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Abstract

The distribution of tantalum and oxygen ions in electroformed and/or switched TaOx-based
resistive switching devices has been assessed by high-angle annular dark-field
microscopy, X-ray energy-dispersive spectroscopy, and electron energy-loss
spectroscopy. The experiments have been performed in the plan-view geometry on the
cross-bar devices producing elemental distribution maps in the direction perpendicular to
the electric field. The maps revealed an accumulation of +20% Ta in the inner part of the
filament with a 3.5% Ta-depleted ring around it. The diameter of the entire structure was
approximately 100 nm. The distribution of oxygen was uniform with changes, if any, below
the detection limit of 5%. We interpret the elemental segregation as due to diffusion driven
by the temperature gradient, which in turn is induced by the spontaneous current
constriction associated with the negative differential resistance-type |-V characteristics of
the as-fabricated metal/oxide/metal structures. A finite-element model was used to
evaluate the distribution of temperature in the devices and correlated with the elemental
maps. In addition, a fine-scale (~5 nm) intensity contrast was observed within the filament
and interpreted as due phase separation of the functional oxide in the two-phase
composition region. Understanding the temperature-gradient-induced phenomena is
central to the engineering of oxide memory cells.
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Introduction

Recent interest in nonvolatile solid state memories has focused on devices based on dielectric
oxides such as TaOx and HfO..1? The as-fabricated metal/oxide/metal structures typically exhibit
high resistance and need to be conditioned by one-time application of bias that leads to the
formation of a permanent small-diameter conducting filament within a resistive oxide film. The
process is referred to as "formation" or "electroformation".® Clearly, formation is critical for
functioning of the switching devices as it determines the switching characteristics including ON
and OFF resistances, diameter of the filament, and its composition. In TaOx and HfO, with inert
electrodes, the formation is interpreted as due to the motion of ions driven by the electric field.
Specifically, the field induces oxygen ions to cross the interface with the anode leaving oxygen
vacancies in the functional layer.3# Local accumulation of vacancies converts the material to n-
type creating a conducting filament which connects both electrodes. Subsequent applications of
voltage cause redistribution of vacancies and thereby a change of device resistance i.e. switching.
Despite being adopted and tested by many groups, the model is not quantitative and is not able
to predict the fundamental attributes of the filament such as size, composition, conductivity, and



stability with cycling. In particular, the stability under repeated cycling indicates the presence of
forces other than the electric field: mobile oxygen vacancies present in high densities should
diffuse out of the filament driven by the concentration gradient, and the filament should dissolve
after a few switching cycles.

The above model, referred to as Valence Change Mechanism (VCM), has been investigated by
analytical imaging techniques seeking direct evidence of the filament formation. A number of
groups reported structural changes in VCM devices observed by transmission electron
microscopy and x-ray spectromicroscopy. The estimates of the affected area size, structure, and
composition are widely scattered even for devices based on related amorphous binary TiOy, TaOy,
and HfOy oxides which are likely to operate with the same mechanism. For example, it is generally
accepted that the devices reach high temperatures during switching that could result in the
crystallization of the oxide. The size of the crystallized area was reported to be as large as the
entire 5x5 um cross-bar area ® or as small as 10 nm diameter spot.® The size difference could be
due to the high (300 uW) versus low (50 uW) dissipated power and low thermal conductance of
the structure deposited on a thin electron transparent membrane. Many of the analyzed devices
were formed/switched while dissipating more than 5 mW."* The change of dissipated power by
a factor of 100 corresponds to the increase of local temperature by the same factor (assuming
the same thermal resistance). One could, therefore, expect not only a quantitatively different
behavior, but altogether different phenomena taking place with the effects not relevant to the
device technology or to the intrinsic features of the switching process. For example, resistive
switching devices sometimes exhibit changes of the top electrode morphology (formation of
bubbles or craters).”!51® A number of research groups have eliminated such features by limiting
the current during formation and/or switching.?”*® The changes of the top electrode morphology
are not an intrinsic feature of switching but are likely a consequence of high current compliance
and/or capacitive discharge.?®?! It should be noted that the craters frequently were used to identify
the location from which the transmission electron microscopy (TEM) samples were prepared. For
the results to be relevant to the device technology, the power dissipation should be limited to
below 100 uW in devices that are well heat-sunk.

As oxygen is known to be mobile in oxides at relatively low temperatures and its deficiency in
many oxides leads to an increase of electrical conductivity, many studies focused on the changes
of functional layer stoichiometry: [O]/[Me], where Me is the metal fraction. The evidence of the
filament containing suboxides was obtained by electron diffraction and X-ray absorption
spectroscopy.>?224 The first of the two detected the diffraction pattern of the Magneli phases with
the composition of TinO2n-1. The other detected the presence of the Ti** absorption spectrum which
was interpreted as due to the extra electrons produced by the oxygen deficiency. Both results
have been interpreted as due to the oxygen ions leaving the filament either because of the electric
field forcing the ions into the metal electrodes or the temperature gradient resulting in the lateral
out-diffusion of oxygen.'*!® However, a local high [O]/[Me] ratio within the filament can be
produced by the accumulation of metal ions just as well. It is known that the dominant metal-
related defects in oxides are the metal interstitials, which have a diffusion coefficient comparable
to that of the oxygen vacancies.?® These defects are charged, can drift in the electric field, and
can be exchanged with the electrodes leading to the local O-deficient oxide.'® Additional data on
local composition have been obtained by electron energy-loss spectroscopy (EELS)*'1326:28 gnd
X-ray energy-dispersive spectroscopy (XEDS)?° and the results have been interpreted in a similar
fashion. These results are discussed in more detail together with results obtained in this work.

Recently, it has been suggested that, in addition to the ion motion along the applied electrical bias,
the local deviation from stoichiometry can be produced by the lateral motion of ions because of
the temperature gradient (Soret effect). 1430 The experimental evidence for this effect in resistive



switching devices is scarce.'*!® Kumar et al. have performed the elemental analysis by X-ray
spectromicroscopy on devices fabricated on thin SisN. membranes with the beam perpendicular
to the 2x2 um device structure. This geometry allowed for the mapping of X-ray transmission at
the wavelength corresponding to the O K-edge. The devices were electroformed and switched
hundreds or millions of times using high voltage (5V) and large current (estimated at >1mA). The
transmission maps exhibited a number (>10) of bright and dark spots and several dark rings with
a bright center. The dark rings were attributed to oxygen depletion at the center of the filament
and its accumulation in the lateral ring around it. The redistribution is caused by the temperature
gradient driving the oxygen atoms away from the hot center of the filament (Soret effect).

In general, the oxygen-poor filament can form by any combination of either Ta or O migrating in
a direction parallel or perpendicular to the applied bias. The bias polarity dependence of SET and
RESET processes in bipolar switching devices is a strong indication that the motion along the
field is essential for switching. This, however, does not exclude the motion of either type of ions
in the perpendicular direction.

In this report, we present the TEM analysis of physical changes in the functional layer of TaOx-
based devices induced by the electroformation process, which were formed with a dissipated
power below 50 yW and which are free from the artifacts of excessive heating. We argue that the
first step in the electroformation is a thermal runaway leading to spontaneous current constriction
and appearance of a small hot spot. This process is referred to as threshold switching and is
volatile i.e. does not induce any physical changes in the device structure. Only after long pulse,
the diffusion will lead to the permanent changes. The analytical TEM experiments have been
performed in the plan-view geometry to monitor the lateral redistribution of ions. We have detected
the local accumulation of metal with the metal-poor ring around it, providing a strong evidence of
the metal-ion transport via the Soret effect. This observation does not exclude the possibility of
the vertical motion of either oxygen or tantalum as the geometry employed did not allow for the
observation of motion along the direction of the electric field.

Results and Discussion

The investigated devices have relatively thick functional layers, which typically require high
forming and switching voltages.3'*? This effect was alleviated by lowering the resistivity of the
material through reduction of the oxygen partial pressure during deposition of the functional layer.
The forming voltage was around 10 V for all devices examined in this report and all exhibited
stable memory switching characteristics (example of switching |-V is shown in Figure M1).
Devices were formed and/or switched using a circuit with the 1 MQ load resistor connected in
series with the device and the voltage source (all I-V's are plotted as a function of voltage across
the device, not source voltage). This limited the current during the rapid changes of device
resistance to 20 pA - 60 pA.Y’

The methodology used in this report relied on TEM imaging and spectroscopy as have several
other studies.'?62” However, two aspects of our experimental approach made it possible to
reveal unreported structural characteristics of the filaments. First, the imaging was done in plan-
view (i.e. with the electron beam parallel to both the direction of current flow and the filament
length) on devices with relatively thick TaOyx layers (120 nm). This geometry maximizes the
interaction length between the beam and the filament and increases signal to noise ratio for all
imaging modalities compared with a cross-sectional view. Contrast was further enhanced by
removing the top and bottom electrodes (TiN) and the SiO./Si substrate, leaving only the
functional layer in the beam path. We have been able to examine the entire region of the functional



oxide in 300 nm x 400 nm cross-bar devices, which is clearly not possible in cross-sectional
specimens. This geometry allows only for the elemental mapping of the lateral distributions.
Accordingly, we comment only on the lateral motion mechanisms leaving the motion along the
direction of the field for other studies. Secondly, the composition of the various layers employed
more readily lends itself to characterization via the high-angle annular dark-field (HAADF) imaging
mode. HAADF images are obtained by collecting electrons scattered at high angles by Rutherford
scattering, which increases rapidly with the atomic number.*® Since atomic number of Ta is 73
while that of other elements present in the device is much lower (N:14; O:16; Ti:22), the intensity
of the collected HAADF images was high and was mostly determined by the local tantalum content.

A low magnification, plan-view HAADF image of a device after formation and 10 switching cycles
(forming current of 22 pA) is shown in Figure 1(a). All electrical testing was performed on-chip to
assure good heat sinking of the device and preventing excessive temperature excursions
expected in the thin STEM samples. The device was in the low resistance state of the memory
switch. However, we have also tested devices just after forming and after forming and memory
switching stopping at the high resistance state. We have not noticed any significant differences in
the atomic distribution in the filament. Apparently, the changes detected in plan-view geometry
have been created during electroformation and not affected by subsequent memory switching.
This would require mapping out the filament in cross-sectional geometry.

The overlaid dashed lines in Figure 1(a) indicate the positions of the electrode edges in the cross-
bar structure. The contrast within the active device area is uniform with the exception of a bright,
circular region close to the top edge. Closer inspection also reveals a larger, low intensity ring
around the high intensity core (Figure 1(b)). A single feature of this type was observed in every
one of the seven electroformed and/or switched devices examined while it was not present in
control as-fabricated sample. Accordingly, we attribute this contrast to the filament formation.
None of the imaged devices displayed any additional contrast that could be interpreted as due to
multiple and/or partial filaments. This is in agreement with results of multiple groups indicating
formation of only one filament.#>2334.35

Figure 1(b) shows a higher-magnification image of the filament. The diameter of the bright core
of the filament is ~ 65 nm while that of the dark ring is ~ 110 nm. In addition to these features,
both the core and ring show finer scale intensity changes. In the core, the lateral size of these
features is ~ (5 — 8) nm with size decreasing toward the periphery. The sample thickness is
uniform within the active device region due to the sample preparation method with both sides
polished by Ga beam. The contrast in the vicinity of the filament is, therefore, due to increased
high-angle scattering. The intensity changes imply that the core of the filament has increased Ta
content while the ring is depleted of Ta compared to the initial film composition. The contrast in
Fig. 1(b) was quantified by rotationally averaging the HAADF intensity (normalized by the number
of pixels) around the center of the filament region (black line in Figure 1(c)). Close to the center
of the filament, the distribution shows large variations because of the fine-scale contrast and small
integration volume. The smoothed average is shown as the red dashed line with the black dashed
line denoting the average signal intensity away from the filament. The HAADF intensity in the
filament core is approximately 20+5% higher than that in the unaffected oxide material far from
the core and ring regions. The intensity in the dark ring is approximately 2.5+0.7 % lower than the
matrix. The local variations of signal intensity in the filament core are higher and range from 85 %
to 140 % of the background intensity. Somewhat similar observations. albeit with lower spatial
resolution, have been reported by other groups. Wei et al. has observed a dark feature in cross-
sectional bright field image of TaOx switching device?® Since bright field and HAADF modes
typically show reversed contrast compared to bright field, this should also be interpreted as the



local increase of Ta content. Similarly, Strachan et al. detected a local increase of the Ta signal
in the plan-view map of x-ray fluorescence.?? Neither group commented on the origin of the
contrast.

It is important to note here that the techniques such as bright and dark field TEM or X-ray
fluorescence monitor total number of atoms interacting with the beam rather than the ratio of Ta/O
as is the case for spectroscopy methods. Local increase of HAADF (as well as XEDS and EELS)
intensity, indicates larger number of Ta ions in the TEM sample. We would also like to assert that,
since that the sample thickness was uniform and the device surface remained flat as verified by
Atomic Force Microscopy, the total number of Ta ions increased at the location of the filament.
This can only be explained if Ta ions are mobile during electroforming/switching and accumulate
within the filament. This possibility was not considered in most of the existing models of the
resistive switching®¢-42 even though the formation energies of metal interstitials?> and their mobility
are well documented?®434* and are comparable to those of oxygen. More recent data do indeed
indicate that Ta is mobile and electrochemically active in resistive switching devices.*54

In addition to the Ta mobility, the HAADF images indicate that the Ta ions move laterally from the
area of the ring to the filament core. Since this flux of Ta is perpendicular to the electric field and
occurs in the material with the uniform initial compaosition, it cannot be driven by the electric field
or the composition gradient.

Outside the filament, one can discern a pattern of dark wavy lines. The origin of these features is
not clear at this time, but they do not correlate with the electrical testing as they are observed in
as-fabricated devices as well (Supporting Information). In addition, they are not due to grain
boundaries as the functional layer was amorphous as verified by electron diffraction.
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Figure 1. (a) Low magnification plan-view high-angle annular dark-field (HAADF) image of the active area
of the TaOx device. (b) High magnification HAADF image of the filament region. (c) Rotationally averaged
HAADF line profile normalized by the number of pixels. The red dotted line indicates a smoothed profile.

The elemental distribution of Ta and O in the formed and switched devices was imaged using
XEDS and EELS. The image in Figure 2(a) is the HAADF plan-view image of the filament area in
a sample that was only electroformed and serves as a reference (There were no significant
differences in any of the maps or spectra obtained from devices that were only formed and those
that were formed and switched. Typical forming and switching I-V curves are shown in Figure 4(a)
and S1 in the Supporting Information). The two examples of XEDS spectra are collected on bright
spot in the core of the filament and the background away from it (shown in Fig. 2(b) as red and
blue traces). The spectra show only peaks associated with Ta and O emission which is expected



as the electrodes have been removed in the sample preparation process. The intensity of Ta M-
line collected on a brightest spot within the filament is about 1.8 times as intense as the
corresponding line collected away from the filament. The intensity of the oxygen K-line from the
same spot is significantly lower than that in the surrounding area. This result suggests increase
of Ta content in agreement with the HAADF images and concomitant oxygen depletion. It is,
however, difficult to quantify the concentration of oxygen as the O K-line is strongly absorbed by
tantalum. Since the density of Ta is higher within the filament, the apparent decrease of O X-ray
emission could be due to increased reabsorption. As a consequence, we have refrained from
interpreting the XEDS oxygen intensity distribution maps. Table 1 lists the photon counts obtained
on different locations within the filament including bright and dark spots within a core, Ta-depleted
ring, and background. The values have been averaged over many locations and are in general
agreement with the line profile in Figure 2 (c).

Table 1. Intensities of Ta-M and O-K lines at different locations in the filament.

Location Ita-mq (COUNLS) lox (counts)
Core (bright spots) 2636 453
Core (dark spots) 1886 488
Ring 1922 510
Background 1988 506

The Ta XEDS M-line does not suffer from the absorption effect and was used to map the Ta
distribution shown in Figure 2(c). The map shows one-to-one correlation with HAADF intensity,
which confirms attribution of the HAADF contrast to the Ta density changes. The filament region
exhibits higher Ta concentration with the local increase by ~ 20 + 5 % compared with the
background (Figure 2(d)). This value corresponds to the concentration change averaged through
the sample thickness and is likely much smaller than the local changes associated with the fine
structure. A darker ring around the bright core corresponds to ~ 3.5 = 0.7 % decrease of X-ray
intensity. This value has a relatively large error due to changing thickness of the sample close to
the ring area. Even though the ring area is bigger than the central core, the integrated HAADF
and XEDS signals give positive values corresponding to the net increase of Ta in the oxide. We
believe that this effect is due to possible error in background subtraction and the fact that the
thickness of the TEM sample was approximately 50 nm and was less than half of the entire
functional layer thickness. Potentially, a vertical motion of ions could produce such an increase in
the total Ta content in the specimen. Another possible contribution could come from the thin Ta
layer that was part of the top electrode. Given a small thickness of this layer (2 nm) compared to
the functional layer thickness (120 nm) it appears unlikely that the Ta layer could affect Ta content
in the filament more than 5%.
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Figure 2 (a) XEDS map of Ta M line intensity (insert shows a reference HAADF image of the same area)
(b) Examples of XEDS spectra obtained on bright HAADF spot in the core of the filament (red continuous
line) and that of background (dashed blue line). (c) Radially averaged line profile extracted from (a). The
red dashed line indicates the smoothed-out profile, the black dashed line is the background intensity, and
the inset shows the schematics for averaging.

The oxygen distribution was assessed by EELS on a different sample than the two shown in
Figures 1 and 2. The device was electroformed and switched 10 times. Figures 3(a) and (b) show
the reference HAADF map of the filament and the two EELS O edge-K spectra collected within
(red) and away (blue) from the filament, respectively. There is a clear difference in intensity of the
oxygen signal suggesting lower oxygen content within the filament. The oxygen distribution map
created using these data shown in Figure 3(c). However, the raw electron count in EELS needs
to be corrected for the changes of the beam intensity. In EELS, electrons are collected only within
the small aperture around the optical axis of the instrument. In the regions with higher Ta
concentration, part of the beam is scattered at high angles missing the detector and effectively
lowering the beam intensity. The change of beam intensity was determined by collecting the zero-
energy-loss peak intensity map at the same time as the EELS oxygen map. The results are shown
in Figure 3(c). The zero-loss-peak map shows a clear decrease of intensity within the filament,
similar to that seen in bright field images (not shown) and inverse of that in HAADF. The corrected
map of oxygen distribution (Figure 3(d)) is uniform with the precision of experimental error with
no indication of depletion of oxygen reported by others. This apparent contradiction warrants a
more detailed discussion. The oxygen EELS maps reported so far have not been corrected even
though the authors reported the change of the beam intensity in the bright field image.'2° It is
possible, that the reported oxygen depletion was an experimental artifact. The changes of oxygen
distribution reported by Kumar et al.1*1° have occurred only after prolonged switching with high
power dissipation. These authors have not reported any changes of oxygen distribution after
forming performed in conditions similar to ours. In this respect, the two results are in agreement.
A more significant potential issue is that the local increase of one element could lead to large
increase of strain energy unless compensated by the decrease of other element density. In other
words, there has to be a local depletion of oxygen to allow for extra Ta ions in the sample with
uniform thickness. For the sake of discussion, let us assume that there is no strain caused by the
Ta accumulation and the starting composition of the oxide is TaO-. In such material, Ta occupies
less than 8% of the volume due to large difference in ionic radii difference between Ta** and O%.4’
Increase of Ta ion density by 20% in a unit volume, can be compensated by about 2% decrease
of oxygen. Since the experimental error of oxygen content in our EELS maps is 5% we should
not be able to detect the oxygen density change induced by the Ta increase. It should be noted
here that changing composition of the oxide does not have to cause appearance of
uncompensated charges. It is safe to assume that oxygen is always in the O% state. The charge
of the tantalum ions, however, is likely changing with composition. In TazOs, it is 5+ while in TaO
only 4+ always resulting in electrically neutral oxide. The above does not imply that there is no
change at all of the oxygen content within the filament compared to that of the initial film
composition. Oxygen density could be somewhat smaller that that of the matrix, but the relative
change of oxygen atomic density is certainly much smaller than that of tantalum.

The corrections of XEDS and EELS maps to account for re-absorption of X-rays and high-angle
scattering by heavy metal ions are clearly significant at least in our experimental conditions. The
amount of correction can change depending on thickness of the functional layer and the elemental
composition but these effects need to be carefully assessed before reaching conclusions on the
relative changes of composition.



o
&)

o

-
&)

w

Electron Counts (x103)
[ S

25 1 1 | 1
500 520 540 560 580 600

Energy Loss (eV)

| T []12.5 e
S rd,) § »
g lf.:'_ 4= 0.4
A E :
3 >
S £ 0.2
§ 158 g
-~ [
o
g B 0

Figure 3. (a) High-angle annular dark-field image of the filament with marked locations where the EELS
spectra were collected (b) EELS spectra obtained at red and blue dots in (a), (c) Map of O-K edge intensity.
The inset shows the corresponding zero-loss image. (d) Map of O-K edge in (c) normalized by the zero-
loss map.

The experimental results above can be summarized as follows. Devices that have been
formed/switched at low dissipated power (~50 uW), do not exhibit any electrode morphology
changes due to excessive local heating. They do show one well-defined filament with increased
Ta content in the center of the filament and a metal-depleted ring around it. The lateral relative
oxygen density changes were too small to be detected by EELS. Also, the inside of the filament
exhibits a fine-scale contrast also associated with the local changes of Ta content.

The interpretation of electroformation and observed local changes of oxide composition relies on
a two-step process similar to that proposed by Strukov et al.*° These authors proposed that, in
the first step, a small hot spot is created in the device by any number of mechanisms. This is
followed by Soret effect which drives oxygen ions away from the hot spot and produces lasting
changes of composition.

We will start the discussion with the step one: formation of the small hot spot in what is initially a
uniform device. Typically as-fabricated metal/oxide/metal devices exhibit current that increases
superlinearly with applied voltage. The A/&V is increasing with bias and at threshold voltage
becomes infinite. In the circuit that has a large load resistor, the device can enter into part of
characteristics where the slope becomes negative (Negative Differential Resistance (NDR) range,
see detailed discussion of I-V characteristics of unformed TaOy devices in Sharma et al.*® and
Goodwill et al.*°). In addition to TaOy, the NDR characteristics have been observed in TiO*,
VO° and formed NbO.®! The prevailing model of such behavior relies on fast increase of
conductivity with device temperature.*®552  Within NDR region, the current flow is no longer
uniform across the device. Instead, the current spontaneously collapses to a narrow constriction
and creates a hot spot due to Joule heating.>® After the bias is removed, the constriction



disappears leaving no physical changes, the device retains its original characteristics. The size
of current constriction is not well documented experimentally but in case of TaOx, we have at our
disposal an electrothermal model that is able to reproduce the experimental |-V characteristics
and dynamics of switching.*®** The model predicts the size of the constriction in the 0.1-1.0 um
range, depending on the composition of the functional layer, and the temperatures exceeding
1000K.* The model is used here to estimate the current density distribution and the temperature
in structures used in the TEM experiments described above.

The forming experiments have been conducted using a circuit consisting of a voltage source, a
switching device and a series resistor with Rs= 10° Ohm with the experimental I-V shown as black
line in Figure 4(a). As described above, the |-V characteristics exhibit NDR region in which the
current spontaneously constricts.* If the voltage sweep is stopped soon after the knee (the point
at which A/&V becomes infinite), the device can return to its initial state if the bias is removed.
With further increase of source voltage (the voltage across the device used in Fig. 4(a) is
dropping), current constricts further and, at some point, the device threshold switches and
transitions along the load line (black dashed line) to a new state with even smaller and hotter
constriction.*® Almost immediately afterwards, the device electroforms permanently changing its
characteristics: the return trace of the characteristics (upper branch of the I-V) differs from the
initial one (Sharma et al. Fig. 4).4®

The experimental threshold switching I-V in Fig. 4(a) was simulated using a finite element model,
which solved two coupled differential equations describing charge and heat flow. The results are
shown as blue squares (detailed description can be found in Supporting Information). The model
reproduced the main features of the experimental I-V with correct value of the knee voltage and
the switching event without any adjustable parameters such as the size of constriction or
conductivity. In parallel, this approach produced the current density (Fig. 4(b)) and temperature
distribution (Fig. 4(c)) in the device. As is apparent from Figure 4(b), the limit imposed by the load
resistor on the current in the forming circuit led to the current constriction with the current forming
a cone with the tip near the bottom electrode and the wider base at the top. The shape of the
constriction is caused by the larger than typical thickness of the functional oxide. In thinner oxides,
the current density distribution has more cylindrical shape with the maximum temperature in the
middle of the oxide. For the device structure investigated here, the maximum of temperature is
shifted toward the bottom electrode. It is evident that the steepest temperature gradient is oriented
laterally with a smaller but still significant component pointing vertically toward the bottom
electrode. The upper range of simulated temperatures (>1000K) has significant uncertainty as the
values of electrical and thermal conductivities of materials used in the device structure are not
well known in this temperature range. The transition from the OFF to ON states of the threshold
switch takes less than 10 ns, a time that does not allow for appreciable diffusion distance.>* One
can, therefore, approximate the entire forming process by two distinct steps. First, the device
quickly forms the hot spot during threshold switching event, which is followed by slower diffusion
of ions in the imposed temperature distribution.
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Figure 4. (a) Experimental (black squares) and simulated (blue squares) forming |-V of the device.
Simulated current density (b) and temperature distribution (c) right after the threshold switch (red point in

(@)).

The segregation of oxygen and tantalum in the TaOy functional layer somewhat resembles
elemental segregation in phase change threshold and memory devices.>® The driving forces that
have been proposed in this case include carrier wind, the electric field, the temperature gradient
(Soret effect), the mechanical stress induced by the local lattice expansion, and the instability of
the oxide.®>%® The last of these forces originates from the fact that there are only two stable phases
in the Ta-O binary system: Ta and TaO.s.%” The starting composition in our devices [O]/[Ta] is
between 2 and 2.5 based on XEDS and atom probe tomography measurements (data not
included). Under prolonged heating, the functional layer should separate into these two crystalline
phases. In switching experiments, the high temperature was not maintained long enough to cause
complete segregation and crystallization, but one could expect partial segregation. Among the
five segregation phenomena listed above, the first two could only induce vertical motion of ions,
which could not be detected in plan-view geometry. The same applies to the compressive stress
induced by thermal expansion: lateral motion of ions could not relieve the accumulated strain
energy. In any event, the change of lattice parameter between room temperature and 1000K is
only 0.4%°%® and could only induce a comparable amount of atom density change. This leaves
only the last two to account for the observed concentration profiles. Once the segregation
produces concentration differences, another driving force, the concentration gradient, would act
as the opposing agent trying to homogenize the oxide. The balance between these forces would
lead to steady state distribution.

The segregation driven by the temperature gradient has to produce the distribution with the
symmetry reflecting that of the driving force. Among the two segregation length scales, the large
scale corresponds to the accumulation of Ta in the center of the filament as well as the depletion
of Ta in the ring, and the fine scale corresponds to the blotched contrast throughout the feature.
Itis the large scale segregation that has the required symmetry. The large-scale Ta density profile
in Figure 2(d) could be interpreted as follows. The lateral flux of Ta or O ions because of the Soret
effect is given by:
Ji =, DS VT @

Where the subscript k corresponds to the component k, ¢ is the molar concentration, D is the
isothermal diffusion coefficient, S is Soret coefficient, and VT is the temperature gradient. The
sign of St is positive and the flux is directed toward the center of the constriction. Far from the
constriction, the diffusion coefficient D+a is very low and the flux is close to zero. As one moves
toward the hot spot, the flux is increasing monotonically with temperature. For a given volume
between distance r from the center and r+Ar, the flux from the outside of the ring is lower than the
flux out toward the center. This creates a locally Ta depleted region at the periphery of the hot
spot. At certain distance from the center, the flux reaches maximum and gradually decreases to
zero at the center. Using the temperature distribution shown in Figure 4(b) and the values of Ta
diffusion coefficient, one can estimate the size of the permanent filament. We have assumed that
one can detect the changes in the composition of the film if the mean square displacement due
to diffusion during 10 ms at the simulated temperature is equal to 1 nm. This gives the value of
the Ta diffusion coefficient of 5x101" m?/s. Unfortunately the values of Ta diffusion coefficient in
amorphous TaO; is not known and we have used the value determined by Gries et al. for the
diffusion of Nb in crystalline Ta.0s.%° This gave the temperature at the outer boundary of the
filament of ~1000K. The map of the radial temperature distribution in the constriction in the plane



parallel to and 80 nm above the bottom electrode interface is shown in Figure 5(a). This particular
distance was selected as the sample used in STEM experiments was likely located in the upper
part of the device. The diameter of the circle corresponding to 1000K is approximately 80 nm and
this would be the estimated diameter of the outer Ta-depleted ring. The diameter observed in the
HAADF image was 110 nm.and well within a factor of two of the estimate.
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Figure 5. (a) Modeled plan-view temperature distribution during threshold switching in a plane 80 nm above
the interface between TaOx functional layer and bottom electrode. The black circle is the boundary of the
active device region. (b) Cropped bright-field image of the filament and surrounding region (blue cross
marks the center of the). (c) Corresponding temperature distribution in the same area as (b).

The direction of Ta motion reported here is opposite to that of oxygen suggested by others. It is
of interest to explore the origin of such difference. The Soret coefficient for atomic transport
because of the motion of vacancies is given by:5°

_q - h
S, = 2
T (2

where v is the heat of transport and hy is the activation enthalpy of motion (of a vacancy). In
their derivation, Strukov et al. have neglected the heat of transport term* and concluded that the
Soret coefficient in equation (1) for oxygen should be negative. This would result in oxygen
diffusing away from the hot center of the constriction. The transport of Ta is due to the motion of
interstitials, and the corresponding formula for the Soret coefficient is:
‘v h

5= 3)
If one neglects the q, the flux would be opposite to that oxygen, i.e. the temperature gradient
would drive tantalum ions toward the high temperatures in agreement with the experiment. It
should be noted, however, that the absolute value of the heat of transport can be higher than the
enthalpy and can be of either sign. At this point in time, there is no available model of the heat of
transport and we cannot predict the sign of the Soret coefficient. Its values are typically
determined from experiment and have been found be either positive or negative. For example,
the magnitude of the Soret coefficients for Ge and Sb in Ge,Sh,Tes have opposite sign.5°¢

The remaining issue is a possible effect of phase separation and the origin of fine contrast in the
elemental maps presented above. It is easy to notice that the scale of fine contrast is changing
with the temperature at any given location: the size of the bright and dark areas in the center of
the filament is about 5 nm and decreases to 1 nm at the distance of 40 nm from the center (Figure
5(b)). The contrast is equiaxial (at least in the plan view presented here): the intensity changes



along the radial direction as well as perpendicular to it. The azimuthal variation cannot be caused
by the temperature gradient as it has only radial component. The fine-scale segregation is, in our
opinion, due to the decomposition of TaOy toward the two stable phases in the phase diagram. °’
The change of size is associated with Ostwald coarsening, with the size of the feature increasing
with the local temperature (the time at the temperature was approximately the same).

Figure 6 presents a sequence of events proposed here as the mechanism for the electro-
formation of conducting filaments in metal oxides. The initial state corresponds to a uniform
distribution of Me** ions and a uniform current flow at low voltages (a). At the threshold voltage,
the device threshold switches to the volatile ON state characterized by a small diameter hot
constriction with large lateral temperature gradient (b) and a smaller vertical component marked
by the red arrows. The gradient produces the flux of Ta ions by the Soret effect (c) and results in
accumulation of excess metal in the hot center of the filament (d). It should be noted here that the
proposed sequence does not address bipolar switching.

© Ta atom

Figure 6. Proposed model for the formation of the conducting filament in TaOx based RRAM. (a) As
deposited uniform distribution of Ta ions in the functional layer. (b) Threshold switching-induced volatile
current constriction and the temperature gradient distribution. (c) Ta atoms migrate in the functional oxide.
(d) Permanent Ta-rich filament is created as result of the forming event.

As proposed, the process includes two positive feedback loops that could result in runaway events.
The first one is the thermal feedback resulting in the threshold switching event. This process can
be illustrated by considering the device response to applied voltage pulse. Immediately after the
beginning of the pulse, the current reaches value corresponding to the conductivity at the stage
temperature. The dissipated Joule heat causes a temperature rise which in oxides results in
current increase. If the dependence of electrical conductivity on temperature is steep enough, this
positive feedback loop will produce rapid increase of temperature and current. The process will
stop whenever the external load or some extraneous process within the device (for example
melting and delamination of the electrodes) will limit current increase in the circuit. The size and
maximum temperature of the hot spot created by this event is determined mostly by the circuit
(load) external to the device rather than by intrinsic device or material characteristics. Since the
load is rarely mentioned in reports on resistive switching (current compliance set on the
sourcemeter cannot replace the load located next to the devicel?), the temperatures reached
during electroformation are not known with any accuracy resulting in a large range of effects
observed. In the experiments described above, the load was carefully selected, and its effects



included in the model of temperature distribution.

The second runaway is of chemical nature and is caused by positive feedback between oxide
composition and conductivity. As the temperature gradient drives the Ta ions toward the center
of the filament, the changing stoichiometry causes an increase of conductivity and total current.
This, in turn, increases the temperature and the temperature gradient i.e. the driving force for
elemental segregation. In many devices structures/electrical bias scenarios, this can lead to a
second runaway event, this time the runaway of composition. The consequences include rapid
rather than gradual change of permanent filament resistance®®!. It also is expected that the
diameter of the cylinder with increased Ta content, would decrease as the result. At the end of
the process, one could form a very small metallic Ta filament. Once such a filament forms, the
conductivity would become constant with current increasing only with the diameter of the filament.
The compositional runaway should stop. It is likely that the process would come to steady state
before formation of the metallic Ta phase if the dependence of conductivity on composition levels
off at high oxygen deficiencies. The limited available data on conductivity do not allow for making
a definitive assessment of the final filament composition. The highest increase of local Ta atomic
percent obtained from the XEDS is 80% (assuming the initial composition to be TaO;). This
fraction is almost certainly an underestimate as the composition values are averaged over the
thickness of the sample. It could well be that some of the bright spots in the Ta intensity maps
correspond to Ta phase. The filament thus created resembles very closely the filaments reported
in the conducting bridge memory devices in which the conduction occurs between metallic
inclusions created by coalescence of cations.®2-¢4

Independently of these arguments and similarly to the thermal runaway, the chemical runaway
could also be forced to stop by the current limit imposed by the circuit. This would make the size
and composition of the filament very strongly dependent on experimental conditions of forming
and switching. Accordingly, these characteristics are not universal and particular values reported
here should only be applied to other devices/processes with caution. The value of the results rests
in identification of processes and their relative magnitudes.

The significant role played by the Soret effect in electroformation process explains the relative
stability of the filament over as many as 102 switching cycles reported in literature.! It is clear that
the nonvolatile filament gets hot during switching as the power dissipated over small volume of
the filament must lead to large temperature excursions.®#5%6 This has to lead to high diffusion
coefficients and atomic fluxes down the concentration gradient. As the consequence,
concentration-gradient-induced diffusion would result in dissolution of the filament after a few
switching events. Clearly, this does not happen. The Soret flux of Ta toward the core compensates
the outward diffusion flux providing for the filament neither shrinking or dissolving. The same
argument applies to oxygen and oxygen vacancies. It is also important to note that Soret effect
should play an important role in switching in addition to that played in electroformation. The
temperature gradients close to interfaces with metallic electrodes are expected to exert a force
on the ions driving both oxygen and metal ions in the vertical direction as well as the lateral one.
This force should be quantified and included together with electrostatic and carrier wind
components in a comprehensive model of resistive switching. Moreover, the fact that Ta
segregation induced by the temperature gradient is much more pronounced than that of oxygen
could indicate that the same applies to motion induced by the electric field i.e. that the switching
is due mostly to the motion of metal ions rather than that of oxygen. Such a hypothesis would
require a careful assessment of elemental drift and discussion in cross-sectional geometry.

Experimental Section



Device fabrication. The devices were fabricated on Si substrates covered by 1 um thick thermal
SiO; layer. The bottom electrode (400 nm in width) was defined using electron-beam lithography,
followed by sputter deposition of 5 nm Ta and 20 nm TiN and the lift-off process. The 120 nm of
functional TaOx was deposited by reactive sputtering using Ta target and a mixture of oxygen (4
sccm) and argon (56 sccm) gas at chamber pressure of 3 mTorr. The 2 nm Ta/20 nm TiN top
electrode layer (370 nm in width) was defined by electron-beam lithography and lift-off.

Electrical testing. The devices were tested using a quasi-DC voltage source (Agilent 4155C
Semiconductor Parameter Analyzer) with a load resistor of 1 MQ connected in series with the
device. No external current compliance was used. (Any mention of commercial products within
this publication is for information only; it does not imply recommendation or endorsement by NIST.)
The I-V characteristics of electroformation and resistive switching are shown in supporting
information (Figure S1).

Microstructural Analysis. The devices were lifted-out and thinned down by FIB (FEI Helios and
FEI NOVA Nanolab 600) and characterized by TEM/STEM. Detailed description of FIB lift-out can
be found in supporting information. The HAADF images in Figure 1 were taken using FEI Titan
80-300 operating at 300 keV; the HAADF and XEDS analysis in Figure 2(a) and (b) were
performed using FEI Talos F200X at 200 keV. The HAADF images were collected with an angle
higher than 50 mrad to ensure exclusive Z-contrast in the images. The EELS O-K map in Figure
2(c) was extracted from EELS spectrum image at 532-572 eV. The EELS spectrum image was
taken using Hitachi HF3300 S/TEM operating at 300 keV.

Electrothermal simulation. The heat and charge flow in devices was simulated using COMSOL
Multiphysics finite element software package. The device structure was created to reproduce the
as-fabricated device (Figure S2). The temperature distribution and electrical conductivity are
solutions to coupled equations describing heat flow equation and the three-dimensional Poole-
Frankel formula. During the simulation, the temperature of the bottom surface of the Si was fixed
at 300 K while the top and side surfaces of the structure were thermally insulated. Electrically, the
bottom surface of the bottom electrode was at electrical ground, and the top surface of the top
electrode was connected to an outside circuit with 1 MQ load resistor and the voltage source. The
amplitude of the applied source voltage was the same as during electrical testing, which was 22
V with a ramp rate of 4 V/s. It should be noted here that in Fig. 4(a) and S1 current is plotted as
a function of device voltage (across the device) while the voltage mentioned here is the source
voltage (across the device and the load resistor). A thermal boundary conductance of 100
MW/m?2K was included at the metal / oxide interfaces. The TaOx sandwiched in between is 120
nm thick. The details of the simulations can be found in Supporting Information.

Associated Content
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The Supporting Information is available free of charge on the ACS Publications website at DOI:
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