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Conductive Filament Localization within
Crossbar Resistive Memories by Scanning Joule
Expansion Microscopy

Etienne Puyoo and David Albertini

Abstract— Control of filament growth within conductive bridge
random access memories (CBRAM) is of crucial interest in order
to ensure the reliability of such emerging devices. Here, we
demonstrate that scanning joule expansion microscopy (SJEM)
can be used to detect and precisely localize conductive filaments
within operating crossbar CBRAM devices. Flexible memory
devices based on Pd/Al2O3/Ag stacks are first elaborated at low
temperature on polyimide substrate. These devices show set and
reset operations at low voltage (<2V) with ON/OFF ratios superior
to 104 Under operation in the low resistance state, the SJEM
amplitude images reveal a hot spot underlying the presence of a
single conductive filament. An effective thermal diffusion length of
4.3um is extracted at 50kHz and it is also demonstrated that the
thermal expansion signal is proportional to the dissipated Joule
power. We believe that the proposed procedure opens the way to
reliability studies that can be applied to any family of memory
device based on filamentary conduction.

Index Terms— CBRAM, Flexible electronics, SJEM, Filament
localization.

1. INTRODUCTION

In recent years, the thermal characterization of materials and
devices at submicrometric scale has become a major issue
regarding advances in the field of nanoelectronics. Scanning
Joule Expansion Microscopy (SJEM) [1-3] is a technique based
on atomic force microscopy (AFM) that already proved its
efficiency to study thermal transport within nanoelectronic
devices. In fact, SJEM is an imaging mode with a nanometric
lateral resolution that detects surface displacements generated
by local temperature variations within a device under test
(DUT).

As examples presented in literature, STEM has successfully
been used to study thermal transport within thin metallic films
[4] and carbon nanotubes devices [5], to characterize as well
Joule and Peltier effects within phase change memory devices
[6] and, more recently, to detect hot spots within threshold
switching devices [7].

Here, we are using this imaging mode to detect and localize
conductive filaments within conductive bridge random access
memories (CBRAM) [8-10]. CBRAM is a class of non-volatile
memory that stores the data as distinct resistance states.
CBRAM is a two-terminal device generally made of two metal
electrodes (one inert and the other one electrochemically active)
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with a thin solid electrolyte between them. The principle of
CBRAM relies on redox reactions which enable the reversible
formation/dissolution of metallic filaments between the two
terminals. A low resistance state (LRS) is caused by the
presence of at least one metallic bridge while the absence of
filament results in a high resistance state (HRS). Understanding
the mechanisms behind filament growth is of critical interest in
order to improve the reliability of such emerging memories.

Several approaches based on transmission electron
microscopy (TEM) have already been proposed in literature in
order to visualize and precisely localize the nucleation sites of
conductive filaments [11-12]. These different approaches are
outstanding as they gave insight in the physical chemistry of
metallic bridge formation. However, these approaches are
destructive and use device configurations that are a bit far from
the real crossbar architecture. Moreover, they do not give any
information about heat dissipation and thermal expansion
which most likely play a role in the filament formation and
stabilization.

Other attempts based on AFM have also been proposed in
literature to obtain filament’s observation. In Ref. [13-14], the
filament was located by scalpel microscopy which is also a
destructive imaging technique. In this mode (scalpel
microscopy), the AFM tip is used to etch the top electrode of
the CBRAM device while subsequently Conductive-AFM (C-
AFM) mode is used to detect the filament. In Ref. [15], a
conductive filament was observed by C-AFM but not on a real
complete CBRAM device (a Ptlr coated AFM tip was replacing
the device top electrode). In Ref. [16], Scanning Thermal
Microscopy (SThM) was used to analyze localized heating in a
MoTe;-based memory. Although SThM is a nondestructive
testing, MoTe2-based memories are not considered as CBRAM
devices. Their principle of operation does not rely on the
reversible formation/dissolution of a metallic bridge.

In this work, we demonstrate that SJEM can be used as a non-
destructive surface displacement imaging technique in order to
precisely detect the position of conductive bridges within
crossbar CBRAM devices. Under operation in the LRS state,
high current densities pass through the ultrathin conductive
bridge generating heat dissipation and surface expansion that
can be detected by monitoring the deflection of an AFM probe.
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II. SJEM PRINCIPLE

Figure 1 presents a schematic of the SJEM set-up. Surface
expansion imaging was carried out with an AFM contact mode
probe (Nanosensors PPP-CONT) mounted on a NTEGRA
equipment from NTMDT. The Nanosensors PPP-CONT probe
has a resonant frequency of 14kHz in a clamped-free
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Fig. 1. SJEM principle.

configuration in air. According to Ref. [18], when the probe is
put in contact with a sample, its resonant frequency in a
clamped-pinned configuration shifts to a value that is 4.39 times
higher, namely around 60kHz here. All the experiments
presented in the present paper were therefore carried out in
contact mode with excitation frequencies in the range of 50-
60kHz in order to optimize the sensitivity of the surface
expansion measurement. As shown on Figure 1, the DUT was
excited with a sine wave voltage generated by a HP 33120A
waveform generator. The surface displacement image was
obtained from a Signal Recovery DSP 7280 lock-in amplifier
that analyses the deflection signal from the AFM quadrant
photodiode.

It should be noted that the selected excitation frequency in
the range of 50-60kHz was high enough to avoid any feedback
control from the z-piezoelectric stage of the AFM equipment.
The feedback loop bandwidth of the AFM controller is indeed
close to 10kHz. The sine wave excitation voltage V(t) was
composed of both DC and AC components, as given by the
following expression:

V() =V,(1+cos(2rft)) (1)
where V, and f are the excitation voltage amplitude and
frequency, respectively.

The dissipated Joule power within the DUT can therefore be
expressed as:
Vo? (3 1

Proute = 7(; + 2cos(2mft) + Ecos(4nft)) 2)
where R is the total resistance of the DUT.

Here, we recall that the surface expansion signal purely
originates from Joule dissipation. As a result, each frequency
component of the Joule power P, induces a corresponding
expansion signal component at the same frequency. From
equation (2), we can see that the maximum peak power is
dissipated at the f frequency. We therefore decided to extract
the first harmonic f frequency deflection amplitude from the
lock-in amplifier in order to construct the thermal expansion
image of the operating CBRAM device.

III. DUT DESCRIPTION
As shown on Figure 2, the DUT is based on a Pd/Al,Os/Ag
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Fig. 2. Current-Voltage characteristic showing both SET and RESET
operations. Insets: schematic of the CBRAM stack and optical microscope
image of a CBRAM device.

stack integrated on a 75 um thick flexible polyimide substrate.
The Al,Os layer acts as a thin solid electrolyte while Pd and Ag
electrodes respectively play the role of inert and
electrochemically active electrodes. Both bottom Pd and top Ag
electrodes were patterned by e-beam evaporation through solid
shadow masks in a crossbar geometry and have a thickness of
100nm. The 10nm thick Al,Os3 solid electrolyte was grown by
atomic layer deposition at 200°C from trimethyl-aluminum and
H>O precursors (pulse and purge durations of 60ms and 10s,
respectively, for both precursors). The optical microscope
image in the inset of Figure 2 shows a complete crossbar
CBRAM device with a section of 30x30um?.

A typical current-voltage characteristic of the CBRAM
device showing set and reset operations is also presented in
Figure 2. The bottom Pd electrode was grounded while a
voltage sweep was applied from the top Ag electrode. Under a
positive voltage sweep from 0 to 2V, we can observe in Figure
2 that the CBRAM device switches from a HRS state to a LRS
state at approximatively 1V. It should be noted that the two
resistance states give rise to ON/OFF ratios superior to 10*.
According to literature [11], this set operation is due to the
oxidation of the Ag electrode and the subsequent migration of
Ag* cations that generate a conductive metallic bridge within
AL O3 between top and bottom electrodes. Then, applying a
negative voltage sweep from O to -2V reverses the growth of
Ag filament and generates a reset operation at around -1.5V
which corresponds to the filament break.

IV. RESULTS AND DISCUSSION

Prior to perform thermal expansion imaging, the DUT was
switched to its LRS state in order to generate a conductive Ag
filament within the stack. The exciting sine wave voltage was
then kept positive (with Pd bottom electrode grounded) in order
to avoid any reset operation and filament breaking during STEM
imaging.
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Fig. 3 a) Amplitude image of a CBRAM device submitted to a 1Vpp sine
voltage (scale bar is 10pum); b) SJEM profile centered on the hot spot revealing
the presence of the conductive filament.

The total resistance of the CBRAM device in LRS state is
4850Q while the Pd and Ag lines have electrical resistances
both inferior to 10Q. In LRS state, the total resistance of the
DUT corresponds to the combination in series of the Pd and Ag
lines resistances with the resistance of the Ag conductive
bridge. We can therefore consider that the main resistance of
the DUT is coming from the Ag filament and that the majority
of the power is dissipated within the Ag filament under
operation.

Figure 3a presents a SJEM amplitude image of the DUT
submitted to a 50kHz and 1Vpp sine wave voltage. The
expansion signal was obtained by converting in nanometers the
deflection signal from the quadrant photodiode of the AFM
(initially expressed in volts). A conversion coefficient of
2193nm/V was obtained from the slope of a force curve
performed directly on the DUT. A single hot spot
corresponding to a maximum thermal expansion of 3nm in the
vertical direction is clearly visible close to an edge of the
crossbar structure (Figure 3a). Note that the boarders of the
bottom and top electrodes are indicated with superimposed
white dashed lines on the STEM image. The presence of this hot
spot reveals the existence of a single Ag conductive filament
within the CBRAM stack.

A SJEM profile centered on the observed hot spot is
presented in Figure 3b and is fitted by an exponential decay
function given by the following expression:

AL = ALpyqx exp(—|x|/w) €)]

where AL,,,, 1s the maximum amplitude in the center of the
hot spot, x is the position relative to the center of the hotspot
and p is the effective thermal diffusion length of the DUT. A
good agreement is found for AL,,,, = 3nm and p = 4.3um.

Figure 4a presents a series of SJEM images performed at
60kHz with different excitation voltage amplitudes varying
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Fig. 4 a) SJEM images obtained for different excitation voltage amplitudes
(scale bar is 15pum); b) Maximum surface displacement as a function of Joule
power.
from 0.2Vpp to 1Vpp. The hot spot previously observed in
Figure 3 is still present and shows a maximum surface
displacement AL,,,, which increases with respect to the
excitation voltage amplitude. The maximum amplitude
AL,q.is plotted in Figure 4b as a function of the Joule peak
power Vo2 /R. A clear linear relationship is observed in Figure
4b which indicates that both the temperature variations and
surface displacements of the DUT are proportional to the Joule
peak power. This linear relationship is consistent with the
results presented in [2,3] and confirms that the SJEM signal is
purely originated by Joule dissipation.

Future works will address the development of a thermo-
mechanical model by Finite Element Modeling in order to
perform spatially resolved quantitative thermometry of the
memory device [5, 17].

V. CONCLUSION

In summary, we have proposed a procedure based on SJEM
to detect and precisely localize a conductive filament within an
operating crossbar CBRAM device. We have first elaborated
flexible memory devices based on Pd/Al,O3/Ag stacks at low
temperature (<200°C) on flexible polyimide substrate. Such
devices clearly showed set and reset operations at low voltage
levels (<2V) with ON/OFF ratios superior to 10* Under
excitation in the LRS state with a sine wave voltage, the STEM
amplitude image clearly exhibited a hot spot that revealed the
presence of a stable Ag filament formed within the CBRAM
stack. An effective thermal diffusion length of 4.3pum was
extracted at a frequency of 50kHz. It was also demonstrated that
the thermal expansion signal was directly proportional to the
Joule peak power. We believe that this non-destructive imaging
mode opens the way to reliability studies that could be applied
not only on CBRAM devices but to any family of resistive
memory based on filamentary conduction.
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