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Supplementary Information 

 

1. In situ I-V tests 

 

Fig. S1. Repeated cycling test for a sample with a thickness of about 100 nm. 

 

The repeatable I-V test is measured for a thicker TEM sample since the thinner one is 

easy to damage under several cycles. The thicker sample has smaller forming, SET 

and RESET voltages than the thinner one. 
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2. Thickness determination 

 

Fig. S2. (a) SEM image of the FIB prepared sample for TEM in situ tests. 

The thickness of the samples is about 50 nm, and (b) the low loss energy 

spectrum of the silicon beneath the HfOx layer with the same thickness as 

the silicon layer indicating that the relative thickness t/λ is 0.36.  

 

The thickness of the sample for electron holography and EELS characterizations 

could be measured in SEM image directly (Fig. S2(a)). Another method is to use 

EELS plasmon peak for estimating the relative thickness t/λ, where λ is the mean free 

path of electron in the sample (Fig. S2(b)). If λ = 150 nm[1], the thickness is 54 nm, 

which is consistent with the SEM measurement.  
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3. Holography experiments 

 

Fig. S3. (a) Reference hologram, (b) the FFT of the reference hologram 

where the corresponding resolution of 0.43 nm for sideband can be 

readily discerned, (c) the hologram of the dielectric layer, (d) the 

reference hologram, and (e) the sample hologram. 

 

The contrast of the interference fringes in the sample hologram is degraded from 12 to 

6% due to the deterioration of the beam coherence as shown in Figs. S3(d) and S3(e). 

Therefore, many extracted phase images are averaged to improve the S/N ratio. 
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4. Phase retrieving 

 

Fig. S4. Reconstructed phase images of (a) zero bias, (b) 1 V, (c) 

∆휑 (x, y) calculated from panels (a) and (b) by Eq. (3). 

 

The image processing to extract the bias-induced phase map ∆휑 (x, y) is shown 

here. If no bias is applied, the phase distribution 휑 (x, y)  of the sample is 

determined by the phase difference between the objective wave and the reference 

vacuum wave which can be regarded as zero.  

휑 (x, y) = 휑 (x, y) + 휑 (x, y),                     (1) 

where 휑 (x, y)  and 휑 (x, y)  are the inner potential phase and dynamic 

disturbance, respectively; 휑 (x, y) describes the intrinsic physical properties of the 

sample and does not vary with bias. When a bias is applied, 휑 (x, y) is 

휑 (x, y) = 휑 (x, y) + 휑 (x, y) + 휑 (x, y),              (2) 
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where 휑 (x, y) is the phase shift caused by the bias-induced charges. Subtracting 

휑 (x, y) from 휑 (x, y) yields the difference ∆휑 (x, y) expressed as 

∆휑 (x, y) = 휑 (x, y)− 휑 (x, y) = 휑 (x, y).             (3) 

Furthermore, ∆휑 (x, y) can be presented as  

∆휑 (x, y) = 휑 (x, y) = 퐶 푉 (푥,푦)푡 ,               (4) 

where CE is 0.0073/(V nm) for 200 kV electrons, 푉 (푥, 푦) is the ‘projected’ 

(along electron beam direction) potential induced by generated charges in dielectric 

layers, and t is the sample thickness. Therefore, the charge distribution can be 

deduced from the 푉 (푥,푦) maps. 

Because the conductive TiN could be regarded as an equipotential electrode whose 

potential should be constant, the standard deviation (SD) of the retrieved phase in this 

part is a reasonable estimation for the phase error. Table S1 lists the SDs at different 

biases. The error is less than 0.2 radian. 

 

Table S1. Standard deviations of retrieved phase in TiN layer at different biases. 

Bias (V) 1 2 3 4 5 6 7 

SD (rad) 0.11 0.16 0.15 0.14 0.17 0.13 0.17 

Bias (V) -1 -2 -3 -4 -5 -6 -6.5 

SD (rad) 0.15 0.18 0.18 0.17 0.17 0.19 0.16 

 

 

 

 

 

 

 

5. EELS mapping 
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Fig. S5. Variations of plasmon peaks of the HfOx layer with energy loss 

under different biases. The feature around 26 eV is changed obviously 

by the bias. 

 

Generally, there are five peaks at 16.4 eV, 26 eV, 35 eV, 37 eV and 46.4 eV in the low 

energy loss spectrum of HfOx film (Fig. S5). The theoretical calculation indicates that 

the peak at 16.4 eV corresponds to the valence plasmon vibration and the peak at 26 

eV is related to excitations from O 2s to Hf 5d.[2-4] It has been reported that these 

peaks are sensitive to the oxygen concentration in the hafnia film, especially for the 

26 eV peak whose intensity can increase compared with others in low oxygen content 

HfO2 sample. [5, 6] So the height change of 26 eV peak is an indicator to characterize 

the oxygen consumption in the hafnia layer in the in situ experiment: the increase of 

oxygen consumption implies the dissipation of the oxygen or the generations of 

oxygen vacancies, and vice versa. The low-loss energy-filtered images at this peak are 

acquired to map the spatial variations of the oxygen in hafnia film under different 

biases, while the energy loss center is situated at 24 eV and the width of the energy 

window is 4 eV that can isolate the 26 eV peak effectively. 

 

6. Physical model of resistive switching in metal-oxides 
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Fig. S6. Schematic physical process of resistive switching used in the model. 

 

In the Set/Forming process, the generations of oxygen vacancies and the migration of 

dissociated oxygen ion (O2-) to top electrode lead to the formation of conductive 

filament (CF) connecting anode and cathode, which results in the switching of device 

from high resistance state to low resistance state. In the RESET process, the 

dissociated O2- ions are released from the top electrode and then migrate to the nearby 

oxygen vacancies (VO’s) and recombine with them, which causes the CF to be 

ruptured and the RRAM to be switched from the LRS to the HRS. Therefore, the 

main microscopic processes during switching are summarized as follows: generating 

Vo, migrating O2- ions, recombining O2- ions with electron-depleted VO, and 

absorbing and releasing O2- ions by electrode. The generation probability (Pg) of VO 

under electric field during dt is governed by the following equation:  

( , , ) exp( )a a
g

B

E ZeEP E T dt fdt
k T


   ,               (5) 

where E is the electric field, T is the local temperature, f is the vibration frequency of 

oxygen atom, Ea is the average active energy of VO, αa is the enhancement factor of 
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the electric field for lowering Ea, Z is the charge number of oxygen ion (here Z=2), e 

is the unit charge, and kB is the Boltzmann constant. The hopping probability (Ph) of 

the dissociated O2- in the oxide layer under the electric field during dt can be 

described as 

( , , ) exp( )h h
h

B

E ZeEP E T dt fdt
k T


  ,                (6) 

where Eh is the hopping barrier of O2- and αh is the enhancement factor of the electric 

field for lowering Eh. The recombination between O2- and electron-depleted VO is 

modeled as an energy relaxation process and governed by the following equation: 

( , ) exp( )r
r

B

EP T dt fdt
k T


  ,                        (7) 

where Pr (T, dt) is the probability of the recombination between VO and O2- during dt, 

ΔEr is the relaxation energy in the recombination process. The top electrode is the 

active electrode and acts as an O2- reservoir that can release O2- with the probability 

(Pm) governed by the equation:  

( , , ) exp( )i
m

B

E ZeVP V T dt fdt
k T


  ,               (8) 

where Pm(V,T,dt) is the probability of electrode released O2- during dt, V is the 

external voltage, Ei is the energy barrier between the electrode and oxide, γ is the 

enhancement factor of the external voltage in the O2- release process. 

 

 

 

 

7. Monte Carlo simulation of the resistive switching process in metal oxide 
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Fig. S7. Simulation algorithm flow. 

 

In order to simulate the above mentioned microscopic processes self-consistently and 

efficiently, a resistor network based on the percolation theory is introduced. The 

potential and current can be solved by the Kirchhoff law and the local temperature can 

be obtained from the Fourier heat-flow equation: 

Q

 T)(k

t
TC ,                         (9) 

where C is the specific heat per unit volume of the metal oxide, k is the thermal 

conductivity of the metal oxide, and Q is the Joule heat power density. Each physical 

quantity is updated after each microscopic physical process based on Eqs. (5) (9). 

Then the microscopic process can be simulated self-consistently. Fig. S7 shows the 

simulation flowcharts. The device mesh in our simulation is h×h, where h is the 

distance between two oxygen sites, which ensures that one oxygen site is located in 

one mesh. The size of the simulated device is 10nm×40nm. The sites of the 

pre-existing VO’s are random, and determined by the Monte-Carlo method. The 
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percentage of the pre-existing VO’s can vary from zero to unit for different devices in 

the simulation. The probabilities of generation of VO and migration of oxygen ion can 

be given respectively by Eqs. (5) and (6) based on the distribution of potential and the 

located temperature. Here the current, potential and local temperature are 

self-consistently solved, reflecting that the oxygen vacancy distribution affects the 

calculations of those values. Switching on the device and ending the simulation are 

determined by the actual need. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. Simulated oxygen vacancy distribution 



12 
 

According to the physical model and Monte-Carlo method, we simulate the 

distribution of VO’s in the forming process as shown in Fig. S8. The top and bottom 

electrodes are the anode and cathode, respectively, in the forming process. The pink 

dots represent Vo’s in the oxide layer. At first, VO’s are distributed randomly in the 

oxide layer (Fig. S8(a)). When voltage is applied, VO clusters emerge (Figs. S8(b) 

S8(f)). The VO filament begins to form in the oxide layer and extends to the top and 

bottom electrodes. Finally, the VO filament connects the two electrodes, and thus the 

forming process is completed (Fig. S8(g)). The evolution of VO distribution in the 

simulation is consistent with the variation trends as shown in Figs. 3 and 5 of the main 

text. 

 

Fig. S8. Simulated VO distributions in the forming process. 

 

Fig. S9 shows the VO distributions in the reset process. The filament shrinks from 

the top electrode (cathode) interface, and finally a gap region forms. This process is 

also consistent with the variation trend as shown in Fig. 4 of the main text. 



13 
 

 

Fig. S9. Simulated Vo distributions in the reset process. 

 

It should be noticed that the simulated VO distribution cannot exactly match the 

experimental results since grain boundary and amorphous effects are not taken into 

consideration in the simulation. However, the evolution trends in the forming and 

resistive switching processes still reflect that the VO generation and recovery are 

responsible for the formation and rupture of CF and the electron path through the 

oxide layer. 

 

 

 

9. Differential phase images from two consecutive tests. 

Fig. S10 and S11 show the differential phase images from two consecutive tests in the 

forming and reset processes, respectively. The contrast only displays the negative 
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charge increasing near the HfOx top surface in the forming process, but the negative 

charge decreasing fast near the HfOx top surface in the reset process. These details of 

the whole view field can be destroyed by the noise. The breaks of the CFs cannot be 

distinguished because no real charge signs but relative charge changes appear in the 

differential images. 

 

Fig. S10. Phase images treated by differentiating the results from two 

consecutive tests in the forming process. Panels (a)  (f) show the 

differential phase images of 2V-1V, 3V-2V, 4V-3V, 5V-4V, 6V-5V and 

7V-6V, respectively. 
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Fig. S11. Phase images treated by differentiating the results from two 

consecutive tests during forming process. Panels (a)  (f) are the differential 

phase images of -2V-(-1V), -3V-(-2V), -4V-(-3V), -5V-(-4V), -6V-(-5V) 

and -6.5V-(-6V), respectively. 

 

 

10. I-V curve in the forming process. 

 

Fig. S12. I–V curve measured during acquiring the holography images. 
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