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Superior scalability, endurance, low power operation, retention, and operating speed of filamentary 
crystalline HfOx-based resistive random access memory (RRAM) makes this technology promising 
for implementation in exascale neuromorphic computing systems. Challenges, roadblocks for the 
implementation, and possible resolutions are discussed. Technological solutions to overcome RRAM 
variability issues (both device-to-device and cycle-to-cycle) and read instability are evoked. 
Comprehensive understanding of basic physics mechanisms of RRAM operation allows identification 
of major material properties and operation conditions controlling performance of the crystalline  
HfOx-based RRAM.  
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1.   Introduction 

The Resistive Random Access Memory (RRAM) concept in non-volatile memory tech-
nology1-6 is based on controllably varying conduction through the isolating layer. In 
filament-based RRAM technology, which is advantageous due to device scalability, high 
speed, and low power operations, a current through the dielectric film is determined by a 
conductive filament formed through the insulating media. This filament (as well as multiple 
non-filament conductive paths preferentially formed in some materials) can be repeatedly 
ruptured and restored by applying voltage that define higher and lower resistance states, 
each of which corresponds to a certain cell memory state.3 RRAM technology promises to 
deliver a “universal memory” device which could cover memory requirements for different 
applications ranging from storage to embedded memories, i.e., static random-access 
memory (SRAM), flash memory, and dynamic random-access memory (DRAM) tech-
nologies (Table 1) as follows from the demonstrated endurance,7 retention,8 and speed.9-11 
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Resistive switching was demonstrated in a number of dielectric materials (binary oxides: 
TiO2, HfO2, SiO2, Ta2O5, Al2O3, etc.; ternary oxides: BaTiO3, etc.; nitrides: hexagonal 
Boron Nitride, etc., and even organic materials12) sandwiched between metal electrodes 
and forming a metal-insulator-metal (MIM) capacitor. Although commercial RRAM 
products have become available,13,14 there is not yet a clear path for implementation of 
RRAM technology in a wider variety of memory products. In particular, significant 
research efforts are required to overcome variability and instability issues inherent to 
RRAM devices in order to utilize the entire range of technology advantages. The existing 
models of RRAM operation, ranging from phenomenological and semi-empirical15-17 to 
Monte Carlo and molecular diffusion based approaches,18-21 vary on the physical processes 
responsible for resistive switching, leaving uncertain the ways of controlling device 
characteristics. RRAM operation is driven by diffusion of oxygen ions and vacancies,3,18,21 
requiring higher activation energies3 that generally may lead to higher operation voltages 
and variability, and make it more challenging to scale the filament dimensions. On the 
other hand, a higher threshold for activating structural changes associated with the 
rearrangement of oxygen atoms in the memory cell leads to outstanding retention of 
memory states and stability against various environmental conditions, e.g., temperature, 
radiation exposure, etc.22,23 It was recently shown24 that, under the optimized ultra-fast 
pulsed forming and switching operations, polycrystalline HfO2-based RRAM offers 
excellent control over variability and retention of the resistive states and is promising for 
low bit error rate operations. Alternative promising nonvolatile memory (NVM) techniques 
include Conductive Bridge RAM (CBRAM) where conductivity is modulated by metal 
ions (Cu, Ag, etc.) diffusing in/out of an isolating layer. CBRAM may be beneficial for 
low energy operation, since the metal ions forming conductive paths may have relatively 
low diffusion activation energies; this technology was shown to exhibit fast switching 
operations, lower variability, and good scalability.25,26 

RRAM cells are considered for use in neuromorphic computing circuitry (NCC)27-30 
where they are expected to provide further gain in energy efficiency by replacing complex 
circuitry that mimic biological synapses. Electronic synapses based on RRAM technology 
are extremely scalable (down to the size of the filament) and can switch between multiple 
memory states to realize adaptive algorithms for machine learning, pattern recognition, etc. 
The requirement of precise control of the RRAM states makes the device-to-device 
reproducibility of device parameters, device cycling, and read stability a challenging and 
important metric. The state-of-the-art demonstrations of memristive neuromorphic 
networks so far have required the access to individual cells in a memory array that limits 
the practically achievable network density.30 

Meeting variability and stability metrics requires one to establish the mechanism 
governing charge carrier’ interaction with the material structural features. In this 
framework, the device parameters of the entire set of electrical measurements should be 
analyzed and related to the atomic-level material structure. Below, we focus on addressing 
the cell stability based on an understanding of the RRAM switching mechanisms, and 
identify issues and possible paths for their resolution. 



 Advances in RRAM Technology: Identifying and Mitigating Roadblocks 
 

1640006-3 

Table 1. Comparison of key characteristics of different memory technologies. 

 SRAM DRAM Flash NAND Flash NOR RRAM 

Non-volatile No No Yes Yes Yes 

Cell size (F2) ≈ 50 ≈ 6 ≈ 6 ≈ 10 ≈ 4 

Multi-Level-Cell (MLC) No No Yes Yes Yes 

Write/Erase time 1 ns to 100 ns 50 ns / 50 ns  1 s / 0.1 s 1 s / 10 s < 1 ns 

Endurance (number of 
Write/Erase cycles before 
failure) 

1016 1016 105 105 > 1013 

Write current low low very high very high low (< 10 mA) 

Voltage required 1 V 1.35 V to 1.5 V 3.3 V to 5 V 1.7 to 3.6 V < 1.5 V 

Complexity of 3d 
integration  

high high high high low 

2.   Physics of RRAM Operation and Modelling Approach 

RRAM operations are based on the formation of a conductive path (filament) through the 
isolating layer, and its subsequent repeatable partial disruption and recovery. Forming the 
conductive filament in metal oxides involves creation of a metal-rich region that requires 
(a) breaking metal-oxygen bonds followed by (b) out-diffusion of released oxygen ions. 
Both processes, bond breakage and oxygen diffusion, are associated with overcoming 
certain energy barriers. Under an applied voltage, continuing oxygen vacancy generation 
leads to higher electron flow (higher current), which further increases the vacancy 
generation rate, reaching the fast runaway phase of oxygen ion expulsion and formation of 
a conductive path (dielectric breakdown). Limiting the maximum current through the 
dielectric, for instance, by connecting a cell in-series to a current-limiting device, allows 
one to limit the local temperature along the current path and, consequently, the size of the 
forming filament (Fig. 1). In order to change the cell resistance to a high value (that is, to 

 
 

 

Fig. 1. Current-voltage characteristics of RRAM cell operations: forming – formation of a conductive filament 
(1), reset – partial disruption of the filament (2,3), and set – filament restoration (4,5). 
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reset the memory state), the filament should be partially disrupted. This is achieved by 
applying an opposite bias (in the case of bi-polar switching cells) to the electrodes, again 
increasing the Joule heating in the vicinity of the filament that leads to re-oxidation of a 
section of the filament. Switching back to the low resistive state (to SET the memory state) 
is achieved by applying an initial bias polarity. This time, restoring a small disrupted 
section of the filament requires smaller energy and, consequently, takes place under 
significantly lower voltages compared to that of the forming process. The process of 
setting/resetting (switching) needs to be stable and reproducible for a number of switching 
cycles as required by the application. 

Since forming and set/reset operations are controlled by an atomic restructuring of the 
dielectric material under external perturbations (voltage, temperature, etc.) they are 
essentially random processes that result in variability of the filament properties with 
switching cycles. Based on our understanding of the switching mechanism, variability can 
be addressed by optimizing operating conditions, reducing parasitics, and by employing 
certain types of program-verify techniques. Among the considered RRAM materials, HfO2 
is one of the most promising. HfO2 is an extensively studied fab-friendly material, which 
had been introduced as a high-k gate dielectric into the mainstream CMOS manufacturing. 
Electrical characteristics of poly-crystalline HfO2 films are strongly influenced by their 
multi-grain structure, specifically grain boundaries (GB), Fig. 2. Modeling studies31,32 
reveal that GBs can accumulate positively charged oxygen vacancies. Released positively 
charged oxygen ions move interstitially (over the barrier of approximately 0.6 to 0.7 eV) 
across the grains. Grain boundaries provide an effective electrical current path driven by 
the trap assisted tunneling via oxygen vacancies,33 which tend to accumulate there. 

Conductive atomic force microscopy (C-AFM) studies34 revealed that GB oxygen 
deficient regions form preferential conductive paths serving as precursors of the conductive 
filament (Fig. 3). 

Electron hopping between vacancies along GB increases the temperature around the 
path promoting generation of additional vacancies33 and, hence, higher current. In a 
runaway stage of the filament formation (Fig 2c), oxygen vacancies generated in close  

 

Fig. 2. Schematics of the filament formation process.31,32 (a) Electrons hopping via positively charged oxygen 
vacancies along the grain boundary assists releasing oxygen ions and generating new vacancies. (b) Current 
increase induces a run-away process of the oxygen vacancy/ion pairs generation.  
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 (a) (b) 

 

Fig. 3. (a) Conductive AFM current maps as measured above the current noise level at a low voltage. A granular 
structure is observed since GBs are more conductive than grains. (b) Typical I-V curves collected after the forming 
(see inset). Samples B1 and B2 contain crystalline and amorphous HfO2, respectively. GB, NC, refer to grain 
boundary and grain sites; (#) indicates ramp number. Resistive switching was observed only when tests were 
performed at the GBs of polycrystalline stacks (exhibiting low-VBD during the forming). After Ref. 34. 

proximity form Hf-rich clusters expressing metallic transport characteristics. With further 
current increase through the filament, the local temperature may reach extremely high 
values ( 800 oC to 1000 oC).3 Singularities of the electric field at the rather abrupt Hf-rich 
clusters’ interface with the adjoined dielectric material elevates the probability of the 
interfacial Hf-O bond breaking and releasing oxygen ions into the vicinity of a GB. Such 
oxygen ion generation and diffusion assisted by temperature and the electric field, leads to 
the filament growth until the current reaches a curtain predefined magnitude (the 
compliance current). Subsequently, when the voltage across the cell drops, the current 
increase stops and leads to disruption of further filament growth. During the post-forming 
(relaxation) phase some oxygen ions, which remained in the vicinity of the filament,  
may recombine with the oxygen vacancies there resulting in partial re-oxidation of the 
formed filament. To form a stable filament of a targeted resistivity, it is therefore important 
to maintain a balance between the rates of oxygen ions generation and their diffusion away 
from the forming filament for the duration of this process. In particular, forming at a  
higher applied voltage may generate densely packed vacancies (filament) much faster than 
the released oxygen ions can diffuse through the surrounding dielectric region. A 
significant number of the close-by ions at the end of the filament forming process enables 
filament re-oxidation, greatly increasing its resistance. In the case of bi-polar RRAM 
devices, a memory state is changed by applying a bias of opposite polarity. Then, oxygen 
is forced to move back toward the positively biased electrode where they accumulate and 
may get injected into the adjacent filament tip and recombine with the vacancies, thus re-
creating an oxide layer. This layer constitutes a tunneling barrier for electron transport and 
resets the filament resistance to the high resistance state. SET is similar to forming although 
it is a self-limited breakdown process. The above described mechanism of oxygen 
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generation and diffusion is stochastic in nature and makes the structure of a metallic 
filament slightly different after each set/reset cycle. Such differences, if significant, may 
add to device parameter variability and sometimes instability (in particular, due to 
incomplete switching). Mitigating these factors requires optimizing the cell materials and 
operation conditions.  

Grain boundaries stretched along the grains surrounding the filament in the memory 
cell play an important role in memory switching processes: positively charged oxygen 
vacancies in GBs attract oxygen ions (negatively charged), released from the filament 
region, thus restricting their diffusion further away from the filament during set operations. 
In the case of unrestricted lateral diffusion, a significant amount of oxygen ions generated 
during set would diffuse far away and not be able to return to the filament to provide a 
sufficient supply of ions for re-oxidation of the oxide barrier layer. Loss of the oxygen ion 
supply proceeds with each switching cycle and gradually reduces the filament resistance 
until it permanently sticks in a low resistance state. Preventing runaway of oxygen ions to 
GBs neighboring the filament preserves the oxygen supply required for an extensive 
sequence of set/reset cycles ensuring stable operation and endurance.  

The model discussed above for HfO2 RRAM operations35 is described by molecular 
diffusion simulations21 accounting for the probability of generation of oxygen ion/oxygen 
vacancy pairs and ion diffusion employing Monte Carlo approach. It calculates Joule heat 
dissipation in each unit volume of a cell (in simulations, a unit volume size was selected to 
match the lattice constant of HfO2), and numerically solves Fourier heat-transfer and 
charge continuity equations to determine the temperature and electric field values in each 
unit volume. Then, the number of oxygen vacancies in each unit volume is calculated and 
the conductivity of this oxide unit is assigned a certain value based on its stoichiometry 
(Fig. 4).  

 

Fig. 4. Flow chart of the molecular diffusion simulations approach used to analyze the dynamics of the conductive 
filament operations. After Ref. 21. 
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3.   Variability from the Modeling Standpoint 

The above described model is applied to address: optimization of composition/operation 
conditions, filament engineering for low power and high speed, uniformity control due to 
randomness of the forming process, noise and variability reduction.  

As demonstrated by the simulations, Fig. 5, the model links the dielectric grain 
structure, in particular, the spatial distribution of GBs around a conductive filament 
(formed along one of the GBs) and density of oxygen vacancies along these GBs, to a 
distribution/density of oxygen ions released from the filament forming. The model reveals 
the dependency of device switching properties on oxide stoichiometry and density of the 
pre-existing oxygen vacancies, capturing the effects of oxygen ion generation and 
diffusion. Taking the model to the next level by including the recombination of oxygen and 
oxygen vacancies, we address the scaling challenge, which is reflected in the increasing 
instability of the filament with the reduction of its size and operating current. The model 
reproduces the experimental distributions of the filament resistance in the case of different 
switching conditions (Fig. 6). 

As follows from the distribution of filament resistances after forming at a constant 
voltage stress, device-to-device variability lowers with lower forming voltages (at each 
current compliance level). These results can be understood through the balance between 
generation, diffusion, and recombination of oxygen ion/vacancy pairs. Under higher 
electric field the vacancy generation proceeds faster, increasing its time gap with the 
process of oxygen out-diffusion (removal) from the vicinity of the filament. Consequently, 
oxygen ions more efficiently recombine with the vacancies during the following relaxation 

 

Fig. 5. The role of grain boundaries in retaining released oxygen ions in the filament vicinity. Black circles: 
oxygen vacancies distributed along GBs; blue circles designate oxygen vacancies composing the filament. Red 
circles: oxygen ions. (a) An example of a cell having a single GB: oxygen ions released during the filament 
formation process diffuse away from the filament and may not be able to deoxidize it during a re-set operation. 
(b) An example of a cell consisting of 3 grains. Positively charged vacancies along the GBs pin diffusing oxygen 
ions maintaining their presence in the filament vicinity. After Ref. 21. 
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Fig. 6. (a) Experimental (solid curves) vs. theoretical (dotted curves) distributions of filament resistances for 
different forming voltages. (b,c) Simulations of the 2d resistivity distributions in the cross-section along the 
conductive filament after high-voltage (b) and low-voltage (c) forming. Simulated resistivity distribution plots 
show post-forming relaxation in both cases. The corresponding measured device forming and switching I-V 
characteristics reveal higher filament post-relaxation resistivity (non-Ohmic) (b) and inability to switch to a higher 
resistance state (to reset) under higher voltage forming due to oxygen out-diffusion. After Ref. 21. 

stage, when the bias is removed while the local temperature remains high for an extended 
period of time. Thus, in the case of higher voltage forming, the filaments are more sensitive 
to the post-forming random distribution of surrounding ions resulting in greater device to 
device variability. 

4.   Effect of Parasitics 

Another possible cause of variability is parasitics. The resistance of a RRAM cell during 
forming under voltage stress (ramping as well as constant) changes by several orders of 
magnitude within an extremely short time (< 1 ns). When the targeted current value is 
reached, the current compliance limiting device (e.g., a transistor in series with the cell) 
prevents further current increase and associated conductive path (filament) growth. 
However, even in the case of the ideal current limiting device, parasitic capacitance, which 
might be present in connected circuitry, discharges through the newly formed conductive 
filament (a so-called current overshoot) lead to further increase of the filament size. This 
parasitic capacitance can include the capacitance of the cell itself, cables, strip-lanes, 
contacts, etc. between the compliance limiter and the RRAM cell. In the example shown 
in Fig. 7, the forming is performed in (1T1R – transistor in series with RRAM cell) and 
(1R – without a transistor in series) configurations: the overshoot in the 1R case is reflected 
in the peak reset current being significantly larger than the targeted/recorded compliance 
current. This data demonstrates that in the case of monolithic integration of the RRAM cell 
and transistor, which plays the role of a current compliance limiter, the parasitic effect can 
be negligibly small, with no overshoot observed.  

Precise control over the total switching energy may not only eliminate the overshoot, 
but also reduce variability and improve device-to-device and cycle-to-cycle uniformity.36 
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Fig. 7. (a) Switching I-V characteristics measured using slow ( 1V/s) voltage sweep in a monolithic 1T1R device 
(with minimum parasitic capacitance) – red curve; 1T1R with the external transistor situated outside of the tested 
wafer area (green curve); and without transistor in series with the 1R RRAM cell, utilizing compliance of SMU. 
The inset shows schematic of the equivalent circuit with the parasitic capacitance responsible for overshoot.  

 

Fig. 8. (a) Schematic of the experimental set up and applied pulse sequence. Note the absence of compliance 
device. All connections are consistent with proper high speed signal integrity. 50  termination at the probe 
provides a fast path to dissipate the charges stored by the parasitic elements, effectively eliminating any overshoot. 
(b) Voltage and current pulse waveforms (current pulse waveform is extracted via removing the displacement 
current contribution) utilized to form RRAM devices. (c) Dependence of the maximum current measured through 
the filament during forming vs. forming energy. (d) Example of failure of the endurance test when filament is 
formed with too low energy. (e) Excellent endurance through 105 set/reset cycles. After Ref. 9.  
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Control over forming and switching energy was shown to be effectively implemented by 
applying ultrashort voltage pulses (in  100 ps to a few ns range).9,24 The cell resistance is 
checked after each pulse, and the pulses are repeated until the desired resistance of the cell 
is reached. This approach does not require implementing current compliance and is 
overshoot free, because the energy delivered by each pulse is determined by its amplitude 
and duration and can be programmed to be as small as desired (Fig. 8). This compliance-
free approach proved to provide more stable switching compared to DC and conventional 
microsecond pulse operation.  

The compliance-free switching approach is especially promising for neuromorphic 
applications due to improved operation stability and the absence of compliance limiting 
devices. Transistor-based compliance devices have a significantly larger footprint than  
the RRAM cells and limits the volume cells density needed in the future exascale neuro-
morphic computing systems.  

5.   Cycle to Cycle Variability 

As discussed above, RRAM devices demonstrate attractive operation capabilities of 
practical importance such as high speed: switching of small filaments requires limited 
atomic movements; low energy: atomic rearrangements require small activation energy and 
occur in extremely limited dielectric volume; ultra-scaling: RRAM cell area size is limited 
by grains dimension ( 10 nm); excellent retention: high barrier for spontaneous Hf-O bond 
breakage; manufacturability: fab-friendly materials are used to build the RRAM cell; 3D 
integration: multi-layers vertical integration is demonstrated.37 However, there are serious 
challenges: filament forming and switching are associated with bond breakage and ions 
diffusion processes, which are probabilistic in nature and, therefore, the resulting filament 
structure and its electrical characteristics may vary (cell-to-cell, cycle-to-cycle) depending 
on the employed conditions – thus, a certain degree of variability is expected (Fig. 9). In 
general, each set/reset cycle may result in the filaments having somewhat different atomic 
structures.  
 

 

Fig. 9. Switching current-voltage characteristics measured in 50 consecutive set/reset cycles in HfO2 RRAM cell. 
x2 to x5 variation of state currents is observed because of the filament variability from cycle-to-cycle.  
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Cycle-to-cycle variability was evaluated using the developed automated measurement 
procedure36 where the sequence of the SET / RESET and read voltage pulses was applied 
to the RRAM device and the corresponding currents were measured (Fig. 10). The SET 
and RESET pulses had the rise/fall time of 10 μs and pulse width of 1 μs. The SET and 
RESET pulse amplitudes were 2 V and -1.5 V, respectively. 

Excluding the lower current tail observed in  6 % cycles, the low resistive state (LRS) 
current exhibits a normal distribution, which can be characterized by the mean (μLRS) and 
standard deviation (σLRS) parameters. The linear I–V dependency (see insert in Fig. 11) 
points to the filament ohmic characteristics and, hence, the current values are expected to 
change linearly with the filament cross-section and resistivity, variations of which explain 

 

Fig. 10. Schematic of the experimental set up for fast RRAM cycling. Right panel shows voltage and current 
waveforms obtained in the experiment. Programing pulses are followed by low voltage 0.1 V read pulses. LRS 
and HRS are low (L) and high (H) resistive states, respectively. After Ref. 36.  

 

Fig. 11. (a) LRS current and (b) HRS current distribution in a device subjected to 20000 set/reset cycles. Inset 
shows the I-V characteristics of set transition in case of normal complete switching (black) and abnormal 
incomplete switching (red curve). After Ref. 36. 
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the origin of the LRS (low resistance state) normal distribution. The lower current tail is 
related to the incomplete breakdown of the dielectric barrier layer formed in the filament 
by the reset operations (driving cell transition to HRS, high resistance state) as follows 
from the non-ohmic I–V characteristics (the inset in Fig. 11).  

Unlike LRS currents, the HRS currents follow a lognormal distribution, and, therefore, 
its variability can be described by the mean (μHRS) and standard deviation (σHRS) of this 
logarithm dependency. The HRS currents exhibit a non-linear I–V dependency as it is 
governed by the trap assisted tunneling (TAT) conductance through the oxide barrier layer 
in the filament.3 The variation in the HRS current is caused by the variation in the 
distribution of defects (oxygen vacancies) in the oxide barrier layer that dominate the 
electron transport through the barrier.38 The log-normal distribution of the HRS current is 
a consequence of the exponential dependency of the current magnitude on the defect 
density. Note the difference in the dependencies of mean HRS and LRS resistances on the 
pulse duration (opposite) (Fig. 12). 

 (a) (b) 

 
Fig. 12. Dependence of extracted parameters of (a) LRS and (b) HRS currents distributions. μLRS and μLRS ± σLRS; 
μHRS and μHRS ± σHRS for different set/reset pulse conditions (shown in top panels of the figure). After Ref. 36. 

LRS current reduces linearly with the exponential reduction of the set pulse time while 
LRS remains approximately constant. With shorter set trise and tfall times, some generated 

oxygen ions may not have sufficient time to out-diffuse, which may lead to their back-
recombination with the formed vacancies, and, hence, higher filament resistivity and lower 
LRS current. In this case, LRS can be expected to remain constant since the underlying 
stochastic processes of the oxygen ion movement, controlled by temperature, electric field 
and intrinsic structural properties of the dielectric, are not expected to depend strongly on 
the filament radius. 

In RESET, both HRS and ± HRS increase with the reduction in the pulse rise/fall times. 
This can be understood considering that the applied bias and oxygen ions concentration 
gradient drive ions back to the filament leading to its partial oxidation (leading to the oxide 
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barrier formation). A shorter reset pulse time limits the number of oxygen ions diffusing to 
the filament leading to a thinner barrier and, hence, higher HRS current. Consistent with 
this explanation, larger ± HRS is observed for shorter reset pulses due to a larger number of 
the defect sites in the formed dielectric barrier. Consequently, faster switching RRAM 
operations (shorter switching times) should lead to lower LRS and higher HRS currents, 
thus closing the memory window. 

More promising results were obtained with the compliance-free switching approach9,24 
when extremely short (100 ps) repeated voltage pulses are applied to the RRAM device 
until the targeted resistance is reached. The processes of oxygen generation and diffusion 
in this case are activated only for the very short times, while high electric field is present 
in the vicinity of the filament and the local temperature is still high enough. This approach 
is shown to result in consistent switching of each set/reset cycle, with excellent endurance 
and repeatability.24 Accurate evaluation of the physics behind switching in the compliance-
less mode requires further modeling and investigation. 

6.   Statistics of Read Instability in RRAM 

The exceptional scalability of RRAM devices is driven by a filamentary formation/ 
switching process utilizing GB features of the dielectric material. However, scaled down 
filament cross-sections and reduced operating currents cause increased variability of the 
HRS and LRS resistances. In the previous section, we discussed variations of the RRAM 
resistances from one write/erase (set/reset) cycle to another. This variability is caused by 
the random generation/annihilation of oxygen vacancies during switching, and the fact that 
the distribution of these oxygen vacancies constituting a filament is different from cycle-
to-cycle. More variability of state resistance is caused by the instability of a RRAM state 
resistance after the switching event already took place. It is possible to identify two possible 
causes of this instability: (a) irreversible random structural changes of the filament that 
involves the creation/elimination of atomic defects contributing to the current transport 
located in the filament itself or in the surrounding oxide in the vicinity of the filament  
(there is a non-zero probability of these changes while monitoring the state resistance using 
low read voltage, which is orders of magnitude lower than the switching voltage); (b) by  
a repeatable capture/emission of electrons by a defect created during switching. These 
fluctuations typically switch the RRAM current between several distinct levels, similar to 
that of Random Telegraph Noise (RTN) phenomena observed in MOSFET drive current.39 
The amplitude and number of levels of the current fluctuations depends on the applied 
voltage (Fig. 13) and changes from cycle to cycle. This instability effectively reduces the 
memory window and thus limits scaling of operational currents/filament sizes.  

Historically, RTN in MOSFETs has been attributed to changes of the drain or gate 
currents caused by random charging/discharging of defects in the gate oxide of a 
transistor.40 In significantly small devices, when charge carriers in the channel can interact 
with only a few defects in the oxide, analysis of RTN yields characteristic capture and 
emission times of the said defects, and is useful for isolation of the processing issues and 
for gate stack optimization. Consideration of RTN phenomenon in RRAM should be very  
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 (a) (b) 

  

Fig. 13. (a) Typical reset I-V curves out of several set/reset cycles. (b) T=300 K, tread=30s. (b) The corresponding 
read current traces in HRS and LRS in these set/reset cycles. Device: 1 x 1 m2 TiN/5 nm HfO2/TiN. After Ref. 
44. 

 

Fig. 14. The read current vs. time and corresponding histogram of the read current values. Peaks in the histogram 
correspond to the RTN levels observed during the actual (limited) measurement time. Iread represents the mean 
DC current of the corresponding resistive state. P-p(Iread) is the FoM of read instability and is directly related to 
the amplitudes of the RTN signals. After Ref. 44. 

different. Physically, the electron transport along the filament, in both HRS and LRS, is 
modulated by the local electric field formed across the current path when a nearby defect 
site traps an injected electron. Such sites, in particular oxygen vacancies, which are getting 
created/annihilated during switching cycles, can trap and release electrons causing 
fluctuations of electric field in the filament. Consequently, the observed RTN instability 
varies significantly from cycle-to-cycle, driven by randomly generated defects. Therefore, 
analysis of individual RTN signals41,42 does not yield sufficient information. A quantitative 
approach for the description of the effect of RTN-induced reading instability was 
implemented.43,44 This approach analyzes read instability amplitudes in a statistically 
significant number of cycles of individual RRAM cells, and allows projecting it to arrays 
of cells. The maximum variation of a read current, called Peak-to-peak (P-p) amplitude, 
was proposed as a figure of merit (FOM) for the read instability (Fig. 14). This maximum 
variation is associated with the event when all possible random changes producing the 
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current fluctuation occur simultaneously, which constitutes the worst-case scenario for the 
erroneous read of the memory state. This FOM allows evaluating instability over a number 
of cycles to obtain statistics and predict the maximum expected error for the given 
operating conditions, filament cross-section, and to analyze the physical processes 
responsible for the observed current fluctuations.  

To separate the effect of possible structural changes occurring during the period the 
cell remains in a given state (in between switching events) from the effect of pre-existing 
defects formed by the switching process, read instability was measured under a wide range 
of applied voltages. It was observed that P-p fluctuations scale proportionally to Iread, which 
implies that its increase with Vread is caused by higher current density while the current path 
does not change. The structural changes of the current path would cause an irreversible 
change of the current density. Structural changes are more likely to occur at higher read 
voltages, those reduce the activation energies for defect creation. A linear correlation 
between the mean read current averaged over 200 set/reset cycles, and averaged P-p 
variations of the read current is observed for both high and low resistance states, Fig. 15. 
Fig. 15 (b) shows an example of the P-p metric dependency on the mean read current value 
collected in a set/reset cycle in which the structural changes of the filament occurred. 
Current fluctuations dropped dramatically at higher read voltages indicating change in the 
current density, i.e., change in the filament cross-section. The measurements of P-p and 
Iread in a wide range of read voltages, Vread = 10 mV to 200 mV, have demonstrated that 
the structural changes occurred only in a limited number of cycles, and the read instability 
in the considered voltage range is determined primarily by defects created during 
switching.43,44 
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Fig. 15. (a) Peak-to-peak variation of the state read current averaged over 200 set/reset cycles vs. mean read 
current, averaged over the same 200 cycles. Linear correlation of variation amplitude and mean read current is 
observed for both high and low resistance states. (b) Example of dependence of P-p metric versus the mean read 
current as the read voltage increases in a rare cycle in which the structural changes of the filament happened 
between programming attempts. LRS and HRS resistances are monitored for 30 s after each set or reset. After 
Ref. 44. 
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Fig. 16. Mean read currents and peak to peak current fluctuations amplitudes are extracted from measured current 
waveforms in each set/reset cycle. Right panel shows c.d.f. of peak-to-peak fluctuation amplitudes distribution 
over 200 set/reset cycles, presented using normal probability plot technique (using special coordinate system in 
which normal distribution is represented by a single straight line). Distributions of peak-to-peak fluctuation 
amplitudes over a number of cycles was found to follow the Log-Normal distribution in both LRS and HRS. 

As mentioned above, in each reset/set cycle the filament has a slightly different local 
structure and, consequently, different mean(Iread) and P-p(Iread) values. Measuring the 
distribution of mean read currents (mean(Iread)) and P-p fluctuations over the large number 
of cycles allows one to obtain a statistical distribution of the fluctuation amplitudes and to 
assess the effect of these fluctuations on the device performance and reliability. P-p 
amplitudes are shown to follow a log-normal distribution (Fig. 16), whose parameters 
depend on the operating conditions. Scaling down the filament width while reducing the 
operation currents reduces the average fluctuation amplitude. Average read currents, IHRS 
and ILRS at the same read voltage of 50 mV are naturally smaller with a narrower filament. 
The average P-p fluctuation amplitude (amplitude of read instability, while reading the 
state current in each set/reset cycle) and its dispersion values are obtained by fitting P-p 
data collected over a large number of cycles on a given device to a log-normal distribution, 
Fig. 16. These parameters define the entire distribution in both high and low resistance 
states. For successful operation of RRAM devices, the requirement is for the fluctuation 
amplitude to be less than the memory window. The average fluctuation amplitude was 
found to decrease with the reduction of the compliance current (resulting in a smaller 
filament width) proportionally along with the memory window (Fig. 18, 19). This fact is 
favorable for scaling the operating current and targeting smaller filament diameters. 

Charge transport mechanisms in the LRS and HRS are essentially different. Transport 
in the LRS is associated with metal-like conductance, while in the HRS, the current through 
the disrupted portion of the filament is supported by a trap-assisted-tunneling (TAT) 
mechanism.18 As shown in Fig. 17 (b), P-p amplitude in HRS monotonically decreases with 
the reduction of the filament diameter (Iread values reduce proportionally to the filament 
cross-section area). The read current was simulated at 50 mV read voltage using a TAT 
current model.18,45 By using a single set of the earlier reported defect (oxygen vacancies) 
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Fig. 17. (a) Schematics of TAT process in HRS: electron transport via electron capture/emission by oxygen 
vacancies in the oxide barrier layer. (b) TAT current simulations: Numbers of oxygen vacancies in the barrier 
layer, NDEF, required to support the TAT current at a given measured Iread value (after Ref. 44). 

characteristics, the HRS current was successfully reproduced in the entire range of devices 
with filaments of various sizes formed under different compliance current conditions, it 
yielded the number of traps (NDEF) needed to support the corresponding read currents. To 
evaluate the fluctuations, it was considered that the traps supporting HRS current can be 
activated/deactivated by the electron capture/emission processes. Activation/deactivation 
of traps in the current path causes fluctuations of the read current. Calculation of the 
activation/deactivation rates for N traps randomly distributed throughout the oxide barrier 
layer in the filament was done using a multi-phonon description.45 Activation/deactivation 
of any of the N traps creates 2N possible combinations of the IHRS current levels. The 
probabilities, P(s), of finding a system in any of 2N different RTN states, s={1,2, ..,2N} 
were calculated according to the probabilities of each trap being activated/deactivated. The 
dispersion of theoretically simulated IHRS current fluctuations is then calculated as: 
 

ߪ                       ൌ ඥ∑ ܲሺݏሻሺܫுோௌሺݏሻ െ ሻଶ௦ۄுோௌܫۃ  .                                       (1) 
 
The dispersion is calculated for each filament size, which depends on the used current 
compliance value. In a smaller (narrower) filament, the number of traps supporting TAT 
reduces along with the area of the barrier oxide layer. This dispersion of simulated currents 
correlates to the experimentally measured dependency of the mean value of IHRS peak-to-
peak fluctuations on the read current values (proportional to filament sizes), Fig. 18. A 
larger number of traps contribute to TAT transport in the devices with larger filament cross-
sections (i.e. formed at larger forming compliance currents).  

Accordingly, a larger number of traps can be expected to create larger fluctuations in 
the RRAM read current. The agreement between the theory and experimental data indicate 
that the origin of RTN instability in RRAM HRS is indeed electron trapping at defects in 
the oxide barrier layer.  
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Fig. 18. The P-p amplitude of HRS read current fluctuations in the filaments of different widths (as reflected by 
the read current values, Iread, measured at a fixed voltage). The distribution of P-p amplitudes measured on each 
device with a filament of a certain width over multiple set/reset cycles is fitted to a log-normal distribution. 
Symbols show average values of P-p amplitudes extracted from the fitting performed for devices with different 
filament widths. Error bars represent for each device a dispersion (one ) of the distribution of P-p amplitudes 
over multiple set/reset cycles, accordingly. Solid line represents a trend of the simulated P-p vs. the filament 
width. Insets schematically show an electron transport when activated/deactivated traps are present in narrow and 
wide filaments (after Ref. 44). 

 

Fig. 19. Symbols: The LRS P-p amplitudes of read current fluctuations (extracted following the procedure in  
Fig. 16) in devices of different filament widths (resulted in different Iread values under the same selected read 
voltage) as formed under different current compliance conditions. Each symbol corresponds to an Iread value 
averaged over 200 cycles. Error bars represent the dispersion (one ) of P-p fluctuation amplitude distribution 
over 200 cycles. Blue line represents the simulated dependence of the P-p fluctuation amplitude versus average 
read current at Vread = 50 mV, i.e., filament width. After Ref. 44. 

In the LRS, the observed RTN-type of read current fluctuations can be generated by 
the charging/discharging of defects located in the oxide surrounding the filament (inset 
schematics in Fig. 19). The LRS current was modeled accounting for a partial Coulomb-
blockade of the electron transport through the filament induced by these defects when they 
are charged by trapping injected electrons. 44 The filament section affected by the Coulomb 
blockade is located within a few Debye lengths from the filament interface with the 
surrounding oxide where the charged electron trap is located. In order to simulate the 
measured P-p trend, Fig. 19, RTN amplitudes for the filaments of different widths (that 
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correspond to Iread values shown at the x-axis in Fig. 19) were calculated as: P-p=Iread- Iread’ 
where Iread is the simulated current in the filament when the nearby oxide traps are 
discharged, while Iread’ is calculated accounting for the filament partially blockaded by an 
adjacent charged trap, by numerically solving Poisson and current continuity equations. 
LRS P-p amplitude noticeably decreases only in narrow filaments, (blue line in Fig. 19) 
when the trap effective blocking region is getting comparable to the filament cross-section. 
The measured amplitude dispersion gradually increases with the filament width. 

Summarizing, the complex multi-level RTN-like instability observed in the LRS and 
HRS read currents can be evaluated using the peak-to-peak amplitude of read current 
fluctuations as a FoM. The parameters of FoM distributions for the set of RRAM devices 
operating at various read current levels can be extracted by measuring current fluctuations 
in a statistically significant number of set/reset cycles for each device. Using the proposed 
methodology, it was demonstrated that the RTN-caused read fluctuations reduce along with 
the operation current that removes the possible obstacle for further scaling. The mechanism 
for the LRS and HRS instability is the electron trapping by oxide defects in the filament 
vicinity. 

7.   Conclusion 

Filament-based RRAM is demonstrated to have superior scalability, endurance, low power 
operation, retention, and operating speed. A challenge navigating tradeoffs between high 
density, low switching power and stability can be addressed by capitalizing on the 
developed understanding of material properties and operation conditions controlling 
performance of the crystalline HfOx-based RRAM. Optimization of grain sizes and GB 
composition enables device scaling and their operations under extremely high frequencies 
and low power consumption conditions. In particular, reducing parasitics and 
implementing compliance-free pulsed forming and switching technique provides an 
effective control over the filament resistance, and hence, operation current. Read current 
instability, manifesting itself as a random noise observed in a read current, is found to be 
caused by the electron trapping/detrapping at the defect sites in the dielectric film 
surrounding the filament; it points to the possibilities for mitigating read instability by 
reducing oxygen vacancy formation during a fabrications process, as well as adjusting cell 
operation conditions. Further optimization of RRAM materials and operating conditions 
will open the path to their implementation in exascale neuromorphic computing systems.  
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