN as the top electrode. The details of the

switching characteristics were reported in Ref. 24. The DC

sweep and electrical stress of the RRAM devices were meas-

ured using a Keithley 4200 semiconductor parameter ana-

lyzer. The pulse cycling responses of the RRAM devices

were tested with an Agilent 81160A pulse generator. A batch

of HfOx RRAM devices were exposed to 60Co c-rays

(1.25 MeV) at a dose-rate of 557 rad(HfO2)/min in a

Gammacell 220 irradiator to observe the step-radiation and

total ionizing dose effects. X-ray photoelectron spectroscopy

(XPS) was performed on pre- and post- irradiation samples

with a Vacuum Generator, Escalab 220i-XL.

The typical DC sweep responses of the HfOx based

RRAM devices are shown in Figure 1(a). The devices are

functional after a �6 V forming process. To set the devices

from the HRS to the LRS, a positive voltage sweep from

0 V to 2 V is used with a current compliance of 100 lA, and

to reset the devices from the LRS to the HRS, a negative

voltage sweep from 0 to �2.3 V is used. The typical pulse

cycling of 5 different devices with an active area of

5� 5 lm2 is shown in Figure 1(b). A positive pulse of

2 V/50 ns was applied to set the devices to the LRS and a

negative pulse of �2.7 V/50 ns was applied to reset the

devices to the HRS.

In order to examine the effects of radiation on the data

retention, the resistance evolution was tracked on 60 samplesa)Email: shimengy@asu.edu
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with different active areas, 0.5� 0.5 lm2, 1� 1 lm2, and

5� 5 lm2 (20 samples for each size). Before irradiation, dif-

ferent values of resistances covering a full range from the

LRS to the HRS (�4 kX to �100 MX) were deliberately pro-

grammed to include different filament shapes or gaps (where

the material is deficient in oxygen vacancies). Figure 2(a)

shows the evolution of resistance states of five different devi-

ces with an active area of 5� 5 lm2 along with increasing

c-ray dose. The samples were taken out of the radiation

source to perform the resistance value check by applying a

0.1 V read voltage immediately (within 1.5 h) after exposure.

The devices were then put back in the radiation source. The

resistance values remained almost constant after the 5.2

Mrad (HfO2) dose except the high resistance values

decreased slightly, nevertheless, the memory window is still

well maintained. Figure 2(b) shows the resistance compari-

son of all the 60 samples between pre-irradiation and

post-irradiation. It is seen that the resistance values before

and after the exposure are almost the same (as indicated by a

line with a slope of 1 in this graph), suggesting that the c-ray

irradiation does not affect the memory states, and thus the fil-

ament shape does not change significantly.

After the 5.2 Mrad (HfO2) c-ray dose, the pulse cycling

of the irradiated samples and the control samples was tested

using the same pulse condition (2 V/50 ns for set and

�2.7 V/50 ns for reset). Statistics of the resistance distribution

obtained for 100 pulse cycles for pre- and post-irradiation

samples with three different active areas (5 cells in each size)

are shown in Figure 3(a). The general trend is that for larger

area cells, the HRS value is smaller (similar as shown in

Ref. 4). If we compare the pre- and post-irradiation data for

each size, the average HRS value decreases slightly after the

exposure and the LRS value remains almost the same, indi-

cating that more oxygen vacancies are generated in the

non-filament region in the irradiated samples which may

contribute to more leakage current in the HRS. Moreover,

we examined the DC performance of 15 devices after irradia-

tion including the initial state, forming voltage, set voltage,

and reset voltage distributions. The distribution of set voltage

and reset voltage before and after irradiation is shown in

Figure 3(b). The initial state, forming voltage slightly

decrease, and set voltage almost keeps the same after irradia-

tion. However, reset voltage decreased about 0.4 V after

irradiation.

In addition, the electrical stress response was measured,

and the result is shown in Figure 4. For the control samples,

the LRS can withstand 104 s with the highest constant bias of

�1.1 V, and the HRS can withstand 104 s with the highest

constant bias of 0.9 V. However, for the irradiated samples,

the HRS can be maintained for several thousand seconds

only under the constant bias of 0.9 V, and then, it switches to

the LRS. The LRS could not even sustain several tens of sec-

onds under the constant bias of �1.1 V until it switches to

the HRS. This suggests that the filament stability is

FIG. 1. (a) Typical I-V curves of the resistive switching behaviors of the TiN/HfOx/Pt RRAM devices and (b) pulse cycling of five different devices with an

area of 5� 5 lm2.

FIG. 2. (a) Resistance states evolution with different c-ray doses for 20 samples of 5� 5 lm2 (the upper edge of the box shows the 75% of the distribution, and

lower edge shows the 25% of the distribution). (b) Resistance comparison before and after irradiation for all the 60 samples.
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weakened after the radiation. This observation of unstable

filament (especially in the LRS) at high voltage stress after

c-ray irradiation is consistent with the reset voltage reduction

after c-ray irradiation in Figure 3(b).

In order to gain more insight into the physical mecha-

nism of c-ray radiation effects on the HfOx RRAM devices,

XPS was performed on the control and irradiated samples.

The XPS depth sensitivity is about 5 nm, thus the informa-

tion from the sample surface down to 5 nm deep region was

collected. In Figure 5(a), the O 1s peaks show that the O-Hf

bonds are located around 530 eV and other non-bridging

oxygen bonds are located around 532 eV.25 The area ratio of

O-Hf bonds to non-bridging oxygen bonds changed from 7:1

to 2.6:1 which indicates that the amount of non-bridging ox-

ygen at the surface of the HfOx has increased after irradia-

tion. Figure 5(b) shows the Hf 4f peaks from the XPS. An

obvious shift of 0.6 eV of the two Hf 4f half peaks 4f5/2 and

4f7/2 to higher energy level is observed, indicating the

reduction of the valence of the Hf element.26 The reduction

in valence of the Hf element also agrees with the fact of

O-Hf bond breaking.

The key observations from the above experiments

include that (1) the HRS and LRS resistance values do not

change significantly after the c-ray radiation, indicating that

FIG. 3. (a) Statistics of resistance distribution by pulse cycling of the control samples and the irradiated samples. (b) The distribution of set voltage and reset

voltage before and after irradiation. The statistics were obtained from devices with three different areas and each area includes 5 different devices (the upper

edge of the box shows the 75% of the distribution, and lower edge shows the 25% of the distribution, and the square shows the mean value of the distribution).

FIG. 4. The 104 s electrical stress on the control samples and the radiation samples with constant bias of (a) �0.8 V and �1.1 V on the LRS and (b) 0.6 V and

0.9 V on the HRS.

FIG. 5. The XPS spectrum of (a) O 1s and (b) Hf 4f peaks of the control and irradiated samples.
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the filament shape may not change as well; (2) the HRS re-

sistance in the pulse cycling decreases slightly after the c-ray

irradiation, indicating more oxygen vacancies generated in

the non-filament region; (3) the maximum voltage stress that

the device can sustain and the reset voltage decrease after

irradiation, indicating the stability of the filament becomes

weakened; (4) more non-bridging oxygen bonds show up af-

ter irradiation, indicating that high energy c-rays may break

up the Hf-O bonds.

Based on these observations, we propose in Figure 6

physical picture to illustrate how c-rays exposures may

affect HfOx RRAM characteristics. That is, high energy

c-rays break up some of the Hf-O bonds, which may result

in the oxygen vacancies and non-lattice oxygen in intersti-

tial sites. The shape of the filament in the LRS or the resid-

ual filament in the HRS is not affected noticeably as the

amount of the newly generated oxygen vacancies is small

as compared with those in the filament region. Therefore,

the LRS and HRS resistance states do not change signifi-

cantly after radiation exposure. However, in the subsequent

pulse cycling or DC sweep operations, there are more oxy-

gen vacancies present in the bulk, thus the average HRS re-

sistance decreases slightly as those oxygen vacancies far

away from the filament region are not recovered during the

reset process. Although the shape of the filament does not

change substantially, the stability of the filament in the

LRS or the residual filament in the HRS is weakened. In

the HRS, in the gap region, there are more oxygen vacan-

cies that help to reconnect the filament under the set

operation electrical stress (Figure 6(a)). In the LRS, there

are even more non-lattice oxygen around the filament

region that can migrate towards the filament to rupture the

filament easily under the reset operation electrical stress

(Figure 6(b)).

In summary, the TID effect from c-ray irradiation on

the HfOx based RRAM was investigated by electrical and

material characterizations. The memory states are sustained

after a total ionizing dose of 5.2 Mrad (HfO2) without sig-

nificant change in the functionality or the switching charac-

teristics under pulse cycling. However, the stability of the

filament is weakened after irradiation as memory states are

more vulnerable to flipping under the electrical stress. The

physical mechanism of the stability degradation is attrib-

uted to the Hf-O bond breaking as indicated by the XPS

study. Our work extends the understanding of the effects of

ionizing radiation on oxide based RRAM in general and

can guide the design of oxide based RRAM for aerospace

applications.
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