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ABSTRACT Fast and stable switching between states is one of the key factors for the success resistive
random access memory (RRAM) development. In an array, wide reset efficiency variation in RRAM
cells is found to link to the characteristics of its low frequency noise (LFN) in bit-cell current. Through
Monte Carlo simulation on randomly placing conductive filaments (CF), LFN characteristics correspond
to the densities of the CF in the RRAM film. Further correlations between LFN features and the reset
efficiency are found. In addition, CF topography are found to change after long term cycling tests. A trim-
ming process is proposed to minimize the impacts of stochastic CF generation, leading to increase reset

speed.

INDEX TERMS Variability, resistive random access memory, low frequency noise, Monte Carlo simulation,

conductive filament.

I. INTRODUCTION

In recent years, resistive random access memory (RRAM)
has been regarded as a promising solution with very
competitive features for meeting the needed to expanding
embedded nonvolatile storage demands [1]-[3]. With advan-
tages such as its simple structure, superior scalability and
high compatibility to CMOS processes, RRAM becomes
very competitive for various embedded non-volatile memory
applications [4]-[6]. However, variabilities from device-to-
device and between cycles have become one of the most
critical challenges in the development of RRAM as a reliable
storage medium [7]-[10].

The generation/recombination of oxygen vacancies (Vo)
occurred during set/reset operation, corresponding to the
construction/rupture conductive paths, are believed to respon-
sible for resistive switching characteristics in RRAM
film [11]-[13]. Oxygen vacancies based RRAM can be
categorized into two types based its operational model,
namely, bipolar mode and unipolar cells [14]-[16]. For
bipolar devices, positive and negative biases are applied
respectively for set and reset. It enables drift force to be
applied in opposite directions, pushing oxygen ion from and
to its source electrode [17], [18]. For unipolar RRAM, set

operations are identical with that in bipolar devices, trig-
gered by high electric field, while its reset mechanism is
believed that is attributed to Joule heating assisted diffu-
sion of oxygen ion [19]. Raised temperature as a result
of local heating enhances the diffusion of oxygen ion
and the recombination with Vo, increasing the resistance
levels [20], [21].

Stochastic process in the generation/recombination of oxy-
gen vacancies during set/reset operation, resulting in random
changes in its conductive paths, has been found as one
of root causes of RRAM variability [22]-[24]. To directly
monitor the change in CF properties in transition metal
oxide (TMO) layer, imaging tools, such as transmission elec-
tron microscopy (TEM) and atomic force microscope (AFM),
were used for detail physical analysis [25]-[28]. In addi-
tion, monitoring random telegraph noise (RTN) and LFNs
of RRAM have also been proposed as a pathway for prob-
ing the miniscule changes in the shape and distribution
of CFs [29]-[32]. In these proposed studies, properties of
defects and CFs in dielectric film are characterized by this
unique charge trapping/detrapping behavior. Numerical mod-
els to correlate noise characteristics with CF diameters has
been reported for more detail understanding of the underline
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FIGURE 1. (a) Process flow of BCRRAM in a CMOS logic process platform. (b) Composition mapping of the TMO layer, TiN/TiON/SiO, stacks sandwiched
between tungsten plug and n* diffusion region. (c) Bit map of read current in pristine state of 16 x 16 NOR type BCRRAM memory array.

sources of the change in device characteristics [30]. On
the other hand, the dependence of capture/emission time
constants on bias voltage was studied to investigate trap
location in dielectric film [31]. Models including multiple
time constants were reported to further track the shifts in
trap-sites at different stress stages [32]. Aside from anal-
ysis of properties of defects and traps in the TMO film,
RTN was also regarded as an index to examine endurance
of cells. Chai er al. provided a RTN-based technique to
monitor the spatial and energy profile of filament, which
further links set failure with trap locations and energy
level [29]. These studies have shown that RTN signals in
RRAM cells become windows for researchers to probe the
properties of CF and Vo, providing new links for in-depth
analysis.

In this study, the connections between the topographies of
CF and LFN signals are first established by Monte Carlo sim-
ulation [30]. Next, cells with different distinctive LFN signals
are categorized into several groups for analyzing the prob-
able correlations between CF topographies and reset speed.
Large variations in the reset speed from device-to-device
are addressed by a newly proposed trimming operation for
tightening the distribution. Finally, the progress of CF during
repeated set/reset cycles are investigated, giving insights into
the failure modes during cycling and methods to improve
cells” endurance levels.
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Il. DEVICE STRUCTURE

High  density contact resistive random  access
memory (CRRAM) arrays with full-compatibility to
CMOS logic processes successfully fabricated by high-k
metal gate technologies was reported [33]. In sizable
arrays, these cells subject to limitations on etching control,
therefore, are showing large variation on TMO film
thickness and quality [34], [35]. A new backfilled resistive
random access memory (BCRRAM) cell was proposed
to enhance TMO thickness control. Its added processing
step to standard CMOS logic process platform is outlined
in Figure 1(a). [36], [37] As illustrated, after transistor
fabrication and resist protection oxide (RPO) layer depo-
sition, inter layer dielectric (ILD) deposition and contact
hole etching steps follow subsequently. Instead of keeping
a remaining oxide layer in CRRAM process, complete
removal of RPO film is expected on the specifically defined
regions for BCRRAMs. Next, SiO, film is backfilled into
contact holes by PECVD. After removal of the backfilled
oxide on regular contacts, barrier layer, TiN, and tungsten
plug are formed following standard contact processing steps.
The cross-sectional TEM image with resolution 0.2 nm
and energy dispersive X-ray (EDX) based composition
maps with resolution 2 nm of BCRRAM in Figure 1(b) are
carried out by JEOL JEM-2800 transmission electron
microscopic with energy 200 keV. As can be seen, EDX
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FIGURE 2. (a) DC characteristics of forming/set/reset operations of
2 BCRRAM memory devices. (b) 10 x stable read current window by DC
set/reset sweeps under read conditions of Vg; = 0.5 V and Vy = 0.8 V.

TABLE 1. Operation conditions of forming/set/reset/LFN analysis of unipo-
lar BCRRAM devices.

Operation VwL Vs ViL Ve-sup Rate
Forming 0.6V 42V ov ov -
Set 0.6V 38V ov ov -
Reset 12V 1.6V ov ov -
Read 08V ov 05V ov --
Current sampling 0.8V 0.2V ov oV 200Hz

analysis demonstrates that 5 nm TiN barrier layer and 5 nm
Si0; dielectric film consist of a 10 nm TMO layer in the
TiN/TiON/SiO, stacks, sandwiched between a tungsten
electrode and the silicon diffusion region.

After physical analysis, electrical characterization, includ-
ing DC sweeps, current sampling tests and set/reset by AC
pulsing, are completed on a probe station through a semi-
conductor parameter analyzer and a pulse generator. With
precise control of the backfilled process, see Figure 1(c),
low initial current less than 1 nA under read conditions,
arranged in Table 1, across a 256-bit array can be achieved.
The DC sweep characteristics of forming/set/reset opera-
tion with conditions, outlined in Table 1, are depicted in
Figure 2(a). n* silicon serves as the bottom electrode with
resistivity of 0.1(2-cm). BCRRAM is an unipolar device,
which high and low resistance state are set to 1 MQ and
100 K€2, respectively. During LFN measurement, the bias
conditions is Vg, = 0.2 V, Vyw = 0.8 V at a 200 Hz sample
rate. The common p-type Si substrate for all the devices is
electrical grounded during all operations. In forming opera-
tion, lower voltage 0.6 V is applied on word line (WL) to
pass 0 V of bit line (BL) to n™ diffusion region below storage
node. When resistance switching triggered by high source
line (SL) voltage, current level is limited by the select transis-
tor in series. BCRRAM cells can repeatedly switch between
low resistance states (LRS) and high resistance states (HRS)
for 100 times by applying set/reset voltage to control the
generation/rupture of CFs, as shown in Figure 2(b).

IIl. RESET SPEED VARIATION IN BCRRAM ARRAY

To ensure stable switching between LRS/HRS, a high form-
ing voltage for creating conductive paths in TMO layer is
required. Meanwhile, high forming voltage is found to cause
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FIGURE 3. Distribution of set/reset time under different bias conditions
for cells in an array. Shorter and tighter set time is achievable while larger
device-to-device variation is found in its reset time, suggesting that the
resistance states dominate the resistance switching time.

larger variations on the resistive states [38]. The impact
of strong forming stress on cells requires careful investi-
gation to best optimize the operation procedures for a cell
array. Switching speed is one of the key performance aspects
in embedded memory applications. Time to set/reset are
obtained by adding the overall pulses that a device expe-
rienced before a switch between states occurs, where the
pulse width incrementally increases from 30 ns to 100 us.
Figure 3 comparing the distributions of the set/reset speed
from cells in an array, reveals shorter and tighter set time, on
the other hand, slower and wider reset-time spread, while SL
voltage shows little effect. Cells require exceptionally long
reset can be problematic in embedded memory application
which favor fast random access write and low power oper-
ation. In this study, we aim at finding the physical causes
for these slow cells and come up with methods to improve
their speed.

As mentioned, LFNs/RTNs are helpful techniques indi-
cating the state of Vo and CF in a TMO layer. The causes
of LFNs are different in LRS from that in HRS. In LRS,
LEN signals are generally attributed to electron trapping/de-
trapping at a defect close to the main CF. The trapped
electron create a shielding region along the conductive path,
leading to a small decrease in its read current [30], [39].
In HRS, the LFN signal is governed by one or a few elec-
trons captured by Vo in the tunneling path, resulting in the
fluctuations on its trap-assisted tunneling current [40]-[42].
Here, to clarify the variation source in reset operations, LFN
signals after forming operation and its corresponding trend
of power spectrums are compared in a series of plots in
Figure 4.

Measured LFNs in Figure 4(a) and the respective noise
spectrums in Figure 4(b) reveal that types of LFN can
be roughly categorized into Type A/Type B/Type C. As
depicted in Figure 5, devices in Type A with single
trap near the one dominant CF exhibit bi-level current
fluctuations in Figure 4(a) and two discrete current pop-
ulations in Figure 4(c), showing slope ~ —2 in its power
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FIGURE 4. Different LFN signals found in BCRRAM cells after forming

operation. (a) Read current of samples showing different kinds of LFN
signals and the corresponding (b) noise spectrums of the three type of
cells. (c) 2N current states found in three types of LFNs.

spectrum [43]-[45]. The same sample also shows sudden
reset current transition in Figure 6 [46]-[48]. Type B devices
with conductive paths affected by the multiple trapping/de-
trapping processes, hence, multiple current populations in
Figure 4(c), which also corresponds to a noise power spec-
trum’s slope of —1 [43]-[45]. Fast and anomalous switch
between current states have been investigated in previous
studies. Puglisi ef al. claim that existence of metastable
states of Vo contribute to anomalous random telegraph noise
(A-RTN) [49]. A-RTN found in their study is constituted
by fast and slow RTN. More distinct current levels are
obtained rather than a generally superposition of two-level
fluctuations. On the other hand, A-RTN with dynamic time
constant result from 2 stables state and 2 metastable states
was found by Guo et al.[50]. Anomalous current fluctuations
are believed to result from multiple traps [49]-[51]. However,
no switch in time constants and 2N current states of Type
C, shown in Figure 4(a) and (c), contradict with findings in
presented studies. Data in Figure 6 show that gradual reset
transitions in Type B and Type C can be fully explained by
existence of multiple CFs instead of multiple traps [46]-[48].
Type C cell is believed that includes multiple CFs with
interactive processes between the trap states, where Vo can
capture/emission electron from/to more than one conductive
path, leading to irregular LFNs.

Decreasing trends in noise spectrum are attribute to
larger number of CFs, which has been reported in previous
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FIGURE 5. lllustrations of the filaments and trap states in the TMO layer
of the cells in (a) Type A (b) Type B (c) Type C.
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FIGURE 6. Observation of DC sweep characteristics of 30 BCRRAM
devices. Sharp current drop probably found in Type A with one dominant
CF, but slowly reset transitions in Type B/Type C are attributed to multiple
CFs elimination process in DC reset sweeping.

TABLE 2. Types of devices are systematically classified by slopes in its noise
spectrum to correlate to their CF status.

LFN type 1/f*
Type A a>1.5
Type B 1.1>0>0.8
Type C 0.6>0>0.3

studies [43]. Noise spectrum has been used as an indica-
tor for the shapes and forms of CFs and traps in a TMO
layer [43], [44]. Further discussion of types of samples,
devices are categorized into three groups by its corresponding
LF noise spectrums, as outlined in Table 2.

To further confirm the correlation between cells with types
of LFNs and its CF topographies, a Monte Carlo simulation
for describing random trapping/de-trapping processes is con-
structed, as explained by the flow chart in Figure 7(a) [30].
The corresponding parameters used in the simulation are
listed in Table 3. As illustrated in Figure 7(b), shapes of
CF and Vo in this model are approximated as cuboid in
this simulation, but electron capture cross-sections of traps
are set to be circles with radius of Debye lengths. See in
Figure 7(b), given a device area of 50 x 50 nm?, different
size and numbers of CFs in parallel are first distributed by fit-
ting the measured I-V characteristics from BCRRAM cells.
Subsequently, oxygen vacancies with energies and screen-
ing length of capture cross-section within a given range
—0.2 eV to 0.2 eV and 5 nm to 10 nm, [29], [52] are
placed randomly within the region of interest. Once the
main parameters for CFs and Vo are defined, the proba-
bilities of trapped/detrapped are determined by Eq. (1) to
Eq. (3) [30], [53]. Here, carrier concentration in each CFs, n,
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TABLE 3. Corresponding physical parameters of low frequency noise model
and joule heating simulation.

Parameter Name Value

ler Length of CF 2~14(nm) [26]
tep Thickness of TMO layer 20 (nm)

T Capture time -

Te Emission time -

Pc Electron trapping probability -

Pe Electron detrapping probability -
Ner Number of CFs -

o Capture cross-section 5~10(nm) [52]
Er Trap energy -

Er Fermi energy level -

Er-Er Energy difference 0.2~-0.2(eV) [29]

Nk Random number -

As Screen length 3 (nm) [42]

d Distance between Vo and CF -

g Degeneracy factor -

n Carrier concentration in CF -

Vin Thermal velocity -

kg Boltzmann constant 8.6x107 (eV/K)
Per Resistivity of CF 8x10*(Qm)
Pox Resistivity of oxide 1055 (Qm) [54]
k Thermal conductivity 1.4 (W/mK) [55]

and thermal velocity, vy, and degeneracy factor, g, are
assumed to be constants. As shown in Equation (1), (2)
and Figure 7(b), Vo can capture/emission electron from/to

more than one CF. Cells with several closely placed CFs may
experience interferences between them during these random
trapping events, leading to higher capture/emission proba-
bilities. If portion of CF is shielded, see in Figure 7(c), an
increase in resistance can be described in Eq. (4) [42].
1
P. = — = Ncpnvino 6]
Tc
1 Ncpn
Po= — = SO @)
T exp[(Er — Er)/kpT]
P, > NRr (electron trapping) 3)
P. > Nr (electron detrapping)
tcr — A A
R — pcr(tcr — As) PCFAS @

125 2p— (hs —d)?
Finally, total resistance levels of 2000 sampling time
points can be obtained by putting CFs in parallel. As com-
pared in Figure 8(a), measured LFNs can be predicted by
simulation results with good agreements on different types of
cells. Correlation between number of CFs inside the RRAM
regions and types of LFN signals can be further revealed by
the simulated results summarized in Figure 9. Among cells
with single CF, higher portion of them will exhibit Type A.
On the other hand, a larger fraction of cells with more CFs
placed in TMO layer showing Type C characteristic.

With the linkage between types of LFN noises and number
of conductive paths, we try to correlate the reset efficiency
of BCRRAM cells to its LFN signals and further down to
its CF topographies. Figure 10(a) shows that cells exhibiting
Type A leads to faster reset, resulting from single conduc-
tive path. While longer reset time is found in BCRRAM
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(c) Oxygen vacancies occupied by electrons screen out part of CF, resulting
in an increase in its resistance.
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current levels in the LFNs and capture and emission times.

cells with Type C, which may be caused by the tiny CFs
in TMO layer. It is believed that the reset process in an
unipolar RRAM device is triggered by high localized heat-
ing inside conductive paths. The temperature profiles of
TMO layers with different CF densities are compared in
Figure 10(b) [56], [57]. Cells with single dominant CF leads
to higher localized temperature, hence, enabling more effi-
cient reset. On the contrary, less focus heating during reset
process in structures with multiple CFs, is expect to cause
slow reset in cells with either Type B and Type C.

IV. RESET TRIMMING SCHEME
Based on previous discussion, unnecessary CFs in BCRRAM
cells generated during stochastic forming/set process must
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FIGURE 10. (a) Reset time of cells categorized by its LFN signals.

(b) Internal temperature profiles of one dominant CF and multiple
conductive paths, where location of CFs are labelled by the white dash
lines.

be reduced for improving reset speed. In presented stud-
ies [58]-[60], stochastic Vo generation has also been found
as a critical problem to reliability and variability. Many
studies have shown the control of Vo generation to fur-
ther obtain single CF for resolving reliability and variability
issue. In reference 59, Au-tip is coated on top electrode to
concentrated electric field [59]. To confine CF growth, Pt
nanocrystal is also embedded with TiO; thin film for the
same purpose of local enhancement of electric filed [58].
Concentrated electric field at a local region for confining
Vo generations can drastically relieved variability problems.
Therefore, a new electrical treatment, named as reset trim-
ming operation, proposed in this study is necessary for
embedded BCRRAM cells to minimize multiple CFs inside
TMO layers. To eliminate redundant CFs, a new reset trim-
ming treatment with conditions, outlined in Figure 11(a), is
implemented in pristine cells after forming process to recover
them to lower read current levels, as shown in Figure 11(b).
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FIGURE 12. (a) Schematic of conductive paths under (a) reset trimming
operation and (b) set operation. (c) Simulated internal temperature under
2 V reset trimming voltage. (d) Local enhanced electric field at shortest gap
between top electrode and CF for controlling CF generations.

The change of CFs during reset trimming and the fol-
lowing set operation are illustrated in Figure 12(a) and (b),
respectively. During trimming reset, the temperature profile
derived by joule heating model is shown in Figure 12(c), oxy-
gen ions stored in the top electrode can diffuse back to anneal
out a few conductive paths at one time [20], [56], [57]. In the
subsequent set operation, based on the reported study in [59],
the electric field can be locally enhanced at the narrowest
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(b) High probability to obtain LFN of Type A in both lower LRS and HRS as
a result of fewer conductive paths inside TMO layer.

gap region, as shown in Figure 12(d), which confines Vo
generations at one location, leading to the formation of
a single conductive filament.

To investigate effectiveness of the proposed trimming
operation, number of cells with different LFNs and reset
characteristics before and after such operation are com-
pared in Figure 13(a). As result of reducing redundant CFs
inside TMO layer, larger portion of trimmed cells are show-
ing Type A, evidence to less CFs. Besides, as shown in
Figure 13(b), sharply current drops during reset process are
also obtained in trimmed cells after minimizing redundant
tiny paths [46]-[48]. As further demonstrated timing required
of first reset operations in Figure 13(c), faster reset speed is
obtained after the reset trimming treatment.

In addition to correlate to cells’” LEN characteristics, reset
operation is found to be closely linked to its LRS resistance
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state. The dependency of portion of type A device and
the cell’s reset efficiency on LRS level are summarized
in Figure 14(a). Reset efficiency are found to be inversely
proportional to its LRS level, which further support the con-
clusions that less numbers of CF improve reset performance.
While maintaining the same 10x read ratio, by targeting
a low LRS current level, more cells are expected to have
only one dominant CF, this can also help promote the reset
speed among a group of cells. On the other hand, prob-
abilities of types of LFNs of LRS in 5 uA and HRS
0.5 nA are compared in Figure 14(b). In similar scenario
with LRS, devices in HRS with only one trap with short-
est distance to electrode have higher probabilities of exhibit
Type A LFNs [44].

After obtaining suitable LRS/HRS levels with short
pulse, cycling endurance of BCRRAM is examined
through an optimized incremental step pulse programming
scheme (ISPP) [61]. Cell arrays during cycling test are mon-
itored for investigating the change in the CF topographies.
BCRRAM cells can keeps 10x read window for 1K ISPP
cycling test, as shown in Fig. 15(a). However, BCRRAM lose
their cyclabilities after several thousands of cycles. Data in
Figure 15(b), suggests that additional CFs are generated by
the set/reset stress, which leads to ultimate reset failure over
time and limits its cycling endurance. Endurance of cells,
categorized by their types of LFN after trimming, are shown
in Figure 16. Keep most of the cells with single main CFs
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FIGURE 16. Correlation between CF topologies, as categorized by their
LFN after trimming, and its maximum cycles are found in a BCRRAM array.

(Type A) during cycling operation can further enhance the
overall cyclability of the BCRRAM arrays.

V. CONCLUSION

In this study, cells in a BCRRAM array with large reset
efficiency variation are categorized into three groups by its
LFN features. These LFN features are found to be directly
correlated to the number of CFs in a TMO layer area by
Monte Carlo simulation and different kinds of reset char-
acteristics. Cells with slow resets are caused by multiple
unnecessary conductive paths generation during forming/set
operation, leading to less effective heating of CFs. Here,
a trimming operation is proposed for eliminating redundant
CFs. Finally, monitoring the stochastic Vo generation during
cycling is expected to give raise to new operational schemes
in extended cell’s cycling lifetime.
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