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ABSTRACT The resistive switching variability and reliability degradation are the two major challenges that
hinder the high-volume production of the Resistive Random Access Memory (RRAM) devices. In this work,
a 3D electrode structure engineering method is proposed. The geometric parameters defined as electrode
angle (EA), electrodes spacing (ES) and electrode trench depth (ETD) associated with the double wedge-like
electrodes of the filament-type RRAM devices are studied for the first time. Our experimental results show
that apart from the resistive switching uniformity, the reliability performance such as cycling endurance and
data retention are significantly improved for the device with small EA (90°), narrow ES (440 nm) and deep
ETD (90 nm) owing to the electric field confinement and enhancement. Thus, this new approach can be
served as a guideline for the design and optimization of the filament-type RRAM devices.

INDEX TERMS Electrode structure engineering, resistive switching uniformity, RRAM device reliability.

I. INTRODUCTION

The fourth fundamental two-terminal circuit element named
memristor has been found by Hewlett Packard labs more than
one decade ago [1]. Up to now, a wide range of applications
such as non-volatile memory [2], in-memory computing [3],
artificial neural network [4], [5], and chaotic system [6] have
been demonstrated by using memristor. Resistive Random
Access Memory (RRAM) as one type of memristor has
drawn much attention due to its fast read/write speed, low
power consumption, simple metal-insulator-metal (MIM)
device structure, and Complementary Metal Oxide Semicon-
ductor (CMOS) compatibility [7]-[9]. However, the resis-
tive switching variability which is caused by the inherently
stochastic nature of the defects generation and migration [10]
seems to be the fundamental issue of the RRAM devices
despite various techniques [11]-[20] have been implemented.
Among which the electrode structure engineering through the
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Reactive Ion Etching (RIE) process can be widely adopted
by the CMOS foundries to enhance the performance of the
filament-type RRAM devices [15], [16]. The electrode struc-
ture induced filaments confinement provides good filament
control [15] without embedding additional materials into the
RRAM stacks [11], [12] and scales the effective switching
area to several nanometers in diameter [ 16] without using the
expensive lithography process. To date, prior works [14]—[20]
have shown improvement by engineering the structure of
a single electrode. The filaments confinement can only be
achieved near the engineered electrode. Devices with both
structurally modified electrodes have not been demonstrated.
Therefore, the effects of the variation of the electrode geomet-
ric parameters on device performance have not been investi-
gated as well. Furthermore, the filaments confinement which
has been mostly explained by the models and simulation
results has yet to be proven by the microscopic images.

The Ag-based RRAM devices with planar double wedge-
like electrodes were designed and fabricated in this work.
The combination of one flat electrode with one wedge-like

VOLUME 8, 2020


https://orcid.org/0000-0003-0527-1152
https://orcid.org/0000-0002-0582-4290
https://orcid.org/0000-0003-0215-8736
https://orcid.org/0000-0002-7472-8905
https://orcid.org/0000-0002-4597-6504
https://orcid.org/0000-0003-2116-6459
https://orcid.org/0000-0002-2445-9962
https://orcid.org/0000-0002-1098-9575
https://orcid.org/0000-0001-8518-5064

J. Sun et al.: 3D Geometric Engineering of the Double Wedge-Like Electrodes

IEEE Access

(EA)

]— Electrode Trench Depth
' (ETD)

FIGURE 1. (a) 3D schematics of the fabricated RRAM device and the
planar double wedge-like electrodes with three geometric parameters.
(b) 3D schematic of the vertical double wedge-like electrodes.
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FIGURE 2. Schematics of the cross-sectional view of the device after each
fabrication process.

electrode was not studied here as many research works have
been done with similar comparison and the conclusions have
been consistent with better performance being achieved using
non-flat type electrodes. Thus, the engineering of the elec-
trode geometric parameters of both electrodes was the key
focus in this article. The 3D schematics of the fabricated
device and the planar double wedge-like electrodes with
three geometric parameters are shown in Fig. 1(a). Electrode
angle (EA) is defined as the vertex angle of the isosceles
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FIGURE 3. Bipolar I-V characteristics of the Ag/a-Si/TiN device after the
forming process. The inset shows the constant voltage forming process.

triangle within the XY plane, and it can be varied by changing
the photomask patterns (isosceles triangles) with different
vertex angles. Electrodes spacing (ES) in the Y direction is
the minimum distance between two wedge-like electrodes,
which can be adjusted by fine-tuning the photolithography
alignment process. Electrode trench depth (ETD) is equiva-
lent to the thickness of the electrode along the Z direction
and it can be modified by changing the duration of the
etch process. The improvement of the device performance
including resistive switching uniformity, cycling endurance,
and data retention was achieved by appropriate engineering
of the above electrode geometric parameters. It is noteworthy
that both wedge-like electrodes are placed side by side with
the tip to tip orientation for the ease of device fabrication
and Ag filaments observation [21], [22] as compared to the
vertical one which is shown in Fig. 1(b). The main objective
of this work is to demonstrate and validate the feasibility
of the proposed 3D electrode structure engineering method
by comparing the performance of devices with different sets
of electrode geometric parameters. The data presented here
serve as important references for the future development of
the filament type RRAM device with vertical configuration
for high-density memory application.

Il. EXPERIMENT

The Ag/a-Si/TiN RRAM device was fabricated with the fol-
lowing process steps. First, a 550 nm SiO; isolation layer
was grown on the silicon substrate by the wet oxidation
process. Then, a 300 nm a-Si layer which served as the
solid electrolyte was deposited by the Plasma Enhanced
Chemical Vapor Deposition (PECVD) at 300 °C. The inert
electrode pattern was transferred to the sample through the
i-line UV photolithography process followed by the Reactive
Ion Etch (RIE) with Cl, gas. The inert electrode trench was
filled by TiN during DC magnetron sputtering of Ti target in
the N; environment. The subsequent lift-off process ensured
only the defined electrode area was covered by TiN. Similar
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FIGURE 4. (a)-(c) 50 DC sweep cycles of I-V characteristics of devices with 150°, 120°, and 90° EA respectively. (d) The statistical distribution of
resistances in HRS and LRS for 200 DC sweep cycles for devices with different EAs.

lithography, RIE and lift-off processes were used to pat-
tern the Ag active electrode. The electron beam evaporation
was used to deposit Ag due to lower deposition rate as
compared to that of the sputtering process. A good Ag to
a-Si adhesion can be achieved with the low deposition rate.
At last, the device was N, annealed by the Rapid Thermal
Processing (RTP) at 400 °C for 600 s. The schematics of
the cross-sectional view of the device fabrication processes
are shown in Fig. 2. All electrical tests were conducted by
using the Keithley 4200 semiconductor characterization sys-
tem. The double wedge-like electrodes and the distribution
of the Ag filaments were observed by the Scanning Electron
Microscopy (SEM).

Ill. RESULTS AND DISCUSSION

Research on the electrode geometric parameters was sys-
tematically carried out. First, EA parameter was examined.
A total of five EAs namely 150°, 120°, 90°, 60°, and 30° were
designed. With fixed ETD (20 nm) and photomask pattern
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defined ES (2 wum), the actual ES measured by the SEM
for different EAs (not shown here) indicated that the devices
with EAs less than 90° suffered from serious electrode corner
shrinkage issue due to pattern dependent optical proximity
effects [23]. In other words, ES gets larger for smaller EA.
To exclude the ES variation, only the EAs of 150°, 120°,
and 90° with almost the same ES (2.6 um) were used in this
experiment. As the device dimensions are limited by the reso-
lution of the i-line UV mask aligner, the advance lithography
techniques are required for future study of the effects of the
small EAs (<90°). The inset of Fig. 3 shows the forming
process, which was conducted on the device with 120° EA by
applying a small constant voltage (1 V) to the Ag anode for
5000 s while the TiN cathode was grounded. The cell resis-
tance decreased from the initial high resistance (~10' @)
to the final low resistance (~200 €2) with a stepwise profile
owing to the gradual growth of the Ag filaments [24]. The
saturation of resistance after 2500 s indicated the cease of
filament growth, which was attributed to the reduction of the
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FIGURE 5. SEM images of the distribution of the Ag filaments right after
the cycling operation: (a) device with 150° EA; and (b) device with 90° EA.
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FIGURE 6. Proposed resistive switching models for devices (top view)
with different EAs.

EA=90° Set

voltage drop across the solid electrolyte. As shown in Fig. 3,
typical bipolar resistive switching behaviour was observed
with the set process (the increase of conductance) occurred
in the positive DC sweep (0 V—2 V) and reset process (the
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FIGURE 7. Bipolar I-V characteristics of the Ag/a-Si/TiN device after the
forming process. The inset shows the constant voltage forming process.
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FIGURE 8. Logarithmic /-V plot of the Ag/a-Si/TiN device. The linear
fittings show good agreement with space-charge-limited current (SCLC)
conduction mechanism.

decrease of conductance) occurred in the negative DC sweep
(0 V> —1.5 V). The formation and dissolution of the Ag
filaments were responsible for the resistive switching from
high resistance state (HRS) to low resistance state (LRS)
and vice versa, respectively [25]. The resistance window (the
ratio of HRS resistance to LRS resistance) read at 0.1 V
was about 13 which fulfilled the requirement for practi-
cal applications. The same test conditions of forming, set,
and reset were used to characterize the other devices with
different electrode parameters. 200 consecutive DC sweep
cycles were conducted on the aforementioned three devices
immediately after the forming process to study the resistive
switching uniformity. An obvious trend towards stable resis-
tive switching was noticed by comparing the 50 cycles of the
I-V characteristics of devices with different EAs as shown
in Fig. 4(a)-(c). The instability of the resistive switching
which was described as the abrupt current drop during the
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FIGURE 9. Data retention tests performed at room temperature for
1000 s: (a) device with 2.6 um ES; and (b) device with 440 nm ES.

reset process was significantly reduced through shrinkage of
the EAs. Since the event of the abrupt reset was random,
the cumulative probability versus resistance plot was used
to illustrate the changes. For striking comparison, only the
worse and the best data are shown in Fig. 4(d). For the device
with 150° EA, the extremely high resistances (>10% Q)
which were caused by the abrupt reset were highlighted by
yellow. The percentage was calculated to be 59% whereas
the occurrence probability of the extremely high resistances
was 0% for the device with 90° EA (the average value of
the HRS resistances was ~2.8 K2). It was assumed that
different EAs led to different resistive switching mechanisms.
To verify the assumption, SEM was used to directly observe
the distribution of the filaments. Interestingly, a clear ten-
dency of narrowing of the Ag filaments distribution along the
X direction was captured right after the cycling operation for
the above three devices. As shown in Fig. 5, with the same
magnification (x2420), the distribution of the Ag filaments
(indicated by the red bidirectional arrow) in the device with
150° EA was much broader than that of the device with
90° EA, which implied that smaller EA could provide better
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device (cross-sectional view) with shorter ES.
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FIGURE 11. The statistical distribution of resistances in HRS and LRS for
200 DC sweep cycles for devices with different ESs.

filaments confinement, thus better filaments control and
switching uniformity. To theoretically explain the phe-
nomenon, we referred to the electric field simulation works
done by other groups [15], [16], the strongest electric field
along the Y direction should be allocated at the tip region
of the double wedge-like electrodes and the electric field
strength gradually get weakened in the surrounding area
according to the contour of the electrode. It is clear that
the decreasing rate of the electric field strength is inversely
proportional to the EA. For a given voltage bias, the coverage
of the electric field which could drive the Ag ions was much
smaller in the device with a smaller EA. Therefore, electric
field confinement could be achieved by reducing the EA.
At the meantime, a smaller EA associated with a smaller
electrode tip radius also gave rise to the enhancement of
electric field [26]. To explain the huge difference between
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FIGURE 12. SEM images of the distribution of the Ag filaments right after
the cycling operation: (a) device with 2.6 xm ES; and (b) device with
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FIGURE 13. The statistical distribution of resistances in HRS and LRS for
200 DC sweep cycles for devices with different ETDs.

the Rgrs of the two devices, two resistive switching mod-
els as shown in Fig. 6 were proposed. For the device with
150° EA, multiple filaments with low Ag atom density were
formed after the set process due to distributed and weak
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FIGURE 14. SEM images of the distribution of the Ag filaments right after
the cycling operation: (a) device with 50 nm ETD; and (b) device with
90 nm ETD.

electric field. Rupture of the filaments was more likely to be
the resistive switching mechanism during the reset process.
However, the filaments formed in the device with 90° EA
were concentrated and dense owing to the confined and strong
electric field. The increasing of the Ag atom concentration in
the filaments should be the resistive switching mechanism for
the set process, and vice versa for the reset process. We also
studied the effect of EA variation on device reliability such
as data retention due to instability of the Ag filaments [27].
The same set of devices was tested at room temperature with
the application of 0.1 V read voltage for 1000 s. However,
the effect of EA variation on data retention was insignificant
based on the test results (not shown here). A plausible expla-
nation was given in the following section.

Next, the ES parameter was investigated. A 440 nm ES
was obtained by fine-tuning the UV lithography alignment
process. Both EA and ETD were fixed at 120° and 20 nm,
respectively. The forming process was found to be much
faster in the device with shorter ES. As shown in the inset
of Fig. 7, the forming process took about 100 s to change
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FIGURE 15. Data retention tests performed at room temperature for
1000 s: (a) device with 50 nm ETD; and (b) device with 90 nm ETD.

the device’s resistance from the initial state of ~800 K< to
the LRS of ~300 2. The acceleration of the forming process
was caused by the shortening of the Ag migration path and
the enhancement of the electric field. Furthermore, the set
sweep (0 V=2 V—0 V) current-voltage curve as shown in
Fig. 7 was smoother than that of Fig. 3, which indicated the
formation of more stable Ag filaments. To investigate the
current conduction mechanism, the set sweep current-voltage
curve was replotted in log-log scale with linear fittings as
shown in Fig. 8. Ohmic conduction with the slope of ~1 was
demonstrated in the LRS curve. However, the HRS curve
was divided into three different segments. In the low-voltage
region, Ohmic transport with the slope of ~1 was observed
whereas the slope increased to ~2 and further rose up to
~3 in the high-voltage region, which showed good agree-
ments with space-charge-limited current (SCLC) conduction
mechanism [28]. The stability of the Ag filaments was further
verified by the data retention tests as shown in Fig. 9. As com-
pared to the device with 440 nm ES, both HRS and LRS resis-
tances of the device with 2.6 um ES were increasing, which
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FIGURE 16. Proposed model for the formation of stable filaments in the
device (cross-sectional view) with deeper ETD.

led to the shrinkage of the resistance window from ~11 to ~2.
The drifting of the resistances suggested the dissolution of the
Ag filaments and the dissolution rate was highly dependent
on the width of the filaments [29]. To acquire better data
retention, wider filaments width was required. For this case
(planar device), the length of the filament was along the
Y direction and the width of the filament was along the
Z direction. A model as shown in Fig. 10 was proposed to
illustrate the improvement of data retention. It was worth
noting that the actual angle formed between the trench base
and the trench sidewall was not 90° due to the lateral etch-
ing effect. The electric field became weak as it went deep
along the Z direction because of the slanted sidewall profile.
Since the stronger electric field was induced in device with
narrower ES, Ag atoms located below the electrode surface
could participate in the process of filaments formation, which
resulted in filaments with the wider diameter. In the previous
section, although the electric field was enhanced by reducing
the EA, the electric field strength might not be sufficient to
drive the Ag atoms beneath the surface as the bulk migration
was more resistive than the surface migration. It is speculated
that the small EAs (<90°) could further improve both the
switching uniformity and data retention. Similarly, the resis-
tive switching uniformity test was carried out for the two
devices. As shown in Fig. 11, the occurrence probability of
the extremely high resistances was reduced from 6.5% to 0%
by narrowing the ES from 2.6 um to 440 nm. Once again,
the improved resistive switching uniformity was attributed
to the confined distribution of the Ag filaments as shown
in Fig. 12. The relatively dark rectangle appeared in Fig. 12(b)
was caused by the enhanced electron charging effect during
the focus tuning process within a small rectangular area
which was defined by the SEM user, and the distribution
of the filaments was not affected by the electron irradiation.
The rapid formation of the Ag filaments in the centre of the
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FIGURE 17. Endurance tests performed with more than 200 consecutive
DC sweep cycles: (a) device with 1.3 um ES; and (b) device with 672 nm
ES.

device with short ES eliminated the growth of the surrounding
filaments due to reduction of the voltage drop across the solid
electrolyte. The reliability data of the submicron-scale device
with Ag electrode and a-Si solid electrolyte [30], [31] were
demonstrated. However, the device performance was limited
by the ES, which was limited by the resolution of the i-line
UV mask aligner. Based on the promising data shown by
other references in [32]-[34], the vertical cell configuration
could provide an easy way to achieve nanometer-scale ES
with better results.

Finally, the ETD parameter was studied. A total of three
ETDs of 20 nm, 50 nm, and 90 nm were attained through
tuning of the a-Si RIE etching time. As lateral etching was
inevitable, the ES parameter also played a part in the course
of ETD engineering. SEM measurements (not shown here)
indicated that ES decreased from 2.6 um to 1.9 um and then
1.3 um with increasing ETD from 20 nm to 50 nm and then
90 nm, respectively. EA was fixed at 150°. A trend towards
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FIGURE 18. Data retention tests performed at room temperature for more
than 1000 s: (a) device with 1.3 xm ES; and (b) device with 672 nm ES.

(c) For the device with 672nm ES, further data retention test was
conducted at elevated temperature for 105 s.

better resistive switching uniformity and data retention was
observed. To avoid showing duplication, data collected from
the device with 20 nm ETD is not shown here. The plot
of cumulative probability versus resistances for two devices
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1000

with different ETDs is shown in Fig. 13. The occurrence prob-
ability of the extremely high resistances decreased from 16%
to 0% by increasing ETD from 50 nm to 90 nm. The same
argument can be used to explain the improvement of resistive
switching uniformity as a result of the ES reduction. SEM
images as shown in Fig. 14 support the argument. As shown
in Fig. 15(b), no up-drifting trend was observed for both HRS
and LRS resistances during the data retention test period. The
degradation of the resistances shown in Fig. 15(a) could be
explained by the model proposed in Fig. 16. With thicker
Ag electrode and electric field enhancement, more Ag atoms
located in the deeper region could take part in the filaments
formation process, which resulted in thicker filaments.

To further check the device reliability performance, both
the cycling endurance and the data retention tests were
carried out at room temperature with more cycles and
longer duration, respectively. As shown in Fig. 17 and
Fig. 18(a) and (b), both the cycling endurance and the data
retention failures occurred earlier in the reference device with
90° EA, 1.3 um ES, and 90 nm ETD. For the device with
672 nm ES, although the HRS and LRS resistances were
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drifting up, no set/reset failure was observed after 600 con-
secutive DC sweep cycles. Furthermore, no significant sign
of the resistance degradation was observed after 107 s data
retention test. The data retention test was also performed at
an elevated temperature. The resistance states were main-
tained at 85 °C for 10° s without any degradation as shown
in Fig. 18(c). With the improved reliability, the multilevel cell
operation was investigated in device with 90° EA, 672 nm ES,
and 90 nm ETD as well. Three different LRS resistances were
achieved by varying the set compliance current (CC) from
5 mA to 1 mA, while the HRS resistances were retained at
~4 K€ by fixing the reset stop voltage to —1.5 V. The stable
cycling endurance and data retention of the four-level cell are
shown in Fig. 19(a) and (b), respectively.

IV. CONCLUSION

In summary, the Ag-based RRAM device with planar dou-
ble wedge-like electrodes was successfully fabricated and
characterized for the first time. The device with small EA,
narrow ES and deep ETD exhibited better resistive switching
uniformity, cycling endurance, and data retention thanks to
the electric field confinement and enhancement. Moreover,
no tradeoffs between the performance indices have been
demonstrated during the electrode structure engineering pro-
cess. It is believed that the 3D electrode structure engineering
method discussed in this work will pave the way for perfor-
mance improvement of the filament type RRAM devices.
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