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Silicon oxide-based resistive switching devices show great potential for applications in nonvolatile random access memories. We

expose a device to voltages above hard breakdown and show that hard oxide breakdown results in mixing of the SiOx layer and the TiN

lower contact layers. We switch a similar device at sub-breakdown fields in situ in the transmission electron microscope (TEM) using a

movable probe and study the diffusion mechanism that leads to resistance switching. By recording bright-field (BF) TEM movies

while switching the device, we observe the creation of a filament that is correlated with a change in conductivity of the SiOx layer. We

also examine a device prepared on a microfabricated chip and show that variations in electrostatic potential in the SiOx layer can be

recorded using off-axis electron holography as the sample is switched in situ in the TEM. Taken together, the visualization of

compositional changes in ex situ stressed samples and the simultaneous observation of BF TEM contrast variations, a conductivity

increase, and a potential drop across the dielectric layer in in situ switched devices allow us to conclude that nucleation of the

electroforming–switching process starts at the interface between the SiOx layer and the lower contact.
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Introduction

Nonvolatile resistive random access memory (RRAM)

technologies promise low power consumption, fast

switching rates, and integration into current device archi-

tectures, which makes them attractive candidates for future

memory applications. RRAM technologies are typically

based on oxides [1] and rely on the application of an

external voltage to switch a thin film between low and

high resistance states. In bipolar devices, reset and set

operations involve the motion of charged defects or ions,

while in unipolar devices, the resetting of devices to a high

resistance state is believed to be dominated by thermal

processes associated with Joule heating [2, 3]. In some

materials, both switching mechanisms may be active [4,

5]. Silicon oxide (SiOx) is a promising material for resist-

ance switching applications as a result of its compatibility

with semiconductor fabrication and its low processing

cost. Purely SiOx-based (metal-free) resistive switches

were first reported to undergo only unipolar surface-based

switching [6]. However, in more recent studies, switching

has been shown to occur in the bulk material rather than at

its surface [7] and to show characteristics of both unipolar

and bipolar switching [8].

The development of a full understanding of the mech-

anisms that underpin resistance switching processes is

crucial for the optimization of RRAM devices and for

developing further applications. The crucial questions that

need to be answered are related to how and where con-

ductive filaments form and how they become discon-

nected during the resetting stage. A small number of

reports claim to have observed the physical processes that

are associated with resistive processes directly. For exam-

ple, variations in stoichiometry in a ZnO thin film have

been shown to be responsible for increases in conductivity

and the formation of Zn-rich filaments [9]. Recent con-

ductive atomic force microscopy results have provided

tomographic images of conductive filaments in ex situ

electroformed SiOx [10]. In previous transmission electron

microscopy (TEM) studies of RRAM devices that had

been switched ex situ [11, 12], the switched areas needed

to be localized prior to the preparation of TEM specimens

and great care was needed to avoid artifacts introduced by

TEM specimen preparation. Most importantly, only the

final states of the switching processes could be observed,

making it impossible to follow the growth of conductive

filaments or to deduce the nature of the switching mech-

anisms. Recently, in situ switching of RRAM devices in
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the TEM has been reported for a limited number of sys-

tems, most of which are metal-based. In these studies,

filament formation resulted from the diffusion of metallic

ions from the active electrode and was relatively easy to

observe using conventional TEM techniques [13–16].

Here, we present a study of SiOx-based RRAM devices

that are switched both ex situ and in situ in the TEM. First,

we use conventional TEM to characterize two different

devices prior to switching. In order to understand the

transformation mechanisms that take place during switch-

ing, device A was stressed ex situ using a W probe and

characterized using scanning (S-)TEM (STEM) combined

with energy-dispersive X-ray (EDX) analysis. Second, we

used a movable W probe to perform sub-breakdown

switching of a device in situ in the TEM, in order to

observe the diffusion mechanism that leads to the growth

and destruction of a conductive filament directly. The

switching process was followed using bright-field (BF)

TEM imaging, resulting in movies recorded while switch-

ing the device in situ. Third, we used off-axis electron

holography in the TEM, a technique that has previously

been used to detect charge density variations at grain

boundaries in an HfO2 memory device [17], to measure

local variations in electrostatic potential inside a SiOx

layer during switching in situ in the TEM in a device

geometry based on micro-electromechanical systems

(MEMS) technology.

Results and discussion

BF TEM images of as-deposited SiOx-based RRAM

specimens deposited on TiN (device A) and on crystalline

Si (100) (device B) are shown in Figure 1(a–d), respec-

tively. The images are sensitive to both mass-thickness

and diffraction contrast and show that there are no visible

crystalline regions in the layer or any visible differences

between SiOx deposited under the same conditions on TiN

and Si.

Ex situ voltage (16 V) electrical stress using a W probe

was applied to device A, in order to study changes in the

SiOx layer during soft breakdown [18]. Figure S1 shows a

conductive atomic force microcopy (AFM) image of the

topography in the device after soft breakdown. Figure 2a

shows a STEM high-angle annular dark-field image of a

stressed region, from which it is clear that the layer has

been damaged, resulting in a lifting-up and intermixing of

some of the layers. STEM EDX linescans, which are

shown in Figure 2b–d, were recorded to understand the

structural and compositional changes associated with the

soft breakdown process. The red arrows in Figure 2a

indicate regions from which the linescans were acquired.

At the tip position, which is assumed to be the region

where the greatest damage took place, no Si can be

detected. Further from the stressed region (in the area

marked “b” in Figure 2a), the SiOx film shows no visible

damage, i.e., no intermixing of the layers. Figure 2c shows

a STEM EDX linescan recorded closer to the stressed area

(marked “c” in Figure 2a), where Si diffusion into the TiN

layer and a corresponding decrease in Ti can be seen. The

fact that the layer has been modified at a lateral distance of

more than 1 μm from the W probe suggests that there

may be a lateral conduction path in the SiOx layer before

it breaks down. Intermixing between SiOx and TiN is

visible in several places between positions “c” and “d” in

Figure 2a, suggesting the presence of defects in the SiOx

Fig. 1. Bright-field TEM images of SiOx-based resistive switching memories. The low magnification images in (a) and (c) show (a) the SiOx

layer deposited on TiN (device A) and (c) the SiOx layer embedded between single crystalline Si and polycrystalline Si (device B). The

corresponding high-resolution TEM images in (b) and (d) do not show any visible nanocrystals in the SiOx layer. The boxes in (a) and (c)

indicate the positions of the regions in images (b) and (d), respectively
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layer before stressing. The voltage applied during soft

breakdown is slightly higher than voltages used under

normal working conditions. This was necessary in order

to overcome the additional tunneling barrier present on the

SiOx surface as a result of native oxidation [18].

In situ sub-breakdown TEM switching of device A

using a movable W probe was performed in order to study

the details of the switching process. Switching was per-

formed by sweeping the voltage first in the positive direc-

tion (from 0 to 14 V) and then in the negative direction

(from 14 to 0 V). The applied voltages are higher in

devices with top electrodes as a result of the relatively

high contact resistance between the probe and the oxide

layer. During in situ switching in the TEM, the positive

direction of the applied electric field is from the W tip to

the TiN layer. The current I and BF TEM images were

recorded while varying the applied voltage V. A represen-

tative I–V curve is shown in Figure 3b. The current is

higher in the downward voltage sweep than in the upward

sweep, suggesting resistance switching during the upward

sweep. The voltage was limited during the experiment to

avoid overloading the device and consequent hard break-

down. Currents below 1 nA were measured for applied

voltages below 5 V, indicating that the dielectric layer is

highly resistive. A sudden increase in current at ~10 V is

associated with structural modifications, which can be

seen in Figure 3c–e in the form of frames extracted from

a movie of BF TEM images (the full movie is in Supporting

Information). The green arrow shows a crystal of TiN,

which serves as a reference point to locate the area of

interest. The red arrows mark regions in the SiOx layer

that have darker contrast and evolve with applied voltage.

Above 10 V, the dark areas grow continuously with

increasing voltage, extending from the bottom contact to

the W probe at ~12 V. At this voltage, a continuous region

of dark contrast is observed across the SiOx layer in the

corresponding TEM image (Figure 3e). For higher vol-

tages, a smaller region of dark contrast, which has nar-

rowed in the direction of the layer, extends up to the TiN–SiOx

interface (Figure 3f). When decreasing the applied voltage

(Figure 3f–h), the reverse process is observed, i.e., the

dark areas shrink (full movie in Supporting Information).

In order to obtain a better understanding of resistive

switching phenomena, it would be important to measure

the relationship between the volume of the dark contrast

and the conductivity. However, the required depth infor-

mation in the electron beam direction is not available at

present. The advent of fast 3D tomography [19] promises

to allow three-dimensional information about such con-

ductive channels to be revealed. Interestingly, even for

voltages below 5 V, when a negligible current is meas-

ured, a remaining area of dark contrast is present at the

TiN–SiOx interface, suggesting that part of the SiOx layer

remains conducting in the absence of an applied voltage.

We expect that such regions may be more extensive if a

higher voltage is applied during switching. The fact that

growth of the area of dark contrast is from the TiN to the

tip suggests either that positive ions move toward the W

tip [20] or that negative ions move toward the TiN bottom

contact. Moreover, we do not observe any effect on the

TiN layer during the switching process. Darker contrast

visible in the BF TEM imaging mode originates either from

a thicker sample or from a higher mass density compared

to the surrounding SiOx. In order to investigate the origin of

the dark contrast more deeply, similar experiments were

performed using dark field (DF) TEM (Figure S4a)

and HAADF STEM (Figure S4b). The I–V curves recorded

under these different imaging conditions are similar to

that recorded under BF TEM imaging, demonstrating good

reproducibility of in situ TEM switching. No contrast

variations were observed under dark-field imaging condi-

tions, ruling out local changes in the crystalline nature

of the sample. Similarly, no contrast variations were

observed under HAADF STEM imaging conditions,

ruling out significant local variations in the migration

of Ti. EDX spectroscopy was used to look for variations

in composition after in situ switching. No local variations

in Si or Ti were detected at the positions of the remaining

dark contrast after in situ switching by performing EDX

(Figure S5). It is also interesting to observe that, in both

Fig. 2. (a) STEMHAADF image showing structural damage in the TiN and SiOx layers in device A after over-stressing the specimen ex situ. (b–d)

Single-pixel STEM EDX linescans recorded along the lines marked using solid red arrows in (a). The directions of the arrows correspond to left to

right directions in each linescan. The vertical black lines in (b–d) are the estimated positions of the original boundaries of the SiOx layer
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the in situ and the ex situ experiments, the origin of the

migration process takes place at the SiOx–TiN interface.

In situ switching and electron holographic TEM was

performed on device B, which was mounted on a MEMS

chip. In the previous experiments, switching was per-

formed using a movable W probe, either ex situ or in situ

in the TEM, in order to allow the switched area to be

identified. In both cases, the top contact was missing and

the W tip was in direct contact with the SiOx layer. A full

device was therefore not probed. In a real device, the

location of the region that switches in the SiOx layer,

which is sandwiched between the top and bottom contacts,

is usually unknown. Moreover, the switching mechanism

may not be homogeneous across the layer, as indicated by

the non-uniformity of defects after ex situ soft breakdown

of the sample (Figure 2). Thus, the voltage applied with a

~20 nm W tip to a specific region may not be representa-

tive of that in a complete device. We therefore prepared a

TEM lamella for in situ switching of a complete device

(i.e., with both the top and the bottom electrode present),

as shown in Figure 4a. The specimen was prepared from

device B, in which the SiOx layer is deposited on a Si

substrate. A representative I–V curve measured from this

device in situ in the TEM is shown in Figure 4b. Voltages

of between −20 and +30 V were applied to the device in

situ in the TEM. For voltages above 20 V, the current

through the specimen reached the chosen compliance

value of 10 nA (for higher voltages, the applied voltage

is automatically adjusted to match the current compliance

and the device resistance). Off-axis electron holograms

were recorded while applying voltages to the device. The

technique allows the measurement of variations in both the

applied electrostatic potential and the mean inner potential

(MIP), which is strongly sensitive to structural changes in

the specimen. Phase images recorded for applied voltages

of 0, 20, and 25 V are shown in Figure S3. The images for

0 and 25 V are similar to each other but different to that

for 20 V, indicating that an additional voltage is present at

20 V but not at 25 V (at this voltage, the current compli-

ance was reached, and the applied voltage was reduced to

Fig. 3. In situ observation of the formation of a conductive path in the SiOx layer in device A recorded while using a movable W needle in a

Nanofactory specimen holder to apply a bias locally to the specimen in the TEM. (a) Bright-field TEM image of the device recorded during the

application of an initial 5 V bias, showing no visible change from the as-fabricated device. A schematic diagram of the electrical setup used

during the in situ TEM experiment is shown on the right of the image. (b) Current–voltage (I–V) measurements recorded while performing in

situ switching of the device using a W probe in the TEM. The red and green dots correspond to positive and negative voltage sweeps,

respectively. The letters in the red boxes correspond to TEM images (c–h). The insert shows the same plot displayed in the form of I–log(V).

Images (c–e) were recorded while increasing the voltage, while images (f–h) were recorded while decreasing the voltage. The red arrows in (c–

h) indicate the part of the SiOx layer that changes during the sweep. The green arrow indicates a crystal in the TiN layer that can be used as

reference point during the switching process. The dashed lines in (c–h) mark the regions of dark contrast resulting from the applied voltage.

The scale bar in (a) is 30 nm. The full bright-field TEM movie of the in situ switching experiment is available in Supplementary Information
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match the specimen resistance). In Figure S3, both the

MIP contribution to the phase and the contribution to the

phase from the applied voltage are still present, resulting

in a variation in contrast in the dielectric layer that is likely

to be dominated by specimen thickness variations. Differ-

ences between phase images recorded with no applied

voltage and phase images recorded for applied voltages

of 20 V and 25 V are therefore shown in Figure 4c and d,

respectively. The images show that a voltage is dropped

across the SiOx layer at 20 V but not at 25 V. Figure 4e

shows line profiles of the phase difference images aver-

aged perpendicular to the SiOx layer growth direction. On

the assumption of an electrically active layer thickness of

50 nm (in the electron beam direction), the measured phase

shift corresponds to a 10-V drop across the SiOx layer. No

significant nanometer-scale local changes in MIP are visible

in the oxide layer in the phase difference images, even

though the conductivity of the SiOx changed between the

“off” and the “on” state of the device and more than 90% of

the specimen was visible during the experiment.

We have used a wide range of TEM techniques to study

changes in chemical composition when applying voltages to

a SiOx layer in a RRAM device. STEM EDX and BF TEM

imaging were applied during both hard and soft breakdown

in specimens that had been switched both ex situ and in situ

in the TEM. The formation and disappearance of a conduc-

tive filament was observed during switching in situ in the

TEMusing a movableW probe. In both the ex situ and the in

situ experiments, the migration process was observed to take

place at the SiOx–TiN interface. Off-axis electron hologra-

phy was used tomeasure the electrostatic potential inside the

SiOx layer in a real device, in which the conductivity

increases during a voltage ramp. The device geometry that

we describe is promising for future in situ studies when

simultaneous electrical and structural modifications under

an applied electrical bias are expected and can be combined

with an external temperature stimulus.

Methods

Device fabrication and ex situ switching

Resistance switching device structures containing thin

(40 nm) SiOx layers were grown both on TiN without a

top contact (device A) and between a p-type Si substrate

Fig. 4. (a) Secondary electron image recorded in a scanning electron microscope from the central part of a MEMS chip, onto which a TEM

specimen of device B has been attached and contacted electrically in a FIB workstation. The top polycrystalline Si layer and the Si wafer are

connected to contacts A and B using ion-beam-deposited Pt so that the SiOx layer can be biased electrically in situ in the TEM. Contact B was

kept at ground potential, and chosen voltages were applied to contact A. The insets show higher magnification scanning electron micrographs

of the layers of interest and the electrical contacts to the device. (b) I–V curve measured from the device in (a), showing a linear increase in

current with applied voltage up to 20 V, followed by an abrupt increase in current, corresponding to a transition from the “off” to the “on” state

of the device measured in situ in the TEM. The measurements were obtained while recording electron holograms. (c) and (d) show phase

difference images between the unbiased state (0 V) and states recorded with (d) 20 and (e) 25 V applied to the specimen. Phase unwrapping

was performed on each original phase image inside the SiOx layer, while phase wraps were retained in the much noisier regions corresponding

to the electrical contacts. The final phase difference images were converted to the indicated voltage scale on the assumptions that the

electrically active specimen thickness is 50 nm, that the voltage is contained with the specimen, and that it is uniform in the electron beam

direction. The phase difference images do not show the presence of conductive paths in the “off” or “on” states of the device. The scale bars in

(c) and (d) are 20 nm. (e) Line profiles generated by averaging the difference images in (c) and (d) horizontally. On the assumption that the

electrically active specimen thickness is 50 nm, a potential drop of 10 V is measured across the SiOx layer when 20 V is applied to the device.

See text for discussion and further details. The slope on the left side of the 20 V line profile is likely to arise from an electrostatic fringing field

in vacuum outside the edge of the TEM specimen
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and an n-type poly-silicon contact (device B). We have

previously studied devices A biased with tungsten probes

and have established that the resistance changes, and

hence, structural modifications, are essentially the same

as in devices B with a top contact [21]. Further details

about the fabrication process can be found in Refs. 7 and

20. Device A was electrically formed by using a W probe

to switch the sample on a contact-free area. A conductive

spot was formed directly on the SiOx layer with an applied

voltage of 16 V and a 100-μA current compliance using a

nominally 1 μm diameter W probe from a Keithley 4200

semiconductor characterization system. Device A was

imaged using a Bruker Icon microscope with Pt/Ir-coated

Si cantilevers using a nominal tip diameter of 20 nm

(Figure S1). The region was scanned with 10 V applied

to the bottom electrode, and the tip was grounded. This

voltage was required to record a measurable current due to

the tunneling gap between the tip and the sample, as

scanning did not involve pressing hard into the surface.

The compliance current of the microscope was 500 nA.

Cross-sectional TEM specimens of device A were

prepared using a standard lift-out procedure in an FEI

Helios dual-beam focused ion beam (FIB) workstation.

In situ switching of device A in the TEM was performed

using a Nanofactory TEM specimen holder. The experi-

ments involved coating the SiOx with a layer of ink,

followed by electron-beam-deposited Pt and ion-beam-

deposited Pt in the FIB workstation. Coarse FIB milling

was carried out using a 30-kV ion beam, with final milling

performed at 5 kV. Removal of the outermost damaged

layers after FIB milling was performed using a 900-V

focused Ar beam in a Fischione Instruments Nanomill

1040 workstation. The ink and Pt layers were then

detached from the lamella to expose the SiOx for electrical

contacting inside the TEM using the manipulator of the

Nanofactory specimen holder (Figure S2).

For in situ switching of device B, specimens were

prepared in the form of MEMS chips and contacted elec-

trically using FIB and a lift-out procedure, as described in

detail elsewhere [22, 23]. The procedure, which has been

used for the preparation of high quality specimens for

in situ annealing [22] and biasing [23], involves initially

transferring a thick (~3 μm) TEM lamella from a bulk

sample to a MEMS chip. Electrical contacts are then added

using ion-beam-deposited Pt. The final step consists of

thinning the thick lamella directly on the MEMS chip,

thereby preventing unwanted Ga implantation and Pt rede-

position during the transfer and contacting steps and

allowing both backside and frontside milling.

TEM set-ups

High-angle annular dark-field (HAADF) STEM experi-

ments were carried out in an FEI Tecnai G20 TEM oper-

ated at 200 kV using a convergence semi-angle of

~15 mrad and an inner collection semi-angle of ~70 mrad

to provide atomic-number-sensitive contrast. STEM EDX

linescans were acquired using an EDAX Si(Li) detector

with an acquisition time of 1 s/pixel at 10 eV/channel.

In situ switching experiments were performed at 300 kV in

an FEI Titan TEM equipped with an image CS corrector

and two electron biprisms. Switching of device A was

performed using a scanning tunneling microscopy TEM

specimen holder (Nanofactory Instruments AB, Göteborg,

Sweden) equipped with a movable W probe. Switching of

device B was performed using a DENSSolutions double

tilt four contact MEMS TEM specimen holder.

In situ off-axis electron holography

In order to monitor changes in both mean inner potential and

applied electrostatic potential, device B was studied using

off-axis electron holography. The technique allows both the

amplitude and the phase shift of the electron wave that has

passed through a specimen to be recorded in the TEM. The

phase shift is proportional to the electrostatic potential in the

specimen projected in the electron beam direction. The

potential can be described in terms of a sum of the mean

inner potential and additional potentials such as those asso-

ciated with applied voltages, built-in potentials, or electrical

charging of the specimen. In the absence of magnetic fields

and diffraction contrast, the phase shift of the electron wave

(compared to a reference wave traveling in a field-free

vacuum region) is given by the expression

φ x; yð Þ ¼ CE

Z z¼þ∞

z¼−∞

V x; y; zð Þdz ; ð1Þ

where CE is a constant that depends on the electron micro-

scope accelerating voltage, z is the incident electron beam

direction, and V is the total electrostatic potential (includ-

ing the mean inner potential). In a specimen of uniform

thickness, in the absence of electrostatic fringing fields,

the measured phase is directly proportional to the potential

averaged through the thickness of the specimen. In order

to subtract the mean inner potential contribution from the

recorded signal, differences between phase images

recorded with different voltages applied across the SiOx

layer were evaluated, as reported elsewhere [24].
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