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usually called oxide-based RRAM (OxRRAM) or valence change 
memory (VCM).[19,22–25,29] Up to now, several fundamental 
issues of the elusive switching mechanism in these transition-
metal oxides have been still under debate, for example, how the 
CF is built up while oxygen vacancies are forming, where the 
CF starts to grow in the forming process, where the CF rup-
tures in the RESET process, etc.[9–19] A few of researches on 
VCM by in situ TEM focused on the conductive crystallites of 
Magnéli phase in TiO2-based RRAM,[19] TaO2−x dendrites in 
Ta2O5−x layer[22,23] and zinc precipitants in ZnO film,[25] which 
are generated when oxygen is extracted by the electric field 
strength and can be characterized by the traditional contrast 
recognition or diffraction analysis through combining the char-
acteristic electron energy loss spectrum (EELS) and energy- 
filtered image (EFI) to identify the oxygen concentrations of 
the reduced products in the insulation layers, thereby testi-
fying the oxygen concentration variation under the electric bias. 
However, crystalline oxygen-deficient phases seldom occur in 
most of transition-metal oxides, such as the HfO2-based archi-
tecture, which still exhibits RS behaviors with the believable 
assistance of oxygen vacancies.[30–32] New methods are eager to 
be developed to illustrate the oxygen concentration variation in 
real time. In addition, there is no concrete evidence to prove 
the electrons flowing in the oxygen-vacancy channel due to the 
difficulty in directly observing the CF configuration despite of 
the hypothesis equivalence of the CFs and the oxygen-vacancy 
channels. Furthermore, where the switch happens is still an 
open question because the formed oxygen-deficient phase 
cannot supply the substantial information about the rupture 
process of the CF, even though some models have been sug-
gested.[4,10,13,14,18,33–35] Therefore, the direct characterizations of 
the oxygen vacancies and CF behaviors, including the genera-
tion, the evolution and the morphology, are urgently needed to 
clarify the discrepancy in the CF composition, the formation 
and disruption dynamics in OxRRAM.

Recently, in situ electron holography has become a powerful 
tool to image the electrostatic potential distribution in a semi-
conductor device in TEM.[36] The charges accumulated in the 
biased sample can change the phase of the transmitted elec-
tron wave, and such a phase disturbance can be retrieved from 
the electron interference patterns.[36,37] So the formations and 
ruptures of the CFs in the VCM may be revealed in real space 
by electron holography. Moreover, in situ low-energy-filtered 
images can describe the oxygen concentration changes in the 
hafnia films.[38] Here, the repeatable RS processes in HfO2-
based RRAM are investigated by using TEM with electron 

Electrically induced resistive-switching (RS) phenomena are 
widely observed in a huge variety of dielectrics each with a 
metal–insulator–metal structure.[1–4] Diverse RS-based devices 
such as resistive random access memory (RRAM) have been 
demonstrated to have promising potential applications in 
integrated circuits and internet of things industries due to 
the emerging nonvolatile memory, bioinspired neuromorphic 
devices, hardware security solution, etc.[4–8] Understanding 
the microscopic mechanism of RS behavior is crucial for 
designing and optimizing the relevant electronic devices, pro-
pelling the theoretical research progress of the nanoscale con-
densed matter. So far, great efforts have been made to clarify 
the switching mechanisms.[9–18] Numerous methods such as 
electrical measurements, high-resolution X-ray photoelectron 
spectroscopy (XPS), Raman mapping, conductive atomic force 
microscopy (C-AFM), scanning electron microscopy (SEM), ex 
situ transmission electron microscopy (TEM), and in situ TEM 
were used to identify the origins of switching behaviors.[14–28] 
With those powerful techniques, the morphology, evolution 
dynamics, and chemical compositions of conductive filaments 
(CFs) in metal interstitial type RS devices, which are usually 
called conductive bridge random access memory (CBRAM) 
or electrochemical memory, have been extensively investi-
gated.[16,29] However, unlike the fruitful findings in the metal 
bridge devices, there is still a lack of details about the evolution 
of the CF in oxygen-vacancy-type RS prototypes due to the diffi-
culty in directly observing the oxygen-vacancy defects, which are 
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holography and in situ low-energy-filtered imaging, and in situ 
electrical characteristic measurements to reveal the relationship 
between the oxygen-vacancy distribution and the CF formation 
and rupture, and the I–V behaviors as well, through combining 
with the morphology information. The acquired results demon-
strate that the oxygen vacancies are generated in the SET pro-
cess. The images also confirm that the density of oxygen vacan-
cies is reduced due to the recombination with oxygen ions, 
and that the CFs are ruptured near the cathode interface in the 
RESET process as described in refs. [12] and [33].

Figure 1a shows the schematic diagram of the in situ meas-
urement. The HfO2-based RRAM cross-section samples fab-
ricated by focused ion beam (FIB) technology are operated 
inside a TEM to enable the real-time observation of the voltage-
induced structural and chemical changes, including the con-
duction channels. Several samples are sliced at the same time 
from a wafer for in situ I–V measurement, holography study 
and EELS imaging, respectively. The Au tip approaches the top 
electrode (TE) while the bottom electrode (BE) is grounded. 
The initial switching behavior of the RRAM device inside the 
TEM is measured by in situ measuring the I–V characteristics 
at various voltages as shown in Figure 1b. The fresh devices 
are of the high resistance state (HRS). Before the direct current 

sweeping, a forming process up to 7 V takes place on the as-
prepared device to turn the device into a low resistance state 
(LRS) device. The RESET voltage is about −6.5 V at first. Then, 
when the voltage bias varies as 0 V→4 V→0 V→−3 V→0 V, 
the repeatable bipolar switching behaviors from HRS to LRS 
(SET) and from LRS to HRS (RESET) are observed. The com-
pliance current is limited below 0.1 mA in the forming process 
but increased to 1 mA for SET and RESET operation. When 
the compliance current is restricted below 1 mA, the current 
of HRS is undetectable due to the detection limit as indicated 
in Figure 1b. The repetitive test above for a thicker sample is 
shown in Figure S1 (Supporting Information).

Figure 2 displays the amorphous HfOx film within the clear 
multilayer stacks. The AlOy layer is inserted at the interface 
between the HfOx film and Pt to enhance the repeatability and 
stability of RS behaviors[39] and make it easy to distinguish the 
HfOx film from the retrieved potential map.

Contrary to the titanium or tantalum oxide RS device where 
the oxygen-deficient compound has a quite different crystal 
structure which can be distinguished readily by the con-
trast or diffraction change,[19,22,23] it is difficult to separate the 
nonstoichiometric HfOx phase straightforwardly from HfO2 in 
the ordinary TEM/scanning transmission electron microscopy 
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Figure 1. a) Schematic diagram of in situ experiment and b) a series of I–V measurements showing reversible bipolar resistive switching.

Figure 2. a) High-angle annular dark-field (HAADF) image of an RRAM cross-section sample, b) high-resolution TEM (HRTEM) images, and c) the 
retried phase maps (without bias) of the dielectric layers in the red rectangular region marked in panel (a).
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(STEM) image. Because the electron traveling along the CFs 
can induce the potential changes in the functional hafnia layer, 
electron holography is employed to detect the potential varia-
tion after applying bias and to deduce the evolution of the CF in 
the RS process. After a voltage setting, the bias is released and 
the electron holography images (holograms) of the HfO2-based 
RRAM device are recorded; then the applied bias jumps to the 
next value and released again to record a new corresponding 
hologram image, and so on. After stripping off the intrinsic 
inner potential and the dynamic diffraction effect from the 
pristine state of the sample, the bias-induced phase featuring 
Δϕbias (x,y) of the HfOx film reflects the projected electric poten-
tial evolutions in the HfOx film under different biases (during 
forming) and RESET conditions since the difference between 
the phase and the potential is just an interaction constant.[36] 
So Δϕbias (x,y) refers to both the phase map and the potential 
map indiscriminately for convenience herein below. If the posi-
tive bias is applied to the TiN TE (anode) of the fresh device, 
the positive potential is induced initially, which implies that 
the positive charges are generated in the whole oxide layer 
(Figure 3a). Increasing bias may enhance the positive potential, 

and most of positive charges are aggregated near the top 
interface between the HfOx film and AlOy layer as shown in 
Figure 3b,c. When bias is above 3 V, the potential of the AlOy 
layer changes to nearly zero and then to a negative value. At the 
same time, a demonstrable negative potential emerges in the  
lower half of the hafnia layer and diffuses vertically toward  
the top interface of the HfOx film. The retrieved potential maps 
still illustrate the relic of the charges left in the HfOx film 
under the preset bias, although they are acquired after the bias 
has been withdrawn. The origin of the positive charges could 
be related to the oxygen vacancies, which will be clarified later, 
while the negative potential is contributed from the transport 
electrons residual in the migration path, which can track the 
formation of CF in the oxide film. Several negative potential 
branches even reach the TE (anode) at 7 V (Figure 3g), at which 
the device turns into the LRS and thus the forming process is 
completed. A series of snapshots in Figure 3 exhibits unambig-
uously the dynamical formations of CFs when the device trans-
forms from the HRS into the LRS.

To monitor the behaviors of the CFs when switched from 
the LRS to the HRS, the hologram images of the HfO2-based 
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Figure 3. Bias-induced phases featuring Δϕbias (x,y) under different positive biases in the forming process, where the intrinsic inner potential is removed 
by using the phase image of the pristine sample without any bias. The images are retrieved from the holograms taken at zero voltage after the cor-
responding bias setting. Only the HfOx film is highlighted here. Dark red is for higher potential while dark blue is for the lower potential. The dashed 
curve outlines the boundary between the positive and negative phases. The scale bar means the phase values.
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RRAM device are acquired under negative bias in the RESET 
process for the same sample shown in Figure 3. The retrieved 
Δϕbias (x,y) shown in Figure 4 indicates clearly that the nega-
tive potential synapses retract from the TE (cathode) eventually 
with the negative bias force increasing. With the RESET voltage 
increasing, the density of oxygen vacancies in CFs decreases 
near the electrode. At −3 V, one of the two filaments (on the 
right) starts to rupture. At −5 V, the other filament also starts 
to rupture in its neck. Two negative tentacles are left near the 
TE (cathode) and the CFs are ruptured at about −6.5 V, which 
is consistent with the monitored I–V curve. Part of AlOy layer 
recovers to nearly neutral state but a negative channel remains 
there. It should be emphasized that electron holography can 
only detect the net project potential determined by the domi-
nant charges but cannot recognize a few of positive charges 
buried under the injected electrons at the lower half of the 
HfOx film even if they actually exist, and it cannot recognize 
the protruding electrons embedded in the positive charges 
matrix in the upper half part of the film either. Thus the details 
of the positive charges can be investigated in depth to unveil 
the mechanism of the forming behavior.

EELS in TEM is an appropriate method to characterize the 
chemical states of the elements in the RRAM sample. Unlike 
the conventional fingerprint energy characteristics, plasmon 
resonance absorption feature is involved here to map the 
oxygen concentration variation during the forming operation 
because the peak in the low-energy-loss spectrum of the HfO2 
is sensitive to the oxygen concentration of the hafnia film.[40] 
The peak at 26 eV should increase, opposite to the peak at  
16.4 eV, as the oxygen content decreases, exhibiting the low-
loss spectra of low and high oxygen content HfO2 samples. 
So the relative height variation between the peaks at 16.4 and 
26 eV can be employed to estimate the oxygen consumption in 
the storage layer: the increase of the peak at 26 eV indicates the 
dissipation of the oxygen, or the generation of oxygen vacan-
cies.[38,40] As indicated experimentally, the energy loss centers 
are situated at 24 eV for the filtered image and 4 eV for the 
energy window, respectively, therefore the 26 eV peak and the 
16.4 eV peak are efficiently separated from each other. Another 
advantage of the plasmon mapping is that the intensity of the 
signal is a few orders of magnitude higher than the charac-
teristic high energy peaks, which improves the S/N ratio and 
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Figure 4. Bias-induced phases featuring Δϕbias (x,y) under different negative biases in the RESET process, where the intrinsic inner potential is removed 
by using the phase image of the pristine sample without any bias. The images are retrieved from the holograms taken at zero voltage after the cor-
responding bias setting. Dark red is for higher potential while dark blue is for the lower potential. The dashed curve outlines the boundary between 
the positive and negative phases.
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shortens the exposure time, thus avoiding the annoying image 
drift.

Figure 5 describes the variations of oxygen vacancies or the 
oxygen concentration fluctuations under different biases in the 
forming process. Despite the uneven distribution of the oxygen 
vacancies in the fresh sample (Figure 5a), an overall change is 
the proliferation of the oxygen vacancies in the whole hafnia 
film as the positive bias rises, if the initial status is compared 
with the resulting status. Unlike the model established for the 
TiO2-based devices where the oxygen vacancies are thought to 
protrude from the TE (anode) to the BE (cathode),[19] the in situ 
images here demonstrate that the oxygen vanish inhomogene-
ously in the oxide layer while they escape much faster near the 
anode (TE). The vacancies are preferably created near the top 
interface but they are also distributed in other parts, especially 
aggregate at some locations of bottom interface. The vacancy 
diffusion front is irregular and the morphology of the protru-
sions is not stable until the bridges are built up when the bias 
is above 5 V. The shapes of vacancy channels may be changed 
even at the LRS. It should be stressed that the energy-filtered 
images are acquired when the bias is kept unchanged and the 
sample slice is not the same one for the in situ forming and 
RESET test because it is hard to collect the EELS signal and hol-
ogram simultaneously in TEM. The observed oxygen vacancies 
with positive charges near the top interface should contribute to 
the positive potential stripe in the phase maps (Figure 3 and 4), 
while the vacancies at the bottom of the oxide layer are neutral-
ized by the poured electrons even though the oxygen insuffi-
ciency state can be still figured out by EELS.

From the electron holography images and low-loss energy- 
filtered images, the sketch of the CFs formation can be out-
lined. The external bias can dissociate the HfO bands and 

induce the generation of additional oxygen vacancies in the 
bulk of hafnia layer[33,38] as shown in Figure 5. Initially, the gen-
erated oxygen vacancies are positive charges which act as the 
positive potential in Figure 3a–c. The potential maps also indi-
cate that bias may induce positive oxygen vacancies in the AlOy 
layer, which is reasonable though the EELS mapping can give 
no such conclusion due to the lack of experimental evidence for 
the relationship between the intensity of low-loss energy peak 
of AlOy and the oxygen concentration. This fast vacancy genera-
tion process is quite different from those of the single crystal 
STO-based RRAM and CBRAM in which the point defects 
diffuse from one of the electrode interfaces to the bulk of 
switching layer.[15,16] As bias increases, the electrons are injected 
into the oxide layer, and the oxygen vacancies and other defects 
can trap some injected electrons, so some parts of the HfOx 
and AlOy films turn to be of negative potential. These trapped 
negative electrons can be seen as the trace marker of the CFs. 
The holography and EELS mapping images of the forming 
process (Figure 3 and 5) show that the filaments built by the 
oxygen vacancies with high density gradually emerge in the 
HfOx film. Meanwhile the electrons will fill the AlOy film and 
the lower surface of the HfOx film along the formed filaments 
under the positive bias but accumulate there and move upward 
slowly due to the insulating property of the oxide, which rea-
sonably occurs similarly in the way the charge trap memories 
do.[36] If the bias is above 4 V, the oxygen-vacancy bridges can 
be realized so that the impeded electrons find the quick ways 
toward the TE (anode). When the stable vacancy bridges form 
under a bias of above 6 V, the CFs reach the TE (anode) from 
different positions. Although the electrons may flow through 
the oxygen-vacancy channel, the shape of the electron current is 
determined by the local resistance which may not be uniform 
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Figure 5. Low-loss energy-filtered images of the RRAM under different positive biases, demonstrating that the concentration of the oxygen varies with 
increasing positive bias (red denotes the higher oxygen concentration). The dashed curve outlines the OXYGEN-RICH domain, which shrinks under 
positive bias.
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along the vacancy path. Electrons will find their fastest ways to 
the TE (anode) automatically so the percolation path, not the 
size of the oxygen-vacancy bridge controls the shape of the CF. 
It also shows that the growth of percolation path where the 
electrons pass through and oxygen vacancies path follow the 
same trend, and thus the percolation path is formed owning 
to the formation of oxygen vacancies filament. In the RESET 
process, the CFs rupture in the fragile bottleneck near the top 
interface because negative bias could release the oxygen ions 
stored in the TE (cathode)[12,33,41] to annihilate the oxygen 
vacancies easily there as shown in Figure 4 where the positive 
potential range beneath the TE (cathode) becomes fragmented 
under negative bias. Moreover, plenty of residual oxygen vacan-
cies near the TE (cathode) ensure that the CFs will be recovered 
quickly under proper positive bias. This recombination process 
between oxygen vacancies and movable oxygen ions is different 
from the unipolar switch behavior where the fuse mechanism 
may dominate the RS action.[19,42] The rupture site located near 
the TE (cathode) is also different from those from some ana-
lytical models in which the CF ruptures happen in the middle 
of or near the BE (anode). At the same time, the potential in 
AlOy layer recovers partially but there are still lots of negative 
electrons which maintain the conductivity of the AlOy layer.

The RS processes are summarized in Figure 6 according to 
the direct observations by in situ TEM and Monte Carlo simula-
tions based on the physical model[12,33] (the simulation method 
can be found in the Supporting Information). In the forming 
process, the oxygen vacancies are generated gradually as the 
positive bias turns high enough to dissociate the Hf-O bands. 
At the same time, the injected electrons appear and accumulate 
at the bottom interface of the HfOx film under the positive bias. 

When the oxygen vacancies form the channels connecting the 
two electrodes, the CFs are built up. The electrons pass through 
the oxygen-vacancy bridge and the device turns from the HRS 
to the LRS. Then the forming process is completed. In the 
RESET process, the oxygen vacancies near the top interface 
should be depleted at the negative bias and the CFs are broken 
first near the TE (anode) thus the device turns into the HRS. 
However, the shape of the CF is independent of the shape of 
the oxygen-vacancy channel. Lots of oxygen vacancies remain 
near the top interface of the HfOx film, so the bias switching 
from the HRS to the LRS in SET is smaller than that in the 
forming process.

The resistive switching processes in a HfO2-based RRAM 
are investigated by electron holography and in situ energy-
filtered imaging with applied biases. Experimental data 
demonstrate that the CFs are formed due to the fact that the 
oxygen vacancies are generated and ruptured at the top inter-
face of the HfOx film. In the forming process, positive bias 
produces a lot of oxygen vacancies at the top interface but 
some vacancies also gather at the bottom interface, accom-
panied with injected electrons. As the positive bias increases, 
the oxygen vacancies multiply and diffuse in the HfOx film. 
Finally, they form the continuous channels connecting two 
electrodes where the electrons can drift more easily and reach 
the anode. The oxygen-vacancy channels may be broad but the 
bottlenecks of the CFs are near the TE. In the RESET process, 
the electron holography data show that the CFs may shrink 
from the top interface and rupture near the TE side. These 
pictures reveal the details of the bipolar switching behaviors 
and clarify the physical mechanism behind the conventional 
I–V measurement. Those findings can not only contribute to 

Figure 6. Schematic diagrams of the RS processes in HfO2-based RRAM. From the top to the bottom sequentially are the forming process, RESET 
process, and SET process. First column: dynamic process; second column: simulated CF; third column: experimental potential maps.
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designing and fabricating the better RRAM devices but also 
facilitate more comprehensive understanding of the relevant 
phenomena induced by the electric bias in many semicon-
ductor devices, such as the failure mechanism about the gate 
insulator in the transistors or the charge transport in the flash 
memories.

Experimental Section
Devices Fabrication: The HfO2-based RRAM sample was prepared 

as follows. First, a 20 nm Ti adhesion layer and a 100 nm Pt 
bottom electrode layer were deposited on a 4 in. N+Si substrate  
(ρ ≈ 0.002–0.006 Ω cm) by physical vapor deposition. Then 5 nm Al2O3 
and 9 nm HfO2 layers were deposited by atomic layer deposition at 
300 °C, using H2O and trimethylaluminum/tetrakis [ethylmethylamino] 
hafnium as precursors. After that, a 100 nm TiN top electrode layer was 
deposited by reactive sputtering at room temperature in the Ar and N2 
mixture with Ar:N2 = 18:2. Finally, photolithography and dry etching were 
performed to isolate the device cells on the wafer.

TEM Sample Preparation: The cross-section RRAM samples were 
mechanically milled into small pieces of about 10 µm thick and then 
cut them by FIB technique with ±2° refinement to guarantee the uniform 
thickness. Additional 20 s Ar ion milling was carried out to remove the 
surface amorphous layers and the possible dead layers. The thickness of 
the final TEM specimen was about 50 nm measured by EELS technique, 
which is shown in Figure S2 (Supporting Information). The sample was 
loaded on a Nanofactory in situ holder, in which Au tip could be used to 
apply the voltage to the TiN gate of the sample and monitor the current 
at the same time.

TEM Observations: Conventional HRTEM, HAADF, the low-loss 
energy-filtered images, and electron hologram were obtained by 
using a field-emission gun TEM (FEI Tecnai F20). Electron holograms 
were recorded by a charge-coupled device camera. Standard vacuum 
reference hologram was acquired first to correct the phase distortion 
from the optical system. The electron holograms were recorded with 
the reference wave penetrating the TiN gate because the limited view 
field of hologram at high magnification cannot cover the vacuum 
region over the HfOx and AlOy layers, which is deep below the TiN gate. 
Using the vacuum as reference (Figure S3, Supporting Information), 
the spatial resolution of electron holography is estimated at about  
0.43 nm ( cq

���
= 6.94 nm−1, cq

���
/3 is used to reconstruct the phase image). 

The holography reconstruction was realized with the plug-in HoloWork 
in Digital Micrograph of Gatan, and the unwrapping processing was 
achieved with a published code.[43] The error of the phase retrieve is less 
than 0.2 rad, measured from the TiN electrode which was assumed to 
be an equipotential body.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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