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Relationship between hydrogen diffusion
and negative-SET occurred in resistive
random access memory with inert
electrode

Check for updates

YiweiDuan 1, XudongFeng1, Yuqi Liu1,HaifengYang1, Fei Liu 1 , YuQian 1 &YintangYang 2,3

The negative-SET occurred in resistive random access memory (RRAM) leads to irreversible hard
breakdown, and it is urgent to investigate the reasons for its occurrence. In this paper, we use Pt and
Ru inert electrodes with different hydrogen diffusion coefficients to construct SiNx-based RRAM, and
the relationship between hydrogen ion movement and the occurrence of negative-SET is studied. By
analyzing the test results of current sweepmodeand fitting results of current conductionmechanisms,
we proposed that the diffusion of hydrogen ions from the switching layer to the electrode is the key
cause of the occurrence of the negative-SET process. This study suggests that the role of hydrogen
ions in the switching process should be incorporated into the RRAMmodel, and we should pay more
attention to the influenceof hydrogendiffusionon thecharacteristics ofRRAM, especially on reliability.

In the information age, there is anurgent need for newstorage hardware to
achieve efficient storage and processing of the increasing volume of
data1–3. Valence changememory (VCM), as amainstream type of resistive
random access memory (RRAM), has received extensive attention. It has
advantages of low power consumption, good scaling ability and excellent
data retention characteristics, making it a core candidate for the next
generation of storage technology4–7. According to the resistive switching
(RS) theory, a positive bias is applied to the operation electrode, anions
(such as oxygen ions and nitrogen ions) move and conductive filaments
(CFs) formed, andVCM switches from high resistance state (HRS) to low
resistance state (LRS), which is called a positive-SET. Once the negative
bias is applied to the operation electrode, the CFs broken and VCM
switches from LRS toHRS, which is called negative-RESET.VCMachieve
repeatable cycles through positive-SET and negative-RESET, which is a
prerequisite for the normal operation of VCM8. Noted that negative-SET
behavior has recently been observed in various VCM9–11. The negative-
SET of VCM means that the SET occurs again under negative voltage
(instead of the RESET process), making significant changes in current
level, leading to irreversible hard breakdown, i.e., programming failure,
which is unacceptable12,13.

At present, the research on the occurrencemechanismof negative-SET
mainly focuses on VCM with reactive electrodes. It is proposed that the
adsorption of anions by reactive electrodes leads to an increase in the

number of anion vacancies in the RS layer, making overgrowth of anion
vacancies CFs (that is, uncontrolled changes in the size and morphology of
CFs), which is the reason for the occurrence of negative-SET in VCM11,12,14.
However, whether through experiments or simulations, it is difficult to
directly observe CFs overgrowth process, leading to the discussion on the
applicability and rationality of the above theory. And due to the inert
electrode does not react with the anions, thus the VCM using inert elec-
trodes should be able to avoid the negative-SET process caused by the
overgrowth of CFs according to the above theory, however, the negative-
SET process is still observed by Wang et al. in Pt/HfOx/Pt VCM with inert
top and bottom electrodes15, indicating that above theory does indeed need
to be further refined. We investigated the papers on the causes of negative-
SET in RRAM devices, and summarized the device stacked structure, SET/
RESET voltage, forming voltage and the causes of negative-SET occurred in
the published papers, as shown in Table 1.

Hydrogen is a highly mobile and reactive species, which is difficult to
completely remove from vacuum systems and is highly soluble in many
targets used to deposition process, inevitably becoming one of the most
important impurities in VCM, and its impact on the RS process cannot be
ignored16–18. Cox et al. reported that in Ti/SiOx/Mo VCM, uncontrolled
diffusion of hydrogen ions through the Mo electrode can lead to abnormal
current fluctuations16. Wang et al. reported that introducing hydrogen ions
into W/Gd2O3/Pt VCM can passivate interface defects and significantly
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regulate theHRS current level19. The above research results indicate that the
passivation effect of hydrogenondefects could lead toa significant change in
VCM current level, while abnormal increase of current level under negative
bias is a typical feature of negative-SET. Therefore, it naturally raises the
issue whether there is a correlation between the occurrence of negative-SET
and the change in current levels caused by hydrogen passivation defects. At
present, there are no reports on this issue and relevant research is urgently
needed. A large number of studies on SiNx-based VCMhave been reported
in previous researches, showing that SiNx-based VCM have good data
storage characteristics20–22.

In this work, we use Pt and Ru inert electrodes with different
hydrogen diffusion coefficients to construct SiNx-based VCM, and the
relationship between hydrogen ion movement and the occurrence of
negative-SET is studied. A negative-SET process is observed in the Pt/
SiNx/Ru VCM. It is proposed that the diffusion of hydrogen ions from
switching layer to the electrode is the key cause of the occurrence of the
negative-SET process. Finally, a physical mechanism model of negative-
SET in VCM is proposed.

Results and discussion
Electrical characteristics and fitting results
Figure 1b shows 100 consecutive I-V cycles of the VCM after applying the
positive forming bias. During 100 cycles, the device exhibits stable bipolar
RS behaviors, and the resistance value and operating voltage fluctuates
slightly. However, after around 130 cycles, the device can not RESET under
negative bias and the current continues to increase. A similar SET process
occurred, that is, negative SET, as shown in Fig. 1c. For the analysis of the
negative-SET phenomenon from the perspective of resistance changes is
shown in Supplementary Fig. S4 in Supplemental Material. After negative-
SET, the device can not return-back toHRS again, leading to irreversible RS
behavior, which significantly affects reliability of the device. The device-to-
device variability and cycle-to-cycle variability is shown in Supplementary
Figs. S2 and S3 in Supplemental Material, respectively. For the retention
characteristics of the device is shown in Supplementary Fig. S5 in Supple-
mental Material.

In order to clearly claim the reason for the occurrence of negative SET
process, the current conduction mechanism of the negative SET process is

Table 1 | Performance comparison of different structural RRAM devices exhibiting negative-SET phenomenon

Stack Forming voltage(V) Set/Reset voltage(V) Cycle number before negative-SET
occurred

The mechanism of negative-SET
occurred

References

Ni/Ti/
Al₂O₃/p⁺Si

4.7 3.0/-2.5 32 cycles Accumulation of oxygen vacancies 11

Ti/TiO₂/Pt 1.5 0.8/-0.4 after a few switching cycles Accumulation of oxygen vacancies 12

Pt/HfOₓ/Pt 5.1 0.7/-0.6 181 cycles Accumulation of oxygen vacancies 15

ITO/MER/Al 1.7/-2.1 Accumulation of Al ion 9

Pt/SiNx/Ru 0.85/-0.8 after some switching cycles Hydrogen ion diffusion This Work

Fig. 1 | Electrical properties of Pt/SiNx/Ru. a Schematic diagram of Pt/SiNx/Ru
Valence change memory. b The 100 I-V of Pt/SiNx/Ru Valence change memory.
c I-V characteristics for negative-SET. d Current conduction mechanism fitting

results of for negative-SET process. e Ln(I) vs V1/2 re-plot between 0.2 V and 0.55 V
for negative low resistance state. f Ln(I) vs V1/2 re-plot between 0.35 V and 0.8 V for
ultra-low resistance state.
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carefully studied, as shown in Fig. 1d. Here, we refer to the resistance state
before the negative SET as the negative LRS (NLRS), and the resistance state
after the negative SET as the ultra-low resistance state (ULRS). For NLRS
and ULRS, it is found that the Ohmic conduction can be fitted well in the
lower voltage region23, and Schottky emission can be fittedwell in the higher
voltage region24. Figure 1e, f shows the linear fitting curves of Ln(I) and V1/2

of the NLRS and ULRS in the voltage range 0.2–0.55 V and 0.35–0.8 V
respectively, indicating that the current conduction within this range is
mainly based on Schottky emission25. The Schottky emission model can be
computed as26:

J ¼ A*T2 exp½�qðφB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qE=4πε0εr
p

Þ
kT

� ð1Þ

where A* is the Richardson constant,ΦB, J, E, q, ε0, and εr are the Schottky
barrier height (SBH), the current density, the electric field, the electric
charge, the permittivity of vacuum, and the relative permitti1vity,
respectively.

According to Eq. (1), intercept of Ln(I) against V1/2 relation can be
expressed as27:

b ¼ InðA*ST2Þ � qφB

kT
ð2Þ

According to Eq. (2), it can be concluded that the absolute value of the
intercept is directly proportional to SBH24. It is reported that a large number
of defects would reduce the SBH of the contact interface28. The absolute
values of the Schottky intercepts of NLRS and ULRS are 10.7 and 7.4,
respectively. FromNLRS toULRS, the absolute values of Schottky intercepts
decrease, indicating that the SBH at the Ru/SiNx interface decreases and the
number of defects increases.

To further clarify the causes of negative-SET process in Pt/SiNx/Ru
VCM, the change of current conduction mechanism of Pt/SiNx/Ru VCM
with the increase of cycle number before the occurrence of negative-SET is
studied. As shown in Fig. 2, the current conduction mechanism of the 1st
and the100th I-Vcycles is analyzed. For the1st and the100th cycles, theLRS
are fully fitted by Ohmic conduction over the full voltage range, indicating
that the Ru and Pt electrodes are connected by a complete conductive
channel in SiNx layer

29. For the 1st and the 100th cycles of HRS, when
voltage is of 0.05–0.35 V and 0.05–0.40V respectively, theHRS’s slope is ~1,
corresponding to Ohmic conduction (I∝V1). As the voltage increases to
0.40–0.45 V and 0.45–0.60 V respectively, the HRS’s slope is ~2,

corresponding toChild’s square law (I∝V2). After that, the current increases
significantly with voltage increases. The above analysis shows that the HRS
conductionmechanism of the 1st and the 100th cycles is well fitted by space
charge limited conduction (SCLC) model30.

In SCLC, VTFL is a key parameter. VTFL is defined as the voltage
required to fill the traps27. While the bias voltage reaches VTFL in the strong
injection mode, the traps get gradually saturated, resulting in a strong
increase of the number of free electrons, thus explaining the increase of the
current31.

VTFL can be computed as27:

VTFL ¼
qNtd

2

2ε
ð3Þ

where q,Nt, d, and ε is the electric charge, the defect density, the thickness of
thin films, and the static dielectric constant.

According to formula (3), the defect density in the SiNx film is pro-
portional to the VTFL value when other parameters are constant. For the 1st
and the 100th I-V cycles, the VTFL is 0.45 and 0.6 V respectively, indicating
that the defect density in SiNx film increased with the increase of cycle
number. Noted that above mentioned defects density can be understood as
the total number of defects, which contain newly formed in this cycle and
accumulated number of defects formed in previous cycles.

At the same time, we extracted the R-squared values of the fitting
process in Fig. 1e, f and Fig. 2, and summarized the results in Tables 2 and 3,
respectively. It can be seen that the R-squared values of all fitting processes
exceed 99%, further demonstrating the reliability of the fitting results.

Current sweep mode tests
Compared with voltage sweep mode, current sweep mode can accurately
capture the resistance reduction step during SETprocess, which is helpful to
understand the cause of the negative-SET32,33. Figure 3a–c shows the current
sweep test results of the 1st, 50th and 100th cycles, respectively. As shown
the blue shading in Fig. 3a, the first transition begins with a current of
5 × 10−5A, and as the current increases the voltage suddenly drops and the
resistance of device decreases. The second transition starts from the current
of 3.5 × 10−4A, and the voltage gradually decreases with current increases,
and the resistancedecreases, as shown the green shading inFig. 3a.After two
transition processes, the device remains LRS during backward sweeping,
indicating a SET process is realized successfully by current sweep mode.
With the cycle number increases, the device has only one transition process
to complete the SETprocess andmaintain a stableLRS in the 50th and100th
current sweep tests, as shown the shading in Fig. 3b, c.

In order tomore clearly show the changing trend of transitionnumber,
the transition number in SET processes for the 1st–10th, 30th–40th,
60th–70th and 90th–100th cycles are counted, as shown in Fig. 3d. The
purple ball represents the transition number for every SET processes, and
theblue star represents the average transitionnumberper tenSETprocesses.
It can be obviously observed that as the cycle number increases, the average

Fig. 2 | Linear fitting for the I-V curve. Fitting
results for the Pt/SiNx/Ru devices of a the 1st cycle,
b the 100th cycles.

Table 2 | The R-square values of the fitting process in Fig. 1e, f

Resistive state NLRS ULRS

Voltage −0.2 V→−0.55 V −0.35 V→−0.8 V

R-squared values 0.99756 0.99679
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transitionnumber gradually decreases. It is reported that under the actionof
electrical stress and thermal stress, the original bonding state changes in RS
layer, leading to defects that constitute conductive filaments (CFs) formed
during the set process, and formationprocess of thesedefects is related to the
transition stepsobservedduring the set process, that is, themore thenumber
of defects formed in each set process, the greater the number of
transitions34,35. Thus, as the cycle number increases, thenumberof transition
steps decreases, showing that as the cycle number increases, the number of
newly formed defects in RS layer during each SET process (due to bonding
state changed) decreases.

For SiNx-based VCM, Si-dangling bonds (Si-DBs) are the major
defects for the composition of CFs36,37. In our previous research, we pro-
posed that the origin of Si-DBs is caused by the initial formation during the
SiNx film deposition process and the broken of Si-N bond during the RS
process (the brokenof the Si-Nbondswould lead to the formation of Si-DBs
and the directional migration of nitrogen ions, resulting in a change in the
resistance state of SiNx-based VCM)38,39. For Pt/SiNx/Ru structure devices,
Pt and Ru electrodes are inert electrodes, which only have the ability to
electrical conductivity but do not have the nitrogen ions accommodation
and adsorption ability. Therefore, the number of nitrogen ions in the SiNx

RS layer is constant, i.e., the migration of nitrogen ions can cause the
movement of Si-DBs, but does not produce new Si-DBs defects. However,
this is contrary to the above experimental analysis results, suggesting that
there may be other ways for Si-DBs defects formation in addition to Si-N
bonds broken.

Fourier transform infrared spectroscopy tests
The configuration of SiNx thin film is examined using Fourier transform
infrared (FTIR) spectroscopy, as shown in Fig. 4. The absorption bands at

763 cm−1 and 2139 cm−1 correspond to the Si-N stretching and Si-H
stretching, respectively20. It can be found that the peak of Si-N bonds is the
strongest, indicating that themain component of the SiNx film is composed
of Si-N bonds. Moreover, Si-H bonds can also be clearly observed due to
hydrogenation, indicating that hydrogen is present in SiNx film. The pre-
paration of SiNx films using the PECVD process inevitably introduces
hydrogen, which has been reported by many researchers40–42.The bond
energies of the Si-N and Si-H are 3.7 eV and 3.0 eV, respectively43. Com-
pared to bond energies of the Si-N, the smaller bond energies of Si-Hmakes
it more easier to break and release hydrogen ions to participate in the RS
process under the actionof electric and thermalfields.That is to say, after the
depositionprocess of SiNxfilms is completed, the Si-DBsdefects in SiNxfilm
might be formed by the following process: the Si-N bonds and Si-H bonds
broken, leading to themovementofnitrogenandhydrogen ions,making the
Si-DBs defects formed.

Construction of physical mechanism model
Based on the above analysis, a physical mechanism model of negative-SET
in SiNx-basedVCM is proposed, as shown in Fig. 5. Jiang et al proposed that
introduction of hydrogen in Al/a-SiNx:H/p+ -Si to control the Si-DBs CFs
formation, which is conducive to obtaining ultra-low power SiNx-based
RRAM20. Besides, due to the high diffusivity of hydrogen in metals,
hydrogen in the environment can enter the RS layer through the electrode,
causing significant changes in the RS characteristics of RRAM,which is why
RRAM is recommended as hydrogen sensors44. According to the above
analysis and experimental results, we propose that in SiNx-based VCM,
nitrogen ions, as the main ions, dominate the RS process, while hydrogen
ions, as the key ions, are responsible for the occurrence of negative-SET.
During the forming process with positive bias, Si-DBs defects formed by the

Fig. 3 | The current sweep mode test results of the
Pt/SiNx/Ru device. The current sweep mode test
results of a the 1st, b the 50th, c the 100th. d Statistics
on the transition number during 100 cycles. Error
bars are generated from the standard deviation.

Table 3 | The R-square value of the fitting process in Fig. 2

Cycle The 1st I-V The 100th I-V

Resistive state LRS HRS LRS HRS

Voltage 0.05 V→ 0.7 V 0.05 V→ 0.35 V 0.4 V→ 0.45 V 0.05 V→ 0.7 V 0.05 V→ 0.4 V 0.45 V→ 0.6 V

R-squared values 0.99959 0.99980 1 0.99975 0.99435 0.99042
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broken of Si-N bonds and Si-H bonds, moving toward the Pt bottom
electrode under the action of electric field, and a conical CF formed. At this
time, the RS processes are controlled by the tip of CFs, and the Ru electrode
is operation electrode, as shown in Fig. 5a.

Due to the inertivity of the electrode, the migration of nitrogen ions in
SiNx film can not produce new Si-DBs with the cycle number increases.
Some hydrogen ions, which formed by Si-H bonds broken, could enter into
the electrode under the action of electric field and continue to diffuse,
resulting in adecrease in thehydrogen ionsnumber inSiNxfilm, as shown in
Fig. 5b. Therefore, with the cycle number increases, Si-H bonds are replaced
by Si-DBs defects in SiNx films, resulting in an increase in the number of
Si-DBs defects (corresponding to the analysis results of Fig. 2). Mor-
eover, due to the partial hydrogen ions entering the electrode, the number of
Si-H bondswithin the SiNx film decreases,making the number of transition
steps related to Si-H bonds broken (bonding state changed) during SET
process is reducedwith cycles increase (corresponding to the analysis results
of Fig. 3).

When negative-SET occurs, hydrogen ions at the Ru/SiNx interface
layer enter into the Ru electrode under the action of negative electric field,
reaching a critical value, which significantly changes the properties of the
Ru/SiNx interface layer and reduces the SBH at the Ru/SiNx interface layer,
resulting in a sharp increase in current and the occurrence of negative-SET,
as shown in Fig. 5c. In a word, RS behavior is caused by the movement of
nitrogen and hydrogen ions in SiNx-basedRRAMdevices, and the diffusion
of hydrogen ions through the electrode is responsible for negative-SET.

The Secondary Ion Mass Spectrometry (SIMS) results of the Pt/SiNx/Ru
device without voltage applied and after Negative-Set occurred is shown in
Supplementary Fig. S6 in Supplemental Material.

The abovemodel is verified by applying negative forming voltage to Pt/
SiNx/Rudevice, as shown inFig. 6.During the formingprocesswithnegative
voltage applied, the device’s current suddenly increases when the voltage is
around −0.8 V, indicating that the forming process is completed; when a
positive voltage is applied, the device current increases further as the voltage
increases, as shown in Fig. 6a. This indicates that Pt/SiNx/Ru device using
negative forming voltage cannot complete the normal RS cycles, which has
also been observed in our previous research on Pt/AlOxNy/Ta devices with
negative forming process45. It is reported that the CFs’s shape and operation
electrode can be controlled by changing forming voltage polarity46. Thus, an
inverted conical CFs formed during the negative forming process, and the
operation electrode is Pt electrode, as shown in Fig. 6b. Compared with Ru,
Pt has stronger inertness, making it easier to form thicker CFs in forming
process, leading to the CFs is not easily broken, which might be the reason
whynormal RS cannot occur.Noted that Pt has a higher hydrogen diffusion
coefficient than Ru47,48. When the positive voltage is applied, hydrogen ions
formed by the broken of the Si-H bonds are more easier to enter into the Pt
electrode, making the number of Si-DBs defects in SiNx film is further
increased, resulting in stronger CFs formed and a higher current level.
Whenpositive voltages of 1.5 V, 1.8 V, 2.1 V, and 2.4 Vare applied (after the
negative forming is completed), the variation of the current level is shown in
Fig. 6c, d. As applied voltage increases, the current level increases, which
maybe due to the fact that as the voltage increases, a larger electricfield force
causesmore Si-H bonds broken,makingmore hydrogen ions enter into the
Pt electrode andmore Si-DBs formed inside SiNxfilm, leading to the current
level increases. The above experimental results verify the accuracy of pro-
posed physical model.

The switching characteristics for SiNx-based RRAMwith differ-
ent top electrode
To verify the above conclusions, keeping the Pt bottom electrode and the
SiNx resistive switching layer unchanged, we selected Ti as the top electrode
to analyze the electrical characteristics of Pt/SiNx/Ti device. Figure 7a, b
shows the I-V characteristics and endurance characteristics of Pt/SiNx/Ti
device. We can see that Pt/SiNx/Ti device can perform stable bipolar
resistive switching and execute more than 300 I-V cycles; as the number of
cycles increases, the LRS value gradually increases, and after 300 cycles, its
LRS value is almost the same as theHRS value, indicating that the device no
longer has resistive switching characteristics. In our previous research, itwas
pointed out that Ti, as an electrode with nitrogen adsorption ability,
inevitably forms a TiNx layer between SiNx and Ti layer, which is the reason
why the LRS value of the Pt/SiNx/Ti device increases with the increase in
cycles; the TiNx layer spontaneously formed after completion of the device
fabrication process, and its thickness and composition could change as the
number of cycles increases49. The hydrogen diffusion coefficient of TiNx is
much lower thanRu48,50, whichmaybe the reasonwhy thePt/SiNx/Ti device
did not occur negative-SET.

Fig. 5 | Models for the switching mechanism.
a Formation of conductive filaments. b After some
cycles, a small amount of hydrogen ions present in
the Ru electrode. c After Negative-SET, a large
number of hydrogen ions present in the Ru
electrode.

Fig. 4 | Fourier transform infrared spectroscopy of SiNx films. The absorption
bands at 763 cm−1 and 2139 cm−1 correspond to the Si-N stretching and Si-H
stretching, respectively.
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To further verify this experimental result, we usedTiNx as the insertion
layer and prepared a Pt/SiNx/TiNx/Ta device. The I-V and endurance
characteristics of the Pt/SiNx/TiNx/Ta device are shown in Fig.7c, d. This
device did not occur negative-SET for more than 10,000 cycles and main-
tained stable switching, further proving that the low hydrogen diffusion
coefficient of TiNx may contribute to the improvement of the reliability of
VCM devices.

Conclusions
In summary, the negative-SET process has been investigated in Pt/SiNx/Ru
devices. A negative-SET process is observed after some normal RS cycles in
Pt/SiNx/Ru devices with positive forming process. By current sweep tests
and the analysis of current conduction mechanism, it is believed that the
diffusion of hydrogen ions from RS layer to the electrode is the key reason
for the occurrence of negative-SET. This study suggests that the role of

Fig. 7 | 100 consecutive cycles and endurance test
results of Pt/SiNx/Ti device and Pt/SiNx/TiNx/Ta
device. a 100 consecutive cycles and b endurance
test of Pt/SiNx/Ti device. c 100 consecutive cycles
and d endurance test of Pt/SiNx/TiNx/Ta device.

Fig. 6 | Electrical properties of Pt/SiNx/Ru devices
applying a negative forming voltage. a I-V char-
acteristics of Pt/SiNx/Ru Valence change memory
with negative forming process. bModels for con-
ductive filaments formed when negative forming
voltage applied. c I-V curves with positive stop
voltages of 1.5 V, 1.8 V, 2.1 V, and 2.4 V. d Enlarged
view of ultra-low resistance state for (c).
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hydrogen ions in the RS process should be incorporated into the RRAM
model, and we should pay more attention to the influence of hydrogen
diffusion on the characteristics of VCM, especially on reliability, which
provide ideas for improving the reliability by regulating the hydrogen dif-
fusion coefficient of the electrode.

Methods
Device fabrication and characterization
The schematic diagrams of Pt/SiNx/Ru VCM is shown in Fig. 1a. For the
sample preparation, a 20-nm Ti adhesion layer and a 100-nm Pt bottom
electrode (BE) were deposited on the SiO2/Si (300 nm/500μm) substrate by
DC sputtering at room temperature. Then, 15-nm SiNx films as switching
layer were deposited through PECVD using SiH4 and NH3 as the reaction
gases. Final, a 20-nm Ru top electrode (TE) was deposited on SiNx films by
DC sputtering at room temperature. The top-view image of the Scanning
electron microscope (SEM) and the cross-sectional image of the Trans-
mission electron microscope (TEM) of the Pt/SiNx/Ru VCM is shown in
Supplementary Fig. S1 in Supplemental Material.

Device electrical and materials tests
In the test of the Pt/SiNx/Ru device, ground the Pt electrode and set the Ru
electrode as the operation electrode. Electrical properties were measured
using a Keysight B2901b. Fourier transform infrared spectroscopy was
measured usingBRUKERVERTEX70v. The Scanning electronmicroscope
wasmeasured usingHitachi S-4800. TheTransmission electronmicroscope
was measured using Thermo Scientific Talos F200X. The Secondary Ion
Mass Spectrometry was measured using IONTOF/M6.

Supplemental Material Scanning electron microscope (SEM) and
Transmission electron microscope (TEM) plots of Pt/SiNx/Ru, device-to-
device and cycle-to-cycle test results of Pt/SiNx/Ru, endurance and retention
test results of Pt/SiNx/Ru, resistance change of Negative-SET process, and
Secondary Ion Mass Spectrometry (SIMS) results of the Pt/SiNx/Ru device
without voltage applied and afterNegative-Set occurred are presented in the
supplemental material.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data are provided
with this paper (see Supplementary Data).
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