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Abstract:  9 
The oxygen diffusion rate in Hafnia (HfO2)-based resistive memory plays a pivotal role in enabling 10 
nonvolatile data retention. However, the information retention times obtained in HfO2 resistive 11 
memory devices are orders of magnitude higher than the expected values obtained from oxygen 12 
diffusion measurements in HfO2 materials. In this study, we resolve this discrepancy by conducting 13 
oxygen isotope tracer diffusion measurements in amorphous Hafnia (a-HfO2) thin films. Our 14 
results show that the oxygen tracer diffusion in amorphous HfO2 films is orders of magnitude lower 15 
than that of previous measurements on monoclinic hafnia (m-HfO2) pellets. Moreover, oxygen 16 
tracer diffusion is much lower in denser a-HfO2 films deposited by atomic layer deposition (ALD) 17 
than in less dense a-HfO2 films deposited by sputtering. The ALD films yield similar oxygen 18 
diffusion times as experimentally measured device retention times, reconciling this discrepancy 19 
between oxygen diffusion and retention time measurements. More broadly, our work shows how 20 
processing conditions can be used to control oxygen transport characteristics in amorphous 21 
materials without long-range crystal order. 22 

New Concept: 23 

Amorphous hafnium oxide is one of the most important materials for microelectronics, with 24 
applications in high-k gate dielectrics, resistive memory, and beyond. In this work, we 25 
experimentally measured oxygen tracer diffusion on amorphous HfO2 thin films for the first time 26 
using isotope tracking. This differs from previous attempts to measure oxygen transport in 27 
amorphous HfO2 that rely on computational simulations and indirect transient current analysis. 28 
Using this direct analysis, we show that the oxygen tracer diffusivity in amorphous HfO2 shows a 29 
diffusion activation energy of ~1.5 eV, which is much higher than those previously measured. This 30 
higher activation energy reconciles previous discrepancies in the predicted and experimentally 31 
measured retention time of resistive memory devices. It furthermore shows that the oxygen 32 
diffusion in amorphous HfO2 can be tuned using the processing conditions. 33 

TOC Text: 34 

We quantified the oxygen tracer diffusion in amorphous hafnium oxide thin films. These tracer 35 
diffusion values are consistent with the experimentally measured retention times of hafnium 36 
oxide resistive memory devices. 37 
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Introduction: 1 

Resistive memories, or memristors, are electronic devices that switch their resistance states 2 

using applied currents and voltages. Such devices are highly promising for embedded memory, in-3 

memory computing, and neuromorphic computing.1–4 Most resistive memories are composed of 4 

two-terminal structures with metal-insulator-metal structures.5,6 The insulators, often oxides, are 5 

critical in determining the properties of resistive memory devices.5 6 

Valence-change memory using metal oxides like Ta2O5 or HfO2 is the most promising type 7 

of resistive memory due to CMOS process compatibility, fast switching, and long retention, which 8 

exceeds 10 years at 85℃.5,6 Filament-based valence-change memory switches their resistance state 9 

through the electrochemical growth or dissolution of oxygen-deficient conducting filaments.7–12 10 

The information retention time depends on the stability of these oxygen-deficient filaments. Over 11 

time, the filaments dissolve due to the diffusion of oxygen ions into the conducting filaments, 12 

ultimately resulting in a loss of information, or retention failure.13–15 It is believed that the retention 13 

time is related to the characteristic oxygen diffusion time into the nanosized filament within the 14 

metal oxides.13–15 This is supported by large numbers of experimental measurements which show 15 

an Arrhenius dependence between the temperature and retention time.16–22 16 

Amorphous hafnia (a-HfO2) is one of the most attractive candidates for resistive memory. 17 

Despite extensive research, there exists a vast discrepancy between the experimentally measured 18 

device retention time and the characteristic oxygen diffusion time inferred from materials 19 

characterization measurements. On the one hand, temperature-dependent device retention 20 

measurement suggests an oxygen activation energy between 1.2-1.6 eV.16–21 On the other hand, 21 

experimental measurements based on transient current analysis23 and oxygen isotope tracer 22 

diffusion24 suggest that the activation energy is only ~0.5 eV. This vast discrepancy in activation 23 

energy results in a greater than 8 order of magnitude difference between the predicted and 24 

experimentally realized retention time. For example, whereas experiments have shown >10 years 25 

of retention at 85℃16–21, the characteristic diffusion time based on previous oxygen diffusion 26 

measurements23,24 for a 10-nm filament is <10 seconds at the same temperature. 27 

In this study, we reconcile this discrepancy by measuring the oxygen tracer diffusion of a-28 

HfO2 films, and compare them with the retention time of HfO2 resistive memory devices fabricated 29 

using a 65-nm process on a 300-mm wafer. We reconcile the previous discrepancy by showing that 30 
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the oxygen tracer diffusion of a-HfO2 has a very similar Arrhenius activation energy (~1.5 eV) as 1 

the device retention time (~1.4 eV). We further show that atomic layer deposited (ALD) films have 2 

about two orders of magnitude lower oxygen diffusivity than sputtered films, despite nominally 3 

identical compositions and lack of long-range crystal order.  We propose this difference to be a 4 

result of the higher density of ALD films. These results provide precise information on the oxygen 5 

diffusivities of a-HfO2 thin films and reconciles previous discrepancies between device and 6 

materials characterization results.  7 

Results 8 

Retention time for in-line HfO2 resistive memory devices 9 

Embedded HfO2 resistive memory cells were fabricated on a 65-nm process on a 300 mm 10 

wafer at the Albany Nanotech Complex, Albany, NY (Fig. 1a,b). The resistive memory cells are 11 

built in the W-M1/Cu-M2 line and consists of a 30 nm TiN bottom electrode deposited by 12 

sputtering, a ~5.8 nm a-HfO2 switching layer deposited by atomic layer deposition (ALD), and 6 13 

nm Ti and 40 nm TiN top electrode deposited by sputtering. More details are given in the 14 

Experimental Methods. In addition, a 10 kΩ tungsten series resistor is patterned on the chip to 15 

limit the total current, thereby creating 1R1R structures (Fig. 1a). 16 

Fig. 1c shows typical forming, SET, and RESET current-voltage profiles using direct 17 

current (DC) voltage sweeps with a 100 µA current compliance (CC). The average HRS resistance 18 

is 351,000 Ω with a range of (98,000 ~ 1,200,000 Ω), and the average LRS resistance is 4,800 Ω 19 

with a range of (2,800 ~ 9,000 Ω). This resistance change is believed to result from the formation 20 

and dissolution of a conductive filament. 21 

After switching, we measure the conductance after annealing a die with many devices at a 22 

given temperature. Supplementary Fig. S1 shows that the resistance increases over time, consistent 23 

with the dissolution of the conductive filament. Fig. 1d shows the retention time to failure of the 24 

low-resistance state at different temperatures; each temperature experiment contains six devices. 25 

Our results show that higher temperatures lead to a faster decrease in conductance, yielding 26 

retention failure. 27 
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Figure 1. Structure of the HfO2 resistive memory and its performance. a Optical image of the 3 
array of prepared HfO2 resistive memories. The inset shows an SEM image of a HfO2 resistive 4 
memory device. b Cross-section TEM image of a typical device c Typical current-voltage (I-V) 5 
curves of the HfO2 resistive memory. d Evolution of the device conductance upon annealing at 6 
different temperatures. The empty squares are conductance values from the 6 devices at each 7 
annealing time and temperature (280℃ red, 250℃ blue, and 220℃ black), while the solid squares 8 
represent medians calculated from the six conductance values at each annealing time and 9 
temperature. The dashed line indicates failure criteria defined as half the conductance value of the 10 
initial median. e Arrhenius plots of retention times to failure at different temperatures in this work 11 
(purple stars) and from previous research (pink symbols). The activation energy of the retention 12 
times in this work is 1.4 ± 0.4eV, while that from the literature is 1.3 ± 0.3 eV.16–21 The errors 13 
indicate 2 standard errors in the Arrhenius equation fit. 14 

In Fig. 1e, we plot the median retention time for our devices with purple stars. Our results 15 

suggest that the retention time t appear to follow the Arrhenius equation, 𝑡 = 𝑡!𝑒𝑥𝑝 &
"!
#$
', where 16 

the activation energy Ea result from the migration enthalpy of oxygen (vacancy) defects. Based on 17 

our results, the activation energy equals 1.4 ± 0.4 eV (two standard errors).  18 



   
 

   
 

5 

We compare our results to that of previous work16–21 (Fig. 1e). There exists substantial 1 

variation in previous reports due to the use of different metallic electrodes, device geometries, and 2 

switching conditions (Supplementary Table S1-S2). By combining all previous data, we compute 3 

their activation energy to be 1.3 ± 0.3 eV, which is very similar to our 1.4 ± 0.4 eV. Consistent with 4 

previous reports, the extrapolated retention time exceeds 10 years at 85℃, satisfying the retention 5 

time requirement for nonvolatile memory applications.6,7 6 

We also conducted retention time measurements under different switching conditions. In 7 

Supplementary Fig. S2, we changed the current compliance to 50, 100, and 200 µA. In 8 

Supplementary Fig. S3, we show the retention time after 1000 pulsed switching cycles.25 In 9 

Supplementary Fig. S4, we track the evolution of the HRS conductance. Finally, we conduct room 10 

temperature endurance in Supplementary Fig. S5. Except for the retention test at room temperature, 11 

all other devices showed LRS retention failure and produced slightly different activation energies 12 

between 1.2 and 1.5 eV, all within the uncertainty range. In Supplementary Fig. S6, we combined 13 

all retention times in our work and refitted them with the Arrhenius equation, resulting in the same 14 

value of activation energy, 1.4 ± 0.4 eV, as shown in Figure 1e.  15 

Oxygen tracer diffusion in amorphous HfO2 16 

Next, we investigate oxygen tracer diffusion in amorphous HfO2 thin films deposited by 17 

sputtering and by atomic layer deposition. To study oxygen tracer diffusion in sputtered HfO2, we 18 

deposited tri-layer samples26 comprised of an 18O-enriched HfO2 layer sandwiched between 19 

natural-abundance oxygen HfO2 oxide layers as shown in Fig. 2a; all three layers are nominally 20 

identical chemically (HfO2). More details are given in Experimental Methods. Afterward, the tri-21 

layer samples are annealed at different temperatures and times to facilitate oxygen tracer diffusion 22 

Fig. 2a. Time of flight secondary ion mass spectrometry (ToF-SIMS) was used to depth-profile the 23 

oxygen isotope fraction for both unannealed “pristine” sample and annealed samples (Fig. 24 

2b,c,d,e).27 The annealed samples show broadened 18O profiles, signifying oxygen tracer diffusion. 25 

These diffusion profiles were fitted (blue line) to Crank’s solution, which is an analytical solution 26 

to Fick’s Laws of Diffusion.28 Further details are described in Experimental Methods. X-ray 27 

diffraction (XRD) confirms that such samples are amorphous after these annealing conditions 28 

(Supplementary Fig. S7). 29 
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Fig. 2d shows the Arrhenius plots of oxygen tracer diffusion in sputtered HfO2. The 1 

activation energy is 1.5 ± 0.1 eV (2 standard errors). This value is substantially higher than the 2 

previously reported activation energy of monoclinic HfO2 (m-HfO2, 0.5 ± 0.2 eV)24, and nearly 3 

identical to the 1.4 ± 0.4 eV activation energy from the device retention measurements (Fig. 1e).  4 

 5 

6 
Figure 2. Oxygen tracer diffusivity measurement of sputtered HfO2. a Schematic illustration 7 
of sample preparation for isotope tracer measurements. The middle layer was enriched with ~25% 8 
18O (see Experimental Methods). b,c,d,e 18O isotope ratios against sample depth at different 9 
annealing temperatures and annealing times. (b 220℃ 24h, c 260℃ 4h, d 300℃ 1h, and e 330℃ 10 
0.25h). Grey empty circles represent 18O fraction of samples before annealing (pristine tri-layer 11 
samples). The blue lines in each plot represent the fitting results. f Arrhenius plots of oxygen tracer 12 
diffusivities: sputtered amorphous HfO2 (a-HfO2, blue empty squares) and monoclinic HfO2 (m-13 
HfO2, green empty circles) from ref. 24.  14 

We next measure tracer diffusion in ALD-deposited HfO2, which is widely used in resistive 15 

memory29,30 and as high-k dielectrics31,32. Due to the challenges of introducing 18O oxygen into an 16 

ALD system, we instead sputter a 15-nm-thick 18O enriched HfO2 above a 20-nm-thick ALD HfO2 17 

film (Fig. 3a). The 18O-enriched film was deposited using the same reactive DC sputtering as used 18 

in the sputtered films (Fig. 2a). XRD confirms that both layers are amorphous (Supplementary Fig. 19 

S8). XPS shows the two layers are chemically identical (Supplementary Fig. S9). Fig. 3b shows 20 
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cross-sectional scanning transmission electron microscopy (STEM) images of this sputtered/ALD 1 

bi-layer samples. Energy dispersive spectroscopy (EDS) shows that the Hf:O ratio of both films is 2 

about 1:2 (Supplementary Fig. S10), but the EDS maps show higher absolute intensity for both Hf 3 

and O in the ALD film (Fig. 3c). In Supplementary Fig. S11, X-ray reflectivity (XRR) analysis 4 

shows that ALD HfO2 has a higher density (9.9 g cm-3) than sputtered HfO2 (8.6 g cm-3), which is 5 

consistent with the higher Hf and O counts in the STEM-EDS maps (Fig. 3b). While both films 6 

are compositionally identical, the ALD films show higher density than the sputtered films.  7 

 8 

Figure 3. Oxygen tracer diffusion measurements for ALD HfO2. a Schematic illustration of bi-9 
layer sample preparation for ToF-SIMS depth profiling. b STEM-HAADF image of cross sectional 10 
pristine bi-layer sample (left) and STEM-EDS mapping images of the bi-layer (mapping of Hf, 11 
middle, and O, right) c. STEM-EDS line scan results. Each curve indicates Hf (blue), and O (red) 12 
intensity along the depth of the sample. d,e,f,g ToF-SIMS depth profiling results of annealed 13 
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sample (red empty circles) and pristine sample (grey empty circles). Red lines show simulated 1 
depth. h The Arrhenius temperature plots of the measured oxygen diffusion in different types of 2 
HfO2. The activation energy of oxygen tracer diffusivities for ALD amorphous HfO2 (a-HfO2) is 3 
1.6±0.3 eV.  4 

 Next, we annealed these samples and depth-profiled the oxygen tracer concentrations using 5 

ToF-SIMS (Fig. 3d-g). These samples were annealed much longer than the sputtered ones in Fig. 6 

2. While the oxygen tracer profile is relatively uniform in the top sputtered HfO2, it undergoes a 7 

sharp gradient in the bottom ALD HfO2. This result qualitatively suggests that the ALD film has 8 

much lower oxygen tracer diffusion than the sputtered film. To quantitatively solve for the oxygen 9 

diffusivity of the ALD, we use a finite-element simulation using Fick’s Laws of Diffusion that uses 10 

the measured “pristine” experimental profile as the initial condition. We use this simulation to 11 

solve for the tracer diffusion coefficient that yields the best fit to experimental results (Fig. 3d-g). 12 

More details are given in the Experimental Methods and in Supplementary Fig. S12 and S13. 13 

Fig. 3h plots the oxygen tracer diffusion of the ALD HfO2 film alongside that of the 14 

sputtered amorphous HfO2 (a-HfO2) and the monoclinic HfO2 (m-HfO2) from ref. 24. The oxygen 15 

tracer diffusion activation energy of ALD a-HfO2 was calculated to 1.6±0.3 eV (2 standard errors), 16 

which is similar to the activation energy of the sputtered HfO2. However, the absolute magnitude 17 

of tracer diffusion in the sputtered HfO2 is about 300 times lower than that of the ALD films. We 18 

propose that this 300× difference results from the much lower density of sputtered HfO2 films 19 

compared to ALD ones (Fig. 3c, Supplementary Fig. S10& S11). This result is broadly in 20 

agreement with the “free volume” theory of diffusion in amorphous materials, whereby the ion 21 

diffusion pathway is enabled by the “free volume” that results from the non-close-packed structure 22 

of amorphous materials.33 The difference in density between sputtered a-HfO2 and ALD a-HfO2 23 

may have produced the slightly different activation energy (1.6 ± 0.3 eV) compared to that of tri-24 

layer sample experiments (1.5 ± 0.1 eV). However, given the margin of error, we are unable to 25 

conclude that these two activation energies are different from one another. 26 

Comparison between Oxygen Tracer Diffusion and Device Retention Measurements 27 

Our oxygen tracer diffusion measurements show that both ALD and sputtered HfO2 have 28 

a very similar diffusion activation energy (~1.5 eV), which is also very similar to the activation 29 

energies from the device retention measurements (~1.4 eV). We next aim to correlate the absolute 30 

values between the characteristic diffusion time and the retention time. The characteristic diffusion 31 
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time τ is given by 𝜏 = %"

&'#
, where L is the characteristic diffusion length, and DO is the oxygen 1 

diffusivity. Fig. 4a displays characteristic diffusion time as a function of the characteristic diffusion 2 

length based in ALD a-HfO2 (red), sputtered a-HfO2 (blue), and monoclinic HfO2 (green) at 280℃.  3 

We next analyze these characteristic diffusion time curves compared with the 4 

experimentally measured retention time at 280℃, designated by the dashed line. Our ALD films 5 

intersect at 0.7 nm; this value is very similar to experimentally measured filament diameters of 6 

below 5 nm in HfO234 resistive memories. In contrast, the oxygen tracer diffusion of the sputtered 7 

film does not intersect until 12 nm, while the value for monoclinic films does not intersect below 8 

200 nm. Based on this result, we believe that the tracer diffusion values in ALD films best represent 9 

the oxygen diffusivity in HfO2 resistive memory devices. However, the oxygen diffusivity in a 10 

filament may be different than that of a pristine film, which may explain the smaller estimated 11 

diffusion length (0.7 nm) compared to the expected filament radius of ~2 nm for this current 12 

compliance.34  13 

Finally, we compare the experimentally measured device retention time with the 14 

characteristic oxygen diffusion time obtained from different experimental measurements and 15 

computational simulations. Assuming a characteristic diffusion length of 0.7 nm, our results clearly 16 

show that the tracer diffusion coefficients obtained in our ALD films best match experimentally 17 

obtained retention times in resistive memory devices. Even if the true characteristic diffusion 18 

length is not 0.7 nm, our two tracer diffusion measurements are the only experimental results that 19 

match the activation energy slope of the resistive memory devices. The isotope tracer 20 

measurements are a more direct approach compared to transient current analysis for measuring 21 

oxygen diffusion. Additionally, our work quantified the tracer diffusion in amorphous rather than 22 

crystalline HfO2 films, matching the amorphous films used in most HfO2 resistive memory devices. 23 
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1 
Fig 4. Comparison of retention and diffusion time. a The estimated diffusion length for the three 2 
types of HfO2 tracer diffusion at 280℃. The dashed line indicates the experimentally obtained 3 
retention failure time. b The diffusion time estimates for L=0.7 nm based on different oxygen 4 
diffusion measurements (empty circles), including transient current analysis23, isotope tracer 5 
diffusion24, and molecular dynamic simulations35–37. empty squares: sputtered a-HfO2 (blue) and 6 
ALD a-HfO2 (red). The experimentally obtained values for retention failure are given by purple 7 
stars (this work) and pink symbols (ref. 16-21). 8 

Discussion 9 

 Our results show that the oxygen tracer diffusion of amorphous HfO2 yields an activation 10 

energy of ~1.5 eV, which is qualitatively and quantitatively consistent with experimentally 11 

measured device retention times. In contrast, previous experiment work suggests that the activation 12 

energy is only ~0.5 eV24, which yields many orders of magnitude differences in the predicted 13 

retention time. Our work unequivocally suggests that the oxygen diffusion activation energy in 14 

amorphous HfO2 is in the ~1.5 eV range, enabling HfO2 to be a resistive memory with long 15 

retention. This work also has important implications for amorphous-HfO2 used in other devices, 16 

such as high-k gate dielectrics, or as electrolytes38 or passivation layers39 in electrochemical 17 

random-access memory. 18 

 An important consideration is the difference in the tracer diffusivity mechanisms of a 19 

crystalline and an amorphous material. In crystalline materials, the tracer diffusivity is given as 20 

the product of the defect (e.g., vacancy or interstitial) concentration and defect diffusivity.40 As a 21 

result, the characteristic defect diffusion time is different from the characteristic tracer diffusion 22 

time. However, crystallographic point defects cannot be defined in amorphous materials.41 For this 23 
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reason, we propose that the characteristic oxygen tracer diffusion time is the correct metric for 1 

estimating the device retention time. As we show, the film density plays a large role in the oxygen 2 

tracer diffusivity. 3 

It was recently shown that oxygen may undergo “uphill” diffusion against the concentration 4 

gradient because of spinodal decomposition.26 However, these devices would fail from the high-5 

resistance to the low-resistance state. Our results show device failure from the low-resistance to 6 

the high-resistance state (Fig. 1) under our current compliance, which implies that the filaments 7 

dissolve over time. While our characteristic diffusion time model does not incorporate the 8 

thermodynamic factor, this thermodynamic factor is likely only a small correction to the diffusion 9 

time. Our work further assumes that oxygen diffusion in the suboxides that make up a filament is 10 

similar to oxygen diffusion in stoichiometric HfO2 films. Preliminary investigation of oxygen 11 

diffusion in sputtered sub-stoichiometric HfO1.2 shows an activation energy ~1.2±0.4 eV, but an 12 

absolute magnitude similar to that of ALD films (Supplementary Fig. S9 & S14). The slight 13 

difference in the device retention activation energy and the tracer diffusion measurements may be 14 

because the devices contain a suboxide filament. The oxygen diffusivity of this suboxide, which 15 

may even be crystalline10, is likely different from that of an amorphous film deposited by sputtering 16 

or ALD. However, the overall range of the activation energies between our oxygen tracer diffusion 17 

(1.2-1.6 eV) and the device retention time (~1.4 ± 0.4 eV) shows that our results are much closer 18 

to the oxygen diffusion in Hafnia resistive memory devices, as opposed to previous measurements 19 

showing ~0.5 eV activation energy.  20 

Conclusion 21 

In this work, we conducted the first oxygen tracer diffusion measurements in amorphous 22 

HfO2, a technologically important material for resistive memory and high-k dielectrics. Our results 23 

show that the oxygen tracer diffusion is much lower than those measured using other methods, and 24 

qualitatively matches the retention times in HfO2 resistive memory devices. Furthermore, our 25 

results show that the oxygen tracer diffusion in less-dense sputtered films is about 300 times higher 26 

than that of denser films deposited by atomic layer deposition, despite nominally identical 27 

chemical compositions. The oxygen tracer diffusion in atomic layer deposited films yield 28 

characteristic diffusion times that much more closely match the retention times in HfO2 resistive 29 

memory devices.  30 
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Experimental Methods 1 

HfO2 resistive memory fabrication 2 

The characterized HfO2 resistive memory was fabricated at the Albany NanoTech Complex 3 

by NY CREATES and the College of Nanotechnology, Science & Engineering (University at 4 

Albany). The devices are fabricated on a 300 mm wafer using a 65 nm back end of line (BEOL) 5 

process technology with custom modules embedding the resistive memory elements between 6 

tungsten and copper metallization 1 and 2, respectively (W-M1 and Cu-M2). The W-M1 7 

interconnect is utilized to fabricate in-line resistors with 10 kΩ enabling on-chip current overshoot 8 

control during the resistive memory forming process. An inert TiN bottom electrode (BE) was 9 

structured above the W-M1 layer with a device diameter of 80 nm. The fabrication of the BE 10 

module was finished by a chemical mechanical polishing (CMP) process leaving an atomically 11 

flat contact for the deposition of the resistive memory stack. The 5.8 nm HfO2 switching layer (SL) 12 

was deposited via atomic layer deposition (ALD) and followed by 6 and 40 nm of Ti and TiN via 13 

sputtering, which serves as the oxygen exchange layer (OEL) and top electrode (TE), respectively. 14 

The resistive memory stack was structured via a reactive ion etch (RIE) process to isolate the 15 

devices and an overlay of the SL, OEL, and TE above the BE of around 50 nm is maintained to 16 

avoid RIE edge effects during filament formation. The connection to the TE and W-M1 layer was 17 

accomplished using a via-first dual damascene process where the via etch and hard mask thickness 18 

are tuned to enable the bridging of the vertical height difference to connect the TiN top electrode 19 

and the W-M1 with a single patterning process. More details are given in our previous work.42–47 20 

Electrical measurements 21 

 The HfO2 resistive memories were measured with Keithley 4200 semiconductor parameter 22 

analyzer. For DC switching measurements, the voltage bias was applied on the top electrode with 23 

the bottom electrode grounded. The current compliance was set at 100 µA. For the forming step, 24 

a voltage sweep was conducted up to 4V, and, continuously, 20 cycles of RESET and SET cycles 25 

were applied with -2 V and 2V DC sweep, respectively. One representative switching behavior of 26 

HfO2 resistive memory is displayed in Fig. 1c.  27 

In Supplementary Fig. S3, we measured retention after 1000 cycles of pulse switching. 28 

Each cycle was composed of the following steps: RESET voltage was set to -3V, and SET voltage 29 
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was set to 2V. To read the resistance value of the device after RESET and SET operations, we 1 

included reading steps with a voltage of 0.15V. All pulse widths were fixed to 20µs, and current 2 

compliance was set as 10µA. Figure S3a displays a typical switching result of the pulsed switching.  3 

After finishing switching cycles (DC or pulsed), the resistive switching devices were 4 

annealed under different temperatures (220℃, 250℃, and 280℃) for retention measurement. The 5 

annealing was conducted in a temperature and environmentally controlled probe station 6 

(Everbeing CG-196) under ~300 Torr of Ar. The conductance measurement was performed after 7 

cooling the memory devices at room temperature using voltage sweeps up to 0.1 V using the 8 

Keithley 4200. 9 

Oxygen tracer diffusion measurement 10 

Tri-layer (Hf16O2/Hf18O2/Hf16O2) samples were deposited by using DC reactive sputtering 11 

using a 76-mm Hf metal target (AJA International Inc, 99.9% purity) via AJA Orion-8 Sputter 12 

System with three mass flow controllers. We used 100 W of sputter power while flowing 4 sccm 13 

of O2 and 36 sccm of Ar under a totoal gas pressure of 5 mTorr. For the natural-abundance layer 14 

(Hf16O2), we used a standard 99.999% purity O2 cylinder with the natural O2 abundance (~99.8 % 15 
16O2). For the 18O isotope enriched layer (Hf18O2), the O2 gas consisted of 1 sccm of 99%-enriched 16 
18O2 (Sigma-Aldrich, 99.9% purity) and 3 sccm of the natural abundance O2 gas. Lastly, a 25 nm 17 

Pt layer was deposited on top of the tri-layer to prevent further oxidation under air. The prepared 18 

tri-layer samples were annealed under each condition under flowing inert Ar (~100 sccm) for 220℃ 19 

24 hours, 260℃ 4 hours, 300℃ 1 hour, and 330℃ 0.25 hours using a Nextron CHH750 20 

environmental probe station. The oxygen partial pressure of the chamber was measured to be 21 

around 3×10-6 bar using a Zirox ZR5 oxygen sensor.  22 

Bi-layer (Hf18O2/Hf16O2) samples were prepared via atomic layer deposition (ALD) for the 23 

bottom layer (natural abundance) and reactive sputter deposition for the top layer (isotope-24 

enriched). The bottom ALD layer was deposited with the Veeco Fiji ALD system in the Lurie 25 

Nanofabrication Facility (LNF) at the University of Michigan. Thermal ALD (200℃) was 26 

conducted for the bottom layer with precursor (Tetrakis(dimethylamino)hafnium, TDMAH). 27 

Subsequently, the 18O-enriched top layer was deposited with the same procedure as the enriched 28 

layer in the previous paragraph. The 60 nm protective Pt layer was sputtered to reduce oxidation 29 

under air. The prepared bi-layer samples were annealed with each condition (280℃ 18 hours, 300℃ 30 
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9 hours, 315℃ 5 hours, and 330℃ 2 hours) under flowing Ar (~100 sccm) in the Nextron 1 

environmental probe station. 2 

The time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis was performed 3 

using the ToF.SIMS.5-NSC instrument (ION.TOF GmbH) at the Center for Nanophase Materials 4 

Sciences at Oak Ridge National Laboratory. A Bi3+ liquid metal ion gun, operating at 30 keV energy, 5 

0.5 nA current (DC mode), and with a spot size of approximately 120 nm, served as the primary 6 

source for chemical analysis. A Cs+ sputter ion gun was additionally used with operating at 1 keV 7 

energy and 70 nA current for depth profiling. The measurements were conducted in non-interlaced 8 

mode, with each analysis scan by Bi3+ (100×100 μm2) was succeeded by 2 seconds of sputtering 9 

with Cs+ (300 × 300 μm2). Low energy electron flood gun was used for charge compensation. 10 

Secondary ions were then analyzed using time-of-flight mass analyzers with a mass resolution of 11 

m/Δm = 100 ~ 300 in the negative ion detection mode. Intensities of the peaks corresponding to 12 
16O- and 18O- ions were further analyzed to calculate 18O / (16O + 18O) ratio. 13 

Materials characterization 14 

Scanning transmission electron microscope (STEM) measurements were taken using a 15 

Thermo Fisher Talos F200X G2 at the University of Michigan. A 200 kV Field Emission Gun 16 

(FEG) scanning transmission electron microscope operated. The Velox software was used for 17 

STEM images and energy-dispersive X-ray spectroscopy (EDS) data acquisitions. The TEM 18 

specimen was prepared using a Thermo-Fisher Helios 650 Xe Plasma Focused Ion Beam (FIB). 19 

The final beam condition was set at 12 keV and 10 pA for the polishing of the specimen. 20 

X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements were conducted 21 

using a Rigaku Smartlab X-ray diffractometer using a Cu K-α source. For XRD measurement, 22 

annealed bi-layer samples and annealed tri-layer samples were used. A 20nm layer of sputtered 23 

and ALD HfO2 film were used for XRR density measurements. 24 

X-ray photoelectron spectroscopy (XPS) was performed using Kratos Axis Ultra XPS 25 

system with a monochromatic Al source at room temperature. 26 

Data Fitting 27 
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We used Crank’s approach to solve for Fick’s Law of Diffusion based on a separation of 1 

variables, with a zero-flux boundary condition: 2 

()
(*
= 𝐷 ()"

(+"
 (Fick’s 2nd law) 3 

Boundary condition: ()
(*
(0, 𝑡) = 0, ()

(*
(𝐿, 𝑡) = 0 4 

𝑥 is depth of samples, and 𝐿 represents tri-layer sample thickness (~70nm). We used the 5 

ToF-SIMS profile of the “pristine” sample as the initial condition; in this manner, we can account 6 

for the diffusion that occurs at room temperature between the sample fabrication and the ToF-7 

SIMS measurements, around 10 days. Our solution is based on a Fourier Series decomposition of 8 

this “initial” condition, using the following analytical solutions:  9 

𝐶(𝑥, 𝑡) = 1𝐴, cos &
𝑛𝜋𝑥
𝐿 ' 𝑒-#.

,/
% 0

"
*

∞

,12

 10 

𝐴, =

⎩
⎪
⎨

⎪
⎧1
𝐿
= 𝐶(𝑥, 0)
%

2
𝑑𝑥																						, 𝑛 = 0

2
𝐿= 𝐶(𝑥, 0) cos &

𝑛𝜋𝑥
𝐿 '

%

2
𝑑𝑥, 𝑛 ≠ 0

 11 

where the “initial condition” 𝐶(𝑥, 0) is the results of the experimentally-measured “pristine” film. 12 

These analytical solutions provide good fits to the ToF-SIMS results of the sputtered 13 

samples (Fig. 2), where the oxygen diffusion D is nominally uniform across the sputtered tri-layer 14 

films, which are chemically identical. However, this solution would not be applicable for the bi-15 

layer films because the oxygen diffusion of the sputtered and ALD films is expected to differ.  16 

To solve this problem, we used finite element methods with COMSOL Multiphysics 6.1, 17 

Transport of Dilute Species Module, to fit concentration profiles of bi-layer samples. This 18 

simulation contains two layers: the top sputtered layer uses the oxygen tracer diffusivities from the 19 

analytical solutions (Fig. 2), while the diffusivity of the ALD layer was fitted. We again use the 20 

measured concentration profiles of the “pristine” bi-layer samples as the initial condition.  21 

Next, we simulated the concentration profile for each annealing condition and compared 22 

the simulated oxygen tracer profile with the experimental oxygen tracer profiles under the same 23 
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annealing condition (Supplementary Fig. S12). We then computed the coefficient of determination 1 

(R2) as a function of the fitted ALD diffusion values. The optimal oxygen tracer diffusivity is the 2 

one with the highest R2 (Supplementary Fig. S13). 3 
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