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Filamentary switching of ReRAM investigated by in-situ TEM
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Kita-14, Nishi-9, Kita-ku, Sapporo 060-0814, Japan

E-mail: arita@nano.ist.hokudai.ac.jp

Abstract

The filament operation of resistive random-access memory (ReRAM) was studied via in-situ
transmission electron microscopy (in-situ TEM), and the contribution of the conductive filament to
the resistance switching was experimentally confirmed. In addition to the operation principles, the
device degradation mechanism was studied through repeated write/erase operations. The
importance of controlling Cu movement in the switching layer was confirmed for stable CBRAM
(conductive bridge random access memory) operations. A device structure with double switching
layers and device miniaturization was effective in restricting over accumulation of Cu in the
switching layer and localizing the filament. This may improve the robustness of the device against
performance degradation.



1. Introduction

Resistive random-access memory (ReRAM) provides high-speed operation, a wide memory
window, and high-density storage. It is a candidate for use as memory in next-generation
applications, such as storage-class memory that fills the storage gap between dynamic random
access memory (DRAM) and flash memory [1-6]. In addition to the binary operation, its multi-level
or analogue memory function and non-linear hysteretic current-to-voltage (/-}) properties have
attracted significant attention for application as artificial synapses used in artificial neural network
hardware [7-15]. Because of these promising potential applications, a large number of studies have
investigated ReRAMs, ranging from materials and devices to circuits [16-33]. Their integration into
practical memory chips has continued to advance and a 16 Gbit memory chip was reported with
write and read speeds of 180 MB/s and 900 MB/s, respectively [34]. However, while the
fundamental operating mechanism can be explained based on the electrochemical reaction [16-18],
the cyclic resistance switching and device degradation mechanisms have not yet been fully
understood. While there are some examples of commercialized ReRAM chips, a lack of knowledge

of the switching mechanism limits its mass production and application [35].

A ReRAM device has a metal-insulator-metal (MIM) structure composed of a thin insulating
switching layer (SL) sandwiched between a top electrode (TE) and a bottom electrode (BE) (Fig.
l1a). The pristine device is normally in the high resistance state (HRS), and it converts into the low
resistance state (LRS) by application of a voltage between the TE and BE. This is called the Set
operation that is used for memory writing, and the first Set from the pristine state is called Forming.
To prevent device failure caused by the abrupt current jump during the Set operation, the current is
restricted (current compliance) using a field effect transistor (FET) (Fig. 1b) or by the electric
source (Fig. 1c). It should be taken into consideration that the horizontal axis of the /-} switching
curve usually corresponds with the output voltage from the electric source rather than the actual
voltage applied to the ReRAM device (Figs. 1b-1c). Subsequent application of a voltage returns the
resistance to the HRS, which is the Reset operation for memory erasure. The HRS/LRS resistance
ratio is above 10 and it occasionally reaches up to 10°. The device operation can be classified into
two categories: unipolar operation, where the Set and Reset operations can occur at the same
polarity; and bipolar operation, where opposite voltage polarities are used for the Set and Reset
operations. Another classification based on the switching region also exists. Switching operation
where the resistance of the LRS (Rirs) is proportional to the device size occurs, e.g., in ReRAMs
using perovskite-type complex oxides [16-18]. In this case, the electronic state change at the
interface or metal-insulator transition is the origin of the resistance switching. However, in materials
such as transition metal oxides, the resistance Rrrs does not depend on the device size. For this
operating group, the conductive filament (CF) formed in the insulator by voltage application is
considered to contribute to the resistance change between the HRS and the LRS, and thus the
memory operation [16-18]. In this report, the latter case (i.e., the CF memory operation) was

investigated using in-situ TEM.
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Fig.1  (a) Schematic cross-section of the ReRAM formed in the via hole of a thick insulator (white, e.g.,
SiO; or SiN). The I-V switching curves with current compliance (b) by FET and (b) by an electric
source.

Unipolar operation occurs because of the formation and rupture of the CF via a thermochemical
reaction accompanied by dielectric breakdown. This type of ReRAM is called a TCM
(thermochemical memory). Bipolar operation is considered to occur through an electrochemical
redox reaction. When the TE or BE is made using electrochemically active metals such as Cu or Ag,
the metal filament formed in the SL contributes to the memory operation. This type of ReRAM is
called a conductive bridge RAM (CBRAM) or an electrochemical memory (ECM). In a bipolar
ReRAM with electrodes made of non-active materials, such as Pt, the CF composed of oxygen
vacancies is the basis of the memory operation. This is referred to as valence change memory
(VCM) or OxRAM. While these discussions are analogous to dielectric breakdown and
electroplating, they successfully explain the ReRAM operations. However, the information obtained
from electric measurements are not satisfactory for understanding the switching parameters used for
malfunction analyses, such as retention and endurance tests. In-situ transmission electron
microscopy (in-situ TEM) measurements are complementary to electric measurements with cyclic
switching operations, by which the microstructural evolution of the device can be observed
simultaneously with the memory operation. In this manner, the formation/rupture of the CF can be

directly observed and the origins of the device degradation can be visualized and analyzed.

The first studies on in-situ TEM of ReRAMs were reported around the year 2010 [35-39]. The
formation and rupture of the CF on the Set/Reset operation of CBRAM was experimentally
confirmed via in-situ TEM [41-43], and the CF formation process was categorized into four modes
depending on the redox reaction rate and the mobility of the metal ions [44]. Over a number of
in-situ TEM studies, the Forming and Set processes were clarified step by step [45-59]. However,
the Reset process is still unclear and it is an important step for understanding the mechanism of
device degradation. We have investigated the device microstructure of OxXRAM and CBRAM
influenced by switching operation. In this report, the role of the CF on ReRAM resistance switching

and the microstructural evolution during device degradation studied via in-situ TEM are reviewed
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with reference to our work carried out over the past decade.

2. Experimental

2.1 ReRAM film deposition

The ReRAM structure was in the form TE/SL/BE. Various deposition methods have been
reported so far for ReRAM production: such as sputtering, atomic layer deposition (ALD), and
pulsed laser deposition (PLD). For our work, radio frequency (RF) magnetron sputtering was used
in an Ar or Ar+O, atmosphere. In certain cases, post-oxidation after film deposition was performed
in air. For the TEM experiments, thin samples of less than 100 nm are required. In the following

section, widely used sample processing techniques for in-situ TEM will be briefly explained.

2.2. Processing of in-situ TEM sample

The simplest method is the deposition of the SL on a wedge-shaped substrate that can function as
the BE (Fig. 2a) [40, 60]. By attaching a nano-probe, which functions as the TE, to the SL the
ReRAM is formed and operations can be carried out. By changing the probe position, multiple
experiments can be done using one TEM sample. However, mechanical destruction can easily occur
because of direct contact of the movable TE with the SL. In addition, long-term operations such as
repeated switching are hard to carry out because of mechanical drift of the nano-probe. The

ion-shadow method has been used to overcome these issues [61].

After dispersing carbon or diamond powders (black circles in Fig. 2c¢) on the ReRAM surface,
Ar" ion milling is done. Because the milling rates for carbon and diamond are much lower than for
the ReRAM materials, needle-shaped ReRAM nano-pillars with TE/SL/BE stacking can form
(Figs.2c and 2d). Many ReRAM npillars can be obtained in one TEM sample, though there are
disadvantages related to the positioning of the pillars, size dispersion, and the yield of the operation.
One of the most popular method is the use of focused ion beam (FIB) processing. Multiple ReRAM
devices with the same size can be processed on one TEM sample. While the position, size, and
shape can be controlled as required, there is a possibility for the introduction of defects, such as
electric shorting because of residual Ga from FIB processing and process damage at the surface and
the interface. An example of a plain ReRAM chip subject after FIB processing is shown in Fig. 2e
[49]. In Fig. 2f, nano-devices fabricated via lithography techniques were prepared by FIB for in-situ
TEM [63]. Other innovative methods using FIB have also been reported for in-situ TEM of
ReRAMs [64, 65]. In addition to the conventional vertical ReRAM structure (Fig. 1a), lateral
ReRAM fabricated on a thin SiN membrane (Fig. 2g) have also been used in some reports [51,
67-70]. This was effective for high-resolution imaging because the sample thickness could easily be

controlled to much less than 100 nm, and analysis at the nano- or atomic-level can be carried out.
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Fig.2  (a) Schematic of the wedge-shaped sample [49] and (b) an example of NiO-based OxRAM [60]. (c)
Ion-shadow method to form ReRAM pillars (black circle: carbon or diamond powder) [49] and (d)
an example of MoOx/Al,O3-based CBRAM [62]. Examples of FIB processed in-sitt TEM samples
from (e) a stacked film (MoOx-based CBRAM) [49] and (f) nanofabricated ReRAM cell
(CuTe-based CBRAM) [63]. (g) Schematic of the lateral (or planar) CBRAM formed on a SiN
membrane.

2.3. Experimental system and measurement

A schematic of the in-situ TEM experimental system is shown in Fig. 3a, where a home-made
in-situ TEM holder with a piezo actuator (piezo holder) is attached to the electron microscope (Jeol
JEM2010, 200 kV, Cs = 0.5 mm). Selection of the device (or position) to be measured was
accomplished using a Pt-Ir nano-probe, which can be moved via the piezo actuator placed in the
piezo holder. As mentioned above, the device can easily be destroyed because of current overshoot
on the Set operation. To prevent this, a kQ load resistor is occasionally connected in series; however,
even with this precaution, influence of current overshoot cannot be perfectly prevented because of
the parasitic capacitance of the wiring in the TEM holder (~10 nF in our case). For example, a
current overshoot in the mA range is expected when the resistance of the HRS (Rurs) is converted
to the LRS (Rrrs) of 10 kQ within nanoseconds under the application of a 1 V bias. To restrict this
current overshoot more effectively, a TEM holder with an FET was developed (Fig. 3b).

The switching operation was carried out using a source measure unit (SMU, Yokogawa GS820),
and the dynamic change of the device microstructure was recorded as a video. The current was
measured via the substrate in most cases. As described just above, the compliance current (Zcomp) to
restrict device destruction was controlled by using this SMU as well as the FET. The TEM electron
beam did not have a marked influence on the microstructure, even when high-resolution
measurements were carried out (~170 fA/nm? with an acceleration voltage of 200 kV). In the
present in-situ TEM experiments, the TEM magnification was reduced to ~10*-10°, and the electron

beam density was much lower than this value. The offset current contributed by the TEM electron
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beam was less than the nA order and can be neglected because it was much smaller than the
ReRAM operation current (several to hundreds of pA). The video contrast was occasionally
enhanced and frame averaging was done to reduce the noise.
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Fig.3  (a) In-situ TEM system and (b) a schematic of the measurement circuit [49].

Probe

3. In-situ TEM of OxXRAM

Many oxide films sandwiched between two non-active electrodes (e.g., Pt and TiN) operate as
TCM-type or VCM-type ReRAMs [17-19]. In-situ TEM studies reported to date have mainly
studied the switching operation after Forming, and investigation of the Forming step itself is rare
[39, 47]. Here, the Forming process of polycrystalline NiO is demonstrated [57, 71].

For this, the sample was fabricated via RF sputtering of Ni on a Ptlr wedge followed by thermal
oxidation to NiO in air. The pristine sample is shown in Fig. 2b, and the Forming results are shown
in Fig. 4, where a load resistor of 10 k) was connected in series outside the TEM holder. Forming
occurred at +1.7 V and the resistance decreased significantly (Fig. 4a). The resistance was almost
equal to that of the load resistor and, hence, the ReRAM should have a smaller resistance than this
value. Corresponding to this switching to the LRS, a bridge with a width of 40 nm formed (Fig. 4b).
Using a nano-probe, it was confirmed that this bridge was in the LRS and the surrounding region
was insulating. This bridge was the CF that contributed to the ReRAM operation. In addition,
nano-regions of the NiO film were measured using this system, and it was clarified that the
resistance at the grain boundaries was less than 1% of the bulk of the grains. As indicated in some
reports [16], the CF seemed to be formed at the grain boundary. In Fig. 4c, the CF size is
summarized as a function of the injected power [71, 72]. By reducing the switching power to 107 W,
the formation of a CF of less than 10 nm is expected. The composition of the CF was measured via
energy dispersive X-ray spectroscopy (EDS), and it was determined to be Ni:O = 85:15, while the
surrounding region had an Ni:O composition ratio of 71:29. This fits to the general consensus that
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the CF of the OxXRAM is formed by oxygen vacancies.

However, the Reset operation for memory erasure could not be carried out because the device
was destroyed during the process. This phenomenon is not unique to our investigation, and in-situ
TEM reports on the Reset operation of TCM and VCM was quite rare [47]. The oxygen that drifted
during the Forming and Set operations is considered to be captured in other regions of the device
and used for rupture of the CF at Reset [18]. However, during in-situ TEM operation, which is
performed in a vacuum, the oxygen escapes into the TEM vacuum atmosphere and is not present
when required for the Reset [71]. For further understanding of the operation schemes of the TCM
and VCM, a special in-situ TEM technique needs to be developed, for example, a method

combining in-situ TEM and environmental TEM.

200} {. ’ ' S T
@ : °
I 3 20
et 2 (o] 3
£100 ]
£ 1
= | 3
© A ]

0 : |
e} WP | _3...1 sl .
0 1 2 10 10°
Voltage (V) Power (W)

Fig.4  Forming of PtIt/NiO/Prlr OxRAM. (a) The I-V switching curve where the broken arrows indicate
the direction of the voltage sweep. (b) In-situ TEM image after Forming. (¢c) The CF size vs.
injected power. The black circles are data from in-situ TEM experiments while the white circles are
the data observed in ReRAM devices with Pt electrodes measured outside the TEM [71, 72].

4. In-situ TEM of CBRAM

4.1 Formation and erasure of the conductive filament corresponding to Set/Reset operation

CBRAM is a type of ReRAM in which a metal CF is responsible for memory operations. Here,
an example using Cu:GeS deposited on a Ptlr wedge substrate will be discussed [41, 73]. The
movable probe was grounded and served as the BE while the wedge substrate was biased and used
as the TE. In this case, both the TE and the BE are made of Ptlr, and the SL serves as the Cu source.
The results are shown in Fig. 5. Figure 5a shows the /-V switching curve, which demonstrates a
clear hysteretic curve of CBRAM. The corresponding TEM images are shown in Figs. 5b-5e. A CF
with a dark contrast formed/vanished on application of the Set/Reset operation. From analyses of
the in-situ TEM images, in-situ diffraction patterns, and in-situ EDS spectra, the following was
summarized: by the positive voltage applied to the TE (substrate), Cu ions in the SL drifted to the
cathode (BE: probe) and formed a Cu deposit at the surface of the cathode via the electrochemical
redox reaction; they then grew towards the anode (TE: substrate) forming a CF, and the resistance
was then set to the LRS. This fits with the electrochemical CF model that is widely accepted [16].
In contrast with these results, for example in CBRAM formed by Ag/ZrO,/Pt, the CF grew from the
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anode (Ag) to the cathode (Pt) [42]. A previous study discussed the filament growth using several
metals, with four growth modes related to the redox rate of the metal and the mobility of metal ions
in the electric field [44]. Based on that work, it is expected that the Cu ion mobility is high in GeS.
In addition, the SL of our sample already contained Cu in the pristine state; therefore, the distance
required for the Cu ions to reach the BE interface should be small. This may also contribute the CF
growth from the BE (cathode).

Substrate [[{»]
) H:as:zn.h-E)

Fig.5 In-situ TEM result of Ptlr/Cu:GeS/Ptlr CBRAM [41, 73]. (a) The I-V switching curve and (b-¢)
corresponding TEM images extracted from the recorded video. Pseudo color treatment was performed
for clear identification of the CF. The meaning of the color is indicated in (e), white corresponds to
bright contrast (B) and black to dark contrast (D).

By reversing the voltage polarity, the CF contracted from the BE (anode), and the resistance of
the device changed to the HRS. However, the SL was different from the pristine state, which is
demonstrated in Fig. 6. The CF in the 1 switching cycle is shown in Fig. 6a. Changing the probe
position from A to B results in another cycle being carried out. The formed CF connected the probe
and position A, but did not connect to the nearest position B (Fig. 6b). Once the CF formed, residual
like Cu clusters may remain even after erasure. This was the origin of the phenomenon seen in Fig.
6. In general, the Sef voltage is smaller than the Forming voltage, which can be explained by the

contribution of the residuals.

Fig. 6  Filament formation in (a) the 1% and (b) the 2" Set with position change of the probe (BE) [73]. The
positions A in (a) and (b) correspond with each other. The CF grew towards position A, where the first
CF was formed, instead of position B, which is nearest to the probe.

4.2 Switching repetition and formation/erasure of CF

In this section, an example of the repeated Set/Reset switching is shown [46, 74-76]. The sample
used was Pt(100/Cuioy/MoOxs0) formed on a TiN/Si substrate, and the number in parentheses is the
thickness in nm. The sample was processed via the ion-shadow method, and its width was ~300 nm.
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After several I-V sweeps to reduce the resistance without switching, clear CBRAM switching began.
The device was operated using the voltage sweep mode (0.8 V/s) with a relatively higher current of
more than 100 pA to observe the CF clearly. In the 1% switching cycle (Fig. 6a), an abrupt current
increase occurred after state A, which was the Set operation. In the TEM image, a dark contrast
region appeared from the Cu TE to the MoOx layer (state B). With further current flow after the Set
(over-Set), the shape of this dark region changed and grew to form a Cu filament bridging the Cu
and TiN electrodes (state C), and the LRS was achieved. Details can be seen in the the Suppl.
Movie of ref. [76] (http://www.rsc.org/suppdata/c6/nr/c6nr02602h/c6nr02602h2.wmv). The time to
reach the compliance current after the state A was 0.8 s, and the charge contributing the current flow
is estimated as ~6x107 C using the -V curve. Assuming that the current was only the ionic current
of Cu* or Cu?", the CF should be much larger than um. This does not fit to Fig. 7. The total current
should be contributed also by other factors like oxygen vacancies and electrons. With polarity
reversal, the resistance increased significantly between states D and E (Reset), but no clear change
could be observed in the TEM image. Rupturing of the filament in local region might contribute to
this Reset operation though we could not success to detect it. With continued current flow
(over-Reset), the current became unstable and the CF vanished from the BE side (HRS). In the 2"
cycle, the Sef voltage became slightly lower (Fig. 6b), which is due to residual Cu in the MoOy layer.
The CF grew from the BE to the TE. No clear change was observed in the CF contrast on the
moment of the Set operation, it then grew to a 35 nm wide CF during the over-Set. The CF also did
not show a clear change for the Reset process, and it vanished from the BE on the over-Reset. For
the 3™ cycle, the CF grew from the BE as in the 2" cycle (Fig. 6¢). In this cycle, a pit formed at the
TE interface during the CF growth, and thus the connection between the TE and CF appeared
imperfect. While Reset switching was observed at -1.5 V, the CF did not show a change in
morphology. It contracted from the CF surface during the over-Reset, and it disappeared towards the

BE. In all cases, the current flow was an important factor for inducing a large change of the CF

morphology.
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Fig.7  Filament formation and erasure observed in a series of switching cycles with increasing /comp: (a) the 1%,

(b) the 2" and (c) the 3" cycles. Sample is a Cu/MoO,/TiN stacking CBRAM. Alphabetic marks in the
1-V curve and TEM photographs correspond each other [76].
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From these results, it can be concluded that there are two Set modes and two Reset modes in the
MoO, CBRAM (Fig. 8) [76]. With less Cu inclusion in the switching layer, as in the 1% cycle in Fig.
7a, Cu deposits appear from Cu in a manner similar to Ag/ZrO,/Pt with low ion mobility [42]. They
grew into the CF bridging two electrodes with consequent current flow (Set-7). In contrast, the Cu
deposits appear at the BE interface when more Cu is included in the switching layer (such as the 2"
cycle or beyond: Figs. 7b and 7c¢). This occurs because of the short distance required for Cu ions to
reach the BE. The Cu deposits are due to chemical reduction at the BE interface and it grows
towards the TE (Set-2). The bridging between two electrodes occurs during the over-Set. In relation
to the Reset operation, the CF contracted towards the BE when bridging was not satisfactory
(Reset-1). The Cu is considered to dissolve from the CF surface into the SL with the help of the
Joule heat caused by current flow, and the Cu ions move to the TE along the electric field. In
contrast, the direction is the reverse when the bridging is satisfactory (Reset-2). This may be due to
surface oxidation (0x-TiN) of the TiN BE. Because the resistance of this region must be high and
Joule heat is mainly generated there, the dissolution of Cu is accelerated near the ox-TiN. In
addition to the redox rate of Cu (or Ag) and the mobility of the ions [44], the inclusion of Cu (or
Ag) is an important factor that influences the CF growth/erasure. This depends on the operation

history of the CBRAM, and its control is important for extended switching cycles.
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Fig.8  Schematic of the Ser and Reset operations [76]. There are two Set modes and two Reset modes
depending on the switching history.

4.3 Device degradation

In this subsection, device degradation will be discussed using in-situ TEM data. In Fig. 9a, the
whole device cross-section of the sample used in Fig. 7 can be seen [74]. By increasing the Set
current (Jcomp) from the 1% (200 pA), to the 2™ (400 pA), 3™ (400 pA) and 4™ (600 pA) cycle, the
CF grew significantly (Fig. 9b). A retention time that was longer than 5 min could be confirmed.
This result indicated that the current enhances the CF growth. Another important observation from
these TEM images is the CF position. One avenue to realize a large resistance ratio (Rurs/RLRrs) 18
by achieving a large Rurs after a strong Reset (i.e., over-Reset). To understand the phenomenon
occurring under these conditions, the CF was erased almost completely by an over-Reset in Fig. 9.
The new CF appeared cycle by cycle and the CF position was significantly changed. A strong
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erasure via the over-Reset may induce unstable operation because of removal of Cu residuals.

L (b) g“_
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Fig.9  Enlargement and position instability of the CF [74]. (a) TEM photographs after Set and (b) measured
CF width (W) in relation to Zcomp. The sample is a Cu/MoO./TiN stacked CBRAM.

Therefore, for the next experiment, repetitive operations were carried out without the over-Reset
(Fig. 10). A Pt(00y/CuzoyWOx20)/TiN sample processed via the ion-shadow method was used and
clear CBRAM operation was confirmed (Fig. 10a). The lcomp for the Set operation was gradually
increased, and it served a kind of acceleration test [77]. The resistance ratio of Rurs/Rirs was ~100,
and the Rurs decreased with increasing number of switching cycles, which can lead to HRS
endurance failure. After much extended cycling, the device would no longer be able to realize
resistance switching. In the TEM images during opearations, it can be seen that Cu moved into the
WO, and formed layers at the interfaces in a wide area not only around the CF; as a result, the SL
became thin. This indicated that current leakage aside from the CF induced Cu movement from the
TE in the wide area, which is the origin of the HRS endurance failure. Reports have indicated that
the device can be recovered after HRS endurance failure recovered by a strong Reset [78]. However,
considering the results shown in Fig. 9, position instability of the CF occurs after a strong Reset.
The power balance between the Set and Reset is important to control Cu movement and thus stable
CBRAM memory operation.
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Fig. 10 Device seen in a Cu/WOx/TiN stacked CBRAM [77]. (a) Typical I-V switching curve (6™ cycle). (b)
The endurance graph with increasing lcomp. A symptom of HRS degradation is seen. (c) Corresponding
TEM images where the numbers in each figure denote the cycle number and Zcomp. The triangle indicates
the CF appeared in the 1% cycle. Deposition of Cu showing dark contrast is identified.
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4.4 Double-layer CBRAM

The dispersion of Cu in a wide region of the SL causes device degradation as described above.
Using the double SL structure is one available method to restrict device failure. Many reports have
studied the double-layer ReRAM, and an improvement of memory performance has been reported
[79-83]. In this subsection, the in-situ TEM study of a double SL CBRAM is presented. The used
sample structure was Cuoy/MoOx20)/Al2035) formed on a TiN/Si substrate and was processed via
the FIB technique [84-86]. The number in the parentheses indicates the film thickness in nm. A
typical Set curve is shown in Fig. 11. In state-A at the start of the operation, clear stacking of the
double-layer structure can be identified. After the Set switching began (state-B), the red colored
region appeared around the interface between MoO, and Al,O3, which corresponds to the darkened
region from the TEM image of state-A because of Cu accumulation. This grew into the Al,O3 layer
when the current reached the compliance value (state-C). At the same time, a hole formed in the
lower part of the Cu TE, which is shown with blue color. Copper from the TE drifted through the
MoO; layer, and its movement was restricted at the MoO./Al>O3 interface and a deposit was formed
there. Copper moved into the Al>O3 layer during subsequent current flow, and a CF appeared with
detectable contrast. From this result, the Cu mobility in Al,O3 can be considered to be smaller than
in MoOy. By combination of the two insulator layers with different properties, the Cu movement
can be restricted and the CF can be localized. Good switching properties of the double layer
CBRAM, such as a high switching speed and stable operation with lower degradation, can be
achieved by this limitation of CF growth.

60 C

Current (uA)

Fig. 11 Filament formation in the Cu/MoO,/AlbO3/TiN CBRAM with double switching layers. The Set
switching curve and corresponding TEM images are shown. For states B and C, the original images (left
column) and painted images (right column) are compared. In the region with red color, the image
contrast became dark from the state-A, which indicates Cu accumulation. On the other hand, the
contrast became bright in the blue region, and thus Cu moved out from this region. Note the linear
arrangement of red and blue at the interface is the artefact caused by image drift during the observation.
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4.5 Nanofabricated CBRAM device

Miniaturization of the CBRAM is a key factor for practical application. In this subsection, the
application of in-situ TEM on CuTe-based nanofabricated CBRAM devices (30 or 70 nm in size)
processed by FIB of the in-situ TEM sample (Fig. 2f) will be discussed [46, 63]. To investigate the
performance, the /-7 switching characteristics were tested for 60 cycles and the device achieved
CBRAM operation without degradation. Next, the device was investigated by varying the lcomp. In
Fig. 12, the TEM images before and after the Set and after the Reset are compared with the /-
switching curve. In all cases, clear switching curves were realized. However, the change in the
image was very faint and was identified only when the l.omp was large, as marked with a triangle in
the image after a Sef operation with leomp = 125 pA, which formed a CF in the nm scale. Therefore,
the CF for 100 and 60 pA should be much smaller, and there was no detectable image contrast in
this sample with a TEM sample thickness of ~100 nm. This was the same as the trend observed in
Fig. 7: where a small current results in a small CF. To identify the composition of the CF, EDS
mapping was carried out. As seen in Fig. 13, copper drifted into the SL while tellurium did not show
such a trend. Hence, the CF identified in Fig. 12 was made up of Cu as other CBRAMSs. The Cu
filament appeared near the edge of the via hole, and concentration of the electric field seems to

enhance the CF formation.

leomp l;'\;‘f:uvr;:teage ) before Set after Set after Reset
(HA) | ver.: current (ua) (HRS) (LRS) (HRS)

150

125

e —
100 | -‘===
. ]
2 10 1 2
60 - - - - - - o
a0 ]
60 | 200 1
o
20
20—

Fig. 12 The CF evolution observed in a CuTe-based nanofabricated CBRAM [63]. The margin of the switching
region was enlarged and the contrast was significantly enhanced. The CF was identified only when a
large current was passed in the operation (triangle), while clear memory operation was realized in all
cases. Other filamentary contrast showed no change and did not contribute the switching operation.
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TE

CuTe based
electrolyte

Insulator
SiN

Fig. 13 Composition analysis of the switching region after the Set operation, where a large current (/comp = 350
pA) was used to induce a large change [63]. (a) A conventional TEM image. The region in the square

was analyzed. The EDS map for (b) Cu (green) and (c) Te (red) signals. The BE and the insulator are
blue and white, respectively.

Though the CF was quite small, its retention property was good. Even when the CF was not
detected in the TEM images, the LRS data were maintained for at least 3 months at room
temperature when the lcomp Was > 40 pA (Fig. 14a). In addition, pulse switching repetition up to 10°
was confirmed inside the TEM microscope (Fig. 14b). Device miniaturization was important not
only for integration but also for low-power operation through localization of the nano-sized CF,
good memory retention, and good endurance property.
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Fig. 14 Degradation tests performed in a TEM microscope [63]. (a) Retention graph for various currents, and
(b) endurance graph using the voltage pulses (+3.0 V/500 us for Set and -1.5 V/100 us for Reset).

5. Summary and Conclusion

In this contribution, we reviewed our in-situ TEM works on OXRAM and CBRAM. In both
cases, filamentary switching was experimentally confirmed. Especially for Cu-based CBRAMS,
repeated switching was realized, and switching details including device degradation could be
discussed. The CF appeared/vanished on carrying out the Set/Reset operations. The CF size
increased with the Set current; however, a remarkable change of the CF did not necessarily occur at
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the moment of Set/Reset switching; a large change appeared with the subsequent current flow. The
current was a key factor for controlling the CBRAM performance, and the power balance between
Set and Reset operations is important. Cu deposits formed widely at the interface region when a
strong Reset operation was not used, and the effective thickness of the switching layer was reduced,
which leads to HRS endurance failure. While a strong Reset may prevent this degradation, the CF
position changed during this process, which may cause switching instability. The operation
robustness could be improved by using double switching layers. In this case, Cu movement during
voltage application was restricted at the interface between two switching layers. This prevents the
over-accumulation of Cu and stable switching can be expected. Localization of the CF is important
and this was realized by adopting miniaturized CBRAM cells. A thin filament in the nm range was

localized in a thin insulator layer, and a sharp and stable switching was realized at a low current.

As demonstrated in this report, in-situ TEM investigation has contributed significantly to
understanding filamentary ReRAM operation. While the filaments shown in this report were mainly
in the 10 nm size range, using tiny filaments may be important for stable switching repetition. For
further understanding of the filamentary ReRAM operation, in-situ TEM at nanometer or atomic

scale will be necessary.
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