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Intrinsic nanofilamentation in resistive switching
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Resistive switching materials are promising candidates for nonvolatile data storage and reconfiguration
of electronic applications. Intensive studies have been carried out on sandwiched metal-insulator-metal
structures to achieve high density on-chip circuitry and non-volatile memory storage. Here, we provide
insight into the mechanisms that govern highly reproducible controlled resistive switching via a
nanofilament by using an asymmetric metal-insulator-semiconductor structure. /n-sifu transmission
electron microscopy is used to study in real-time the physical structure and analyze the chemical
composition of the nanofilament dynamically during resistive switching. Electrical stressing using an
external voltage was applied by a tungsten tip to the nanosized devices having hafnium oxide (HfO,)
as the insulator layer. The formation and rupture of the nanofilaments result in up to three orders
of magnitude change in the current flowing through the dielectric during the switching event. Oxygen
vacancies and metal atoms from the anode constitute the chemistry of the nanofilament. © 2073

American Institute of Physics. [http://dx.doi.org/10.1063/1.4794519]

. INTRODUCTION

Resistive switching phenomena in metal-insulator-metal
structures have been observed many decades ago.'
Correlated electrons in resistance random access memories
(RRAM) based on transition metal oxides (TMO) exhibit
contrasting electrical properties, from insulator to conductor,
and vice versa.”” Recently, this phenomenon of insulative
switching has gained renewed interest for nonvolatile data
storage and reconfigurable electronics, considering the
demand for exponential increase in data storage capacity.*®
Electrically programmable RRAM has multiple advantages
as compared to current FLASH memory technology which
include fast writing/erasing times (<100ns), long retention
lifetime (>10yr), low power consumption, simplified struc-
ture, ease of design, scalability and Si-based complementary
metal oxide semiconductor (CMOS) process technology
compatibility.”® In addition, RRAM is a good candidate for
three-dimensional stacking, which further enhances data
storage capability into the terabyte regime.’

RRAM is based on the reversible dielectric breakdown
of TMO. From a microscopic point of view, resistive switch-
ing in various materials can be classified into three mecha-
nisms: metallization, valence change, and fuse-antifuse.®
First, in electrochemical metallization mechanism, the
migration of the highly mobile electrode metal forms a
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conductive filament during SET and can be electrochemi-
cally dissolved upon reversed polarity applied voltage. For
example, it is convincingly demonstrated in Refs. 10 and 11
that the electrochemically active electrode metal Ag™ ions
can punch through the insulating layer, setting the device to
ON state. The metal filament undergoes dissolution at high
electrochemical current (also called Faradaic current) when a
reverse voltage bias is applied, resetting the system to OFF
state. The insulating layer for this mechanism is usually a
solid electrolyte layer without oxygen ions, i.e., Ag,S and
Ag-Ge-Se. Second, in valence change mechanism, specific
TMO materials are chosen as the insulating layer (such as
TiO,, NiO, HfO,).%*'*™'> The creation and migration of the
oxygen vacancies leads to a redox reaction expressed by the
valance state change of the cations. Upon SET, dislodged ox-
ygen species from the TMO migrate to the electrode material
(typically made of Ni, Ti, Ta, etc.), which serves as a good
reservoir for oxygen in the ionic form.'® Under a reverse
bias, the O>~ ions stored in the gate are driven back to the
oxygen-deficient conductive path. The devices driven by the
electrochemical metallization mechanism and the RRAM
devices of valence change mechanism usually show bipolar
behavior, in which SET and RESET voltages are of opposite
bias polarities. Third, in the fuse-antifuse mechanism, the
conductive filament fusion is triggered by an electric field
assisted thermal runaway process. It is well documented that
in most insulating and semiconducting materials, the conduc-
tivity of the material is dependent exponentially on the tem-
perature.'” In the antifuse process, the conductive filament is

© 2013 American Institute of Physics
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ruptured by Joule heating.'®'” In this case, resistive switch-
ing can be achieved with the same bias polarity, and is thus
called unipolar switching behavior. Both bipolar and unipo-
lar switching behaviors have been observed in HfO, based
dielectric stacks.?’ Several materials also show both types of
switching behaviors and are termed as “non-polar.”*'>

In this study, we use an asymmetric electrode stack
(metal-insulator-semiconductor) to study the effects of the
electrode materials on switching. Careful in-situ electrical
stressing was performed in a transmission electron micro-
scope (TEM) on a Ni-electrode/HfO,/n*-Si structure. Our
findings capture the real-time observation of the formation
and rupture of the nanofilament, demonstrating reversible
switching with more than three orders of magnitude, which
is compatible to state-of-the-art RRAM devices. Knowledge
of the composition, structure, and dimensions of the nanofi-
lament reveals the mechanism of resistive switching in thin
oxide films, and provides better understanding of the scal-
ability of such structures for future advanced electronic
applications.

The device used in this study is a unipolar RRAM de-
vice based on an asymmetric metal-insulator-semiconductor
structure: Ni as top electrode, HfO, as insulator, and n* Si
substrate as bottom electrode (inset in Fig. 1). Ni has been
widely used in the main-stream CMOS technology as a
source/drain contact material.”®> The motivation to replace
the bottom metal electrode with a highly doped n*-type Si
(Np ~ 10" cm ™) is to study the role of the metal electrode
on switching. In Fig. 1, the RRAM device shows well-
behaved unipolar switching current-voltage (/-V) character-
istics under DC sweep, confirming the switching mechanism
to be due to fuse-antifuse process. The demonstrated HfO,-
based RRAM shows a high ON/OFF resistance ratio of ~10°
with a very low reverse current. The device shows good
switching performance after 500 DC cycles.

For the in-situ TEM experiment, a two-step electrical
stress methodology was developed to capture the real-time
evolution of nanofilament by limiting the compliance current
at different levels. The unique feature of this methodology
is its ability to precisely control the evolution of the
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FIG. 1. Current-voltage of a device with metal/insulator/semiconductor
structure: Ni/HfO,/SiO,/Si-diode. Note that the reverse current is very low.
The inset shows the schematic diagram for RRAM intergration with a Si-
subsatrte as selector. The device shows good switching performance after
500 DC cycles (red lines).
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nanofilament formation, while the conventional one-step
sweep method fails to capture the kinetic evolution of such
phenomenon. First, a voltage sweep from 0 to 5V at a step
size of 300ms/V was applied to the device with a leakage
current limited at 10 #A to avoid catastrophic irreversible
damage to the device due to high current flux. During the
voltage sweep, when a large current step increase occurs of
about two or three times greater than the previous current
level, the insulator has been subjected to a soft breakdown
stage, as seen in Fig. 2(a). Figures 2(b) and 2(c) show the
dynamic observation of a sequence of morphological
changes during real-time electrical stressing of the metal-in-
sulator-semiconductor sample in TEM. The Si-substrate was
viewed along the (110) direction and the flat surface corre-
sponds to the (100) plane of the conventional Si wafer. At
the surface, the (100) planes of the surface face off to the
(111) planes at an angle of 54.7°. There was no obvious
physical or morphological change at this soft breakdown
stage, especially at the interface due to low spatial resolution
of the real-time TEM analysis setting. The same sample
stressed in real-time was then put into a double tilt holder to
take high resolution TEM micrograph. Figure 2(d) shows the
high resolution micrograph of a virgin sample for compari-
son. The thickness of the HfO, layer is ~3.1 nm, while the
interfacial layer of SiO, in-between HfO, and Si substrate is
~0.7nm. For conventional RRAM devices reported in the
literature, the thickness of the oxide is usually ~10nm.**3
The ultrathin oxide layer used in this study sheds light on the
future scaling feasibility of RRAM devices. Furthermore, a
key advantage of the Si-based bottom electrode is the ultra-
smooth interface between Si and oxide, allowing us to study
the “intrinsic” behavior of the conductive filament and
switching phenomenon without process induced thickness/
roughness variations. Figure 2(e) shows the device which
suffered a soft breakdown during a real-time stress in TEM,
where white dots appear at the edge of the inter-surface (as
indicated by the triangular markers). We also observe the
presence of a crystalline Si hillock, punching into the SiO,
layer, which is also called the dielectric breakdown induced
epitaxy (DBIE).?**” From our previous experiments, it was
established that the chemistry of the percolation path respon-
sible for high electrical conduction in the broken-down gate
dielectrics is an O-deficient conductive path, where oxygen
atoms are washed out from the core of the percolation
path. 2’239 It is important to note that in these former cases,
the transistor gate electrode is polycrystalline silicon not a
metal.

After the voltage sweep, a constant voltage stress was
applied at 3.3V, about 0.7 V lower than the breakdown volt-
age, with the set leakage current limited at 100 pA, as shown
in Fig. 3(a). This approach of lowering 0.7 V with reference
to the breakdown voltage is commonly used in dielectric
breakdown studies.>’ The stressing was halted once defects
such as filaments were observed from the real time /-V curve
and the real-time TEM image monitoring. Figures 3(b)-3(e)
show the micrographs taken at different breakdown stages
from a video. Heavy atoms from the top metal electrode
(i.e., gate) suddenly migrated into the HfO, dielectric and Si-
substrate, forming a unique geometrical defect which was an
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FIG. 2. Initial step of nanofilament formation. (a) The device has been
stressed to soft breakdown regime at 4V with a compliance current of
10 uA. (b)&(c) Real time TEM micrographs show no obvious physical
change when soft breakdown occurred. The times indicated in the micro-
graphs correspond to 0 and 22s, respectively. (d) High resolution TEM
micrograph of the virgin Ni/HfO,/SiO,/Si structure, with Ni thickness of
100 nm, HfO, thickness 3.1 nm, and SiO, 0.7 nm. (e) High resolution TEM
micrograph of the soft breakdown sample. Si atoms from substrate protrude
into the oxide layer forming hillocks, which is known as DBIE (as indicated
by white arrows). This was not observed in (b) and (c) due to a lower resolu-
tion setting in the real-time TEM analysis.

inverted pyramid if viewing it from the Si substrate. On top
of the triangular defect in the Si-substrate, a “depleted”
region with a lower image contrast in the top electrode could
be seen. This is an indication that the Ni atoms from the an-
ode migrated down. A typical metal migration process
requires several tens of transformation steps. Each of the
transformations should occur in the range of pico- or nano-
seconds. It is therefore reasonable that no intermediate stage
during the migration could be observed in these experiments,
because this is far beyond the time resolution of our image-
recording device. A high resolution TEM micrograph in Fig.
3(f) further confirms the shape of the filament. The filament
inside the dielectric is of a bowl-shape with a wider top of
~20nm near the anode and shorter bottom of ~10nm.
Figure 3(g) shows the high angle annular dark field
(HAADF) STEM of the filament, where the bright contrast

J. Appl. Phys. 113, 114503 (2013)
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FIG. 3. Nanofilament formation in SET. (a) The device has been subjected
to constant voltage stressing at 3.3V with a compliance curent of 10 uA.
(b)—(e) Real time TEM micrographs show the formation of a metal filament,
punching through the dielectric layer into the silicon substrate. The times
indicated in the micrographs correspond to 0, 13, 14, and 165s of the start of
the electrical stressing during TEM analysis, respectively. (f) High resolu-
tion TEM and (g) HAADF STEM micrographs of the electrically “switched-
on” device shown in (e). Heavy metal atoms punch through the insulator
layers and form a triangular shaped morphology in the Si-substrate. The size
of the filament inside the dielectric layer is ~20nm. (h) EELS mapping
results of the chemistry of the nanofilament. Ni, Hf, and Si are represented
in red, green, and blue, respectively. It reveals that the nanofilament is
Ni-element-rich. Ni atoms diffused into the insulator layers and reached
the Si-substrate, forming a triangular-shaped defect. (i) EDX signals from
the center of the filament (solid line) and the intact area (dashed line). The
results prove that Ni atoms from the anode were the main source for the con-
ductive filament formation constituting to the chemical composition of the
nanofilament during SET.

regions in the HfO, and SiOy layers indicate that heavy
metal atoms from the top metal electrode have diffused and/
or drifted into the dielectric layer.

In order to study the chemistry of the filament, we
employ the Z-contrast STEM analysis (contrast dominated
by atomic number), EELS, and energy dispersive x ray
(EDX) analysis techniques. EELS and EDX signals were
collected under 80kV e-beam rather than 300kV to avoid
possible sample damage under strong electron irradiation.
Figure 3(h) shows the EELS mapping results of Ni, Hf, and
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FIG. 3. (Continued.)

Si. It is clear that Ni atoms diffused in the dielectric from the
top electrode, which is the anode side. Ni atoms continued to
diffuse along the (111) direction of the silicon substrate due
to the largest inner-plane distance.?” The collective effect of
many Ni stacking faults finally results in the triangular
shaped morphology. Such needle-shaped Ni defects due to
metal diffusion along (111) planes have also been reported
as a “process issue” in the conventional NiSi-based CMOS
process for the 10nm technology node.* From a physical
analysis perspective, the Ni in the silicon substrate forms a
good marker indicating the location of the nanofilament
inside the dielectric. The EDX line profiles of various ele-
ments of interest were further collected from the center of
the filament (solid line) and the intact area (dashed line), as
shown in Fig. 3(i). The relative difference in the signals con-
firms the diffusion of Ni from the top electrode into the
dielectric and the silicon substrate.

Figure 4(a) shows the real-time electrical data during
RESET. The ON/OFF ratio is more than 1000. The device
was significantly “switched-off,” remaining at a very low
current level. Figures 4(b) and 4(c) show the real time TEM
micrographs wherein the physical changes were too small to
be resolved and observed. High resolution TEM and STEM
micrographs in Figs. 4(d) and 4(e) clearly show that the fila-
ment has ruptured. The filament is disconnected in the
dielectric, and hardly any contrast is detectable inside the
HfO, or SiO, layer. One of the major driving forces that
causes the “switch-off”/rupture of the nanofilament is the
Joule heating at high current prior to the instant of RESET.'®
There were still some Ni residuals in the dielectric, but their
number is much less than after the forming/SET transition.
EELS and EDX results in Figs. 4(f) and 4(g) show that Ni
has been depleted from the Ni-rich filament, as observed pre-
viously in Fig. 3(e).The whole process, including electrical
SET and RESET, could be repeated many times on the same
filament, and the switching voltage and current are well

J. Appl. Phys. 113, 114503 (2013)
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FIG. 4. Nanofilament rupture in RESET. (a) The device has been subjected
to a constant voltage stress higher than the SET voltage, which was 2.6 V
with higher compliance current of 100 nA. Unipolar RESET of the device
where the ON/OFF ratio is more than three orders of magnitude. (b) and (c)
Real time TEM micrographs showing the morphology of the metal filament.
The times indicated in the micrographs correspond to 0 and 5 s, respectively,
upon electrical stressing. No changes can be seen in the nano-structural
defect. (d) High resolution TEM, (e) HAADF STEM micrographs, (f) EELS
mapping, and (g) EDX result of the electrically “switched-off”” device shown
in (c). The filament has been disconnected between the Ni-based top elec-
trode and the bottom electrode. It was “burned-off” in RESET due to Joule
heating. There are still some Ni residuals embedded in the insulator layer.
But the fragments are now again an insulator rather than a metal conductor.

reproduced during the cycles which we observed on other
real-time TEM analyzes.

The process of SET and RESET of the filament is illus-
trated in Figs. 5(a)-5(e). Starting from a virgin unstressed
device (Fig. 5(a)), the formation of the conductive filament
is a two-stage process. The first stage is soft breakdown of
the dielectric (Fig. 5(b)) as established in various logic gate
stack reliability studies (i.e., with low compliance current of
approximately 1-10 uA). In this stage, oxygen vacancies are
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the physical defects responsible for the formation of the per-
colation path. Oxygen atoms are washed away from the per-
colated core, followed by the formation of DBIE. The
formation of DBIE is the finger-print of the existence of the
breakdown path. In the second stage (Fig. 5(c)), as the com-
pliance current level is raised to a higher level (i.e., ~10 uA-
1 mA), metal atoms from the top electrode (anode) migrate
along the oxygen deficient breakdown path, driven by the
high current density and temperature enhanced metal atom
diffusion.***> The diameter of the metal nanofilaments ~10-
20 nm. The schematic of the filament rupture and meltdown
due to Joule heating during the unipolar RESET process is
presented in Fig. 5(d). Some Ni atoms might remain in the
insulator layers but the metal fragment dielectric is no longer
conductive (Fig. 5(e)).

It is obvious that the presence of Ni fragments in the
dielectric is critical for the switching behavior, as it deter-
mines the dielectric resistivity and connectivity between the
top electrode and the bottom electrode. These fragments play

g
m

2
P

Normalized DOS counts (a.u.)

Energy (eV)

FIG. 6. Bandgap calculations for HfO,Ni, structures. Different stoichiome-
tries are indicated, where (a) x =2 and y =0 represent perfect HfO,, (b) x
+ y =2 represents SET state, and (c) x +y < 2 represents RESET state. The
vertical dashed lines show the top of the valence band E, and the bottom of
the conduction band E,. The zero of the energy scale corresponds to OeV.
Sub-bands are labeled. The bandgap value of perfect HfO, is 4.6eV calcu-
lated by first-principles simulation using GGA + U method. Upon SET,
where Ni diffuses into the HfO,, and occupies the oxygen vacancy sites, the
bandgap collapses to zero. For the RESET, the bandgap opens a little bit
when Ni atoms are dislodged from the oxygen vacancy sites.
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FIG. 5. Schematics of the evolution of the metal
filament formation and rupture, and represent posi-
tive and negative voltage biases, respectively. (a)
Pristine state. (b) DBIE forming process upon initial
breakdown. (c) SET process, where the metal nano-
filament of Ni-rich punches through the oxide and
migrates along the (I111) direction in the silicon
substrate. (d) and (e) RESET process, where the
Ni-rich filament ruptures under Joule heating. The
- voltage polarity signs “+” and “—” are in lower
size to indicate lower voltages.

(e)

a prominent role in the reversible switching transitions for
many endurance cycles. To develop a microscopic model for
the filament, we performed first-principle calculations of dif-
ferent HfONi, stoichiometries. As shown in Fig. 6(a), the
perfect HfO, (x =2, y=0) has a bandgap value of ~4.6eV
in this case by means of the projector-augmented wave
method implemented in the VASP code.**®* When oxygen
atoms are removed from the lattice, oxygen vacancy defects
form. In the SET state, Ni atoms diffuse and fill in the oxy-
gen vacancy sites (take x=1.5, y=0.5 as an example),
forming a connected nanofilament path. The bandgap of
this chemical compound HfO,;sNigs collapses to zero
(Fig. 6(b)), indicating a good ohmic conductor. In the
RESET state, Ni atoms dislodge from the oxygen vacancy
sites (y < 0.5 as an example), raising the correlated hopping
barrier for electrons. This phenomenon has also been found
in nickel oxide based RRAM device.”® Sub-bands subse-
quently appear in the collapsed bandgap region (Fig. 6(c)),
and the conductor transforms into an insulator.

In summary, the real-time, in-situ TEM analysis on a
metal-insulator-semiconductor structure allows the study of
the dynamics, evolution, and underlying physics governing
the switching mechanism which was previously at best
speculated from electrical measurements without much
direct evidence. We present results that convincingly show
the conduction path formation in the SET stage and rupture
in the RESET state in RRAM devices driven by non-polar
Joule heating, which can only be attributed to the fuse-
antifuse mechanism. The use of an asymmetric metal-insula-
tor-semiconductor structure clearly identifies the presence of
metal-rich conductive filaments that originate from the anode
electrode. The nickel fragments present in the dielectric after
filament rupture (or RESET) helps in localizing and trigger-
ing further switching events at the same location, which
enhances controllability and endurance of switching, and
reduces variability. This quantitative study on the filament’s
chemistry, morphology, and its dynamical behavior lends
strong support to the feasibility of scaling future RRAM
technologies further, paving way for very high density data
storage.
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