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A B S T R A C T

Resistive random-access memory (ReRAM) devices based on zinc sulfide (ZnS) were fabricated and character
ized. The devices consist of a Ti/Pt bottom electrode (BE), radio-frequency magnetron sputtered 30-nm-thick ZnS 
switching layer, and a 150-nm-thick Ag top electrode (TE). X-ray photoelectron spectroscopy (XPS) confirmed 
the chemical composition and identified intrinsic defects in ZnS, contributing to the resistive switching. Electrical 
measurements reveal stable cycling behavior, high on/off ratio (~5 × 103), excellent endurance (~2 × 103 

cycles), and good retention (~6 × 103 s) characteristics. Cycle-to-cycle and device-to-device variability analysis 
demonstrated low coefficients of variation (CVs) for resistance states and switching voltages, suggesting stable 
operation and high uniformity. The resistive switching is attributed to conductive filament (CF) formation and 
rupture driven by Ag ion migration through ZnS bulk defects. Multi-level switching was achieved by controlling 
the writing current (IW) and evaluated using bit error rate (BER) analysis. The ZnS-based ReRAM exhibited 
reliable multi-level switching characteristics up to six distinct resistance states, indicating its potential for high- 
density memory devices.

1. Introduction

Resistive random access memory (ReRAM) has emerged as one of the 
highly promising candidates for the future non-volatile memory devices 
because it offers various advantages such as high speed read and write 
[1–4], high scalability [3,4], low power consumption [1–3], compati
bility with silicon electronics technology [1,2], and multi-level infor
mation storage capabilities [4].

ReRAMs typically adopt metal-insulator-metal (MIM) structures, 
with various materials such as oxides [5–8], chalcogenides [9–12], and 
organic materials [13,14] utilized in the resistive switching layer. To 
evaluate the performance of ReRAM devices, critical parameters such as 
endurance, retention, on/off ratio, and device uniformity were consid
ered. The on/off ratio ensures a clear distinction between the high 
resistance state (HRS) and low resistance state (LRS), enabling reliable 
data storage and retrieval. Thus, high on/off ratio is essential for mini
mizing read errors and improving data integrity, contributing signifi
cantly to the overall efficiency and reliability of the device [15,16]. In 
addition, the ability to perform multi-level switching has emerged as a 
crucial performance metric for next-generation ReRAM devices. 

Multi-level switching not only enhances the capacity and spatial effi
ciency of memory devices [4,17] but also plays a vital role in achieving 
the requirements of neuromorphic computing [18,19], a rapidly 
growing field of ReRAM.

ZnS, a wide-bandgap (3.72–3.77 eV) sulfide-based chalcogenide 
material, offers notable advantages, including optical transparency in 
the visible and infrared spectral range, chemical stability, and me
chanical durability. Despite these promising properties, its application 
in the ReRAM field has been limited. Prior studies have primarily uti
lized ZnS in hybrid structures—such as ZnS–SiO2 composites [20], 
Ag-nanocluster-embedded ZnS [21] or as a shell layer in core–shell 
quantum dots (e.g., CdSe/ZnS, InP/ZnSe/ZnS) [22–24]. Consequently, 
the key performance parameters like retention, endurance, and 
multi-level switching behavior and the conductive and switching 
mechanisms in pure ZnS-based systems have not been thoroughly 
investigated, and the underlying switching mechanisms remain poorly 
understood.

This study addresses these gaps by exploring the performance of ZnS- 
based ReRAM devices. In this work, we demonstrate that a single-layer 
ZnS thin film, deposited between Ag and Pt electrodes, exhibits reliable 
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bipolar switching without requiring any additional hybridization or 
nanostructuring. The ZnS-based ReRAM device exhibits a high on/off 
ratio exceeding 5 × 103, stable endurance up to 2 × 103 cycles, and 
retention beyond 6 × 103 s. More importantly, it supports six statistically 
distinguishable resistance states, achieved by tuning the writing current 
(IW) during the SET process. The distinctiveness of these states is 
quantitatively verified using bit error rate (BER) analysis, with all 
adjacent states exhibiting BER values below 4 %, thereby confirming 
their stability and reproducibility. Despite the relatively unexplored use 
of ZnS in ReRAM, the electrical performance demonstrated here rivals or 
surpasses that of many conventional oxide- and sulfide-based ReRAM 
devicess. These findings position ZnS as a promising candidate for high- 
density multi-level memory and neuromorphic computing applications.

2. Experiments

The device fabrication process involved depositing a Ti/Pt (15/150 
nm) bottom electrode (BE) onto a Si substrate using e-beam evaporation. 

The 30-nm-thick ZnS films were then deposited at room temperature 
using radio frequency (RF) magnetron sputtering under an argon gas 
flow rate of 55 SCCM, pressure of 20 mTorr, and dc power of 60 W. X-ray 
photoelectron spectroscopy (XPS) was utilized to analyze the chemical 
composition of the deposited ZnS. A 150-nm-thick Ag top electrode (TE) 
was deposited using an electron beam evaporation method. A schematic 
diagram of the fabricated devices is shown in Fig. 1a and field emission 
scanning electron microscopy (FE-SEM) cross sectional image of Ag-ZnS- 
Pt structure is shown in Fig. 1b. The FE-SEM work at Korea Institute of 
Energy Technology (KENTECH) was supported by Center for Shared 
Research Facilities. The electrical characteristics were measured at room 
temperature and atmospheric pressure by using a Keithley 4200-SCS 
semiconductor parameter analyzer. The bias voltage was applied to 
the TE while the BE was grounded.

3. Results and discussion

XPS was utilized to analyze the chemical composition of the 

Fig. 1. (a) Schematic structure and (b) cross section image of the ZnS-based ReRAM.

Fig. 2. XPS spectra of ZnS: (a) survey of spectrum, (b) Zn2p, and (c) S2p.
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Fig. 3. Electrical characteristics of the ZnS-based ReRAM: (a) typical I-V curve, (b) endurance up to 2 × 103 cycles, and (c) retention up to 6 × 103 s.

Fig. 4. (a) Cycle-to-cycle cumulative probability of HRS and LRS, and (b) VSET and VRESET. (c) Device-to-device cumulative probability of HRS and LRS, and (d) VSET 
and VRESET, where μ is average and σ is standard deviation.
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deposited ZnS. Distinct peaks for Zn2p, O1s, C1s, and S2p are observed 
as shown in Fig. 2a, which align with the typical ZnS XPS spectra [25]. In 
Fig. 2b, the Zn2p peak is deconvoluted into a Zn2p1/2 peak (1044.6 eV) 
and a Zn2p3/2 peak (1021.6 eV). The energy difference between these 
two peaks is approximately 23 eV, which is typical for Zn2+ ions in ZnS, 
indicating the chemical state of Zn in ZnS [26]. Similarly, Fig. 2c shows 
S2p1/2 and S2p3/2 peaks at 162.8 and 161.6 eV, respectively, indicating 
the presence of sulfide (S2− ) ions [27]. Additionally, relatively small 
peaks, observed at 160.5 and 162.1 eV, which are attributed to the 
presence of defects within the ZnS [28], which can influence in forma
tion and rupture of conductive filaments. These defects serve as a 
migration site for Ag ions. The migration of Ag ions through these de
fects forms conductive filament, which play an important role in the 

state transitions of HRS and LRS in ReRAM.
The electrical characteristics of the ReRAM with 30-nm-thick ZnS are 

shown in Fig. 3. Fig. 3a illustrates the typical cycling behavior of the 
fabricated ZnS-based ReRAM. To prevent permanent breakdown during 
the SET process, the compliance current was set to be 500 μA. Fig. 3b 
shows the endurance characteristics up to 2 × 103 cycles, which were 
measured at read voltage of 0.02 V. Devices exhibit stable operation 
during cycles, with an on/off ratio of 5 × 103. Fig. 3c shows the retention 
characteristics at room temperature. Both high resistance state (HRS) 
and low resistance state (LRS) were maintained for 6 × 103 s. These 
performances demonstrate that ZnS-based ReRAM devices are prom
ising candidates for resistive switching memory devices.

To evaluate the uniformity of the ZnS-based ReRAM devices, the 
cycle-to-cycle and device-to-device variability of the HRS, LRS, VSET, 
and VRESET were analyzed using cumulative probabilities. Cycle-to-cycle 
variability is illustrated in Fig. 4a and b. Statistical analysis shows that 
the coefficients of variation (CVs) for LRS, HRS, VSET, and VRESET are 
0.16, 0.13, 0.17 and 0.98, respectively. The consistently low CVs of all 
four indicators [29] suggest low cycle-to-cycle variability, confirming 
the stable operation of the devices within the ±2 V range. To evaluate 
the device-to-device variability, CVs of LRS, HRS, VSET, and VRESET are 
also calculated, and they are found to be 0.07, 0.1, 0.08, and 0.19, 
respectively, as shown in Fig. 4c and d. It also shows low CVs, which 
indicates high uniformity between ZnS-based ReRAMs. Table 1 com
pares the on/off ratios and average switching voltages between 
sulfide-based ReRAMs with a TE consisting of Ag and recently reported 
ReRAMs. The proposed single-layer ZnS-based ReRAM exhibits a 
significantly higher on/off ratio approximately five times greater than 
other sulfide-based devices and lower switching voltages compared to 
both sulfide- and oxide-based ReRAMs. In addition, its shows competi
tive performance compared to previously reported ZnS composites or 
quantum dot ReRAMs. These results demonstrate that, even without 

Table 1 
Comparison of on/off ratio, μ(VSET), and μ(VRESET) of reported ReRAMs.

Device Structure On/off 
ratio

μ(VSET) μ(VRESET) Ref.

Ag/ZnS/Pt ~5 × 103 0.49V − 0.34V This 
work

Ag/WS2/Pt 400 3.12V − 2.93V [22]
Ag/MoS2/Pt 40 0.8V − 0.6V [12]
Ag/CoSx/Co < 103 − 1.10V 0.32V [14]
W/MoOx/MoSxOy/FTO ~200 1.06V − 2.36V [30]
Cu/BN/SiO2/Pt 60–80 ~1.3V -2V [31]
Au/Gd2O3/TiN 10 1V -2V [32]
Al/TaOx/Pt 103 2V -2V [33]
TiW/ZnS-SiO2/Cu ~102 ~0.6V ~-0.2V [20]
Ag/ZnS-Ag/ZnS/ITO ~5 × 103 0.3V − 0.15V [21]
Al/InP-ZnSe-ZnS QDs/ITO 16.6 0.73V -2V [22]
Al/PMMA/InP-ZnSe-ZnS QDs/ 

ITO
35.5 1.06V -2V [22]

Ag/ZnSe-ZnS QDs/ITO ~5 × 103 0.57V − 1.02V [23]

Fig. 5. Log(V)-Log(I) plot of (a) SET process and (b) RESET process. (c) Temperature – Resistance plot in LRS.
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hybridization or composite structures, single-layer ZnS can deliver 
competitive performance, underscoring its potential as an alternative 
material for high-performance ReRAM applications.

To investigate the conduction mechanism of ZnS-based ReRAM, the 
space-charge-limited current (SCLC) model was applied. Fig. 6a and b 
shows Log(V) –Log (I) plot of SET and RESET process. In the HRS low 
voltage region during the SET process, the slope of the I-V curve is 
approximately 1, indicating that this region follows ohmic conduction. 
In this region, the number of injected carriers is smaller than that of the 
thermally generated carriers, and the current follows the ohmic con
duction behavior. As the voltage increases to a region with a slope of 
approximately 1.4, the number of injected carriers exceeds that of the 
thermally generated carriers, but they are still insufficient to fill all the 
traps in ZnS switching layer. This region is referred to as the trap-limited 
SCLC region. At the VSET, the current suddenly increases, indicating that 
the injected carriers have filled all the traps in the material. At this point, 
the current no longer depends on traps, and this rapid increase in current 
is called trap-filled limited conduction, which transitions the device 
from HRS to LRS. In the low voltage region of LRS, the behavior of the 
device returns to ohmic conduction, similar to the LRS ohmic conduc
tion region [34,35]. In the RESET process, current exhibits a similar 
conduction behavior. These results suggest that the conduction mecha
nism of ZnS-based ReRAM is governed by ohmic conduction in the lower 
voltages and trap-limited SCLC in the higher voltages for both SET and 

RESET states, demonstrating a consistent conduction behavior 
throughout the switching process. According to these behaviors in the 
LRS and HRS, the conduction mechanisms of the ZnS-based ReRAM are 
similar with those of the other sulfide-based ReRAM devices with Ag CFs 
[9,11,36]. To verify the Ag CFs involved in the conduction mechanism, 
the resistance change with temperature in the low resistance state (LRS) 
was analyzed using the following equation: 

R(T)=R0[1+α(T − T0)] [1] 

Where R0 is the resistance at the temperature, T0, and α is the temper
ature coefficient. Fig. 5c shows the experimental data and the corre
sponding linearly fitted curve plotted on the R/R0 versus temperature 
(T) graph. It shows a slope of approximately 3.84 × 10− 3 K− 1, which 
closely matches the positive temperature coefficient of Ag [37–40]. This 
suggests that Ag conductive filaments are formed during the operation 
of the ZnS-based ReRAM. These findings confirm the migration of Ag 
cations leads to the formation of conductive paths within the ZnS 
switching layer, thereby contributing to the resistive switching 
mechanism.

Fig. 6 illustrates the switching mechanism of the ZnS-based ReRAM, 
as determined based on the conduction mechanism discussed above and 
the XPS data. Initially, in the absence of applied voltage, defects are 
observed within the bulk of ZnS, as indicated by the XPS analysis. Upon 
the application of positive bias to the TE, Ag oxidation occurs, 

Fig. 6. Schematics of the switching mechanism of ZnS-based ReRAM.
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generating Ag cations. These cations migrate via the defects within the 
bulk ZnS towards the BE, initiating the nucleation of CFs. Subsequently, 
when the positive bias reaches VSET, CFs are formed, causing a 
connection between the TE and BE and leading to the resistance 
switching from the HRS to the LRS. To return to the HRS, a V < VRESET is 
applied to the TE, causing a reduction of Ag cations in the TE-side CFs, 
resulting in a rupture of the CFs.

The multi-level switching characteristics of the ZnS-based ReRAM 
were investigated by adjusting the writing current (IW) [4,41]. Fig. 7a 
presents the I-V curves for various IW values, revealing distinctive 
resistance states at 0.2, 0.5, 1.0, 7.0, and 30 mA. Fig. 7b shows the 
dependence of RLRS and reset current (IRESET) - defined as the maximum 
current value during the reset process - on IW. As the IW increases, the 
wider CFs are formed, allowing the higher filament current. To rupture 
the expanded CFs, a higher IRESET is required during the reset process, 
which indicates that the ZnS-based ReRAM exhibits the typical 
multi-level switching behavior [42]. Although these resistance states 
were controlled by adjusting IW, each state must be verified to be stable 
and distinguishable, rather than arbitrarily induced. Fig. 7c shows that 
each resistance state maintains stable switching over 100 cycles and 
Fig. 7d confirms their long-term stability, with all six states maintaining 
their resistance values for over 3.6 × 103 s. While these results 

demonstrate stable multi-level switching, in principle, an infinite num
ber of states could be generated by continuously varying IW. However, 
increasing the number of states leads to greater overlap in resistance 
distributions, resulting in a higher BER, which reduces the distinctive
ness and reliability of each resistance state. To quantitatively evaluate 
the separability of the states, BER between each pair of adjacent resis
tance states was calculated by using the following formula: 

BER=
1
2

erfc

(
|μ1 − μ2|̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(σ2

1 + σ2
2)

√

)

[2] 

Table 2 summarizes the mean (μ), standard deviation (σ), and BER 
for the six states, defined sequentially from HRS to LRS, numbered from 
0 (HRS) to 6 (LRS at 30 mA). According to Table 2, BER between all 
adjacent states pairs is below 0.74 % Previous studies have shown that 
neuromorphic systems based on ReRAM can tolerate error probability 
up to 4 % [43,44]. Therefore, six states defined in this work are statis
tically distinguishable for muli-level operation.

Based on these results, a resistance state is considered distinct if it 
meets three criteria: BER below 4 %, endurance exceeding 100 cycles, 
and retention longer than 3.6 × 103 s. According to Table 2, Fig. 7c and 
d, six distinct states can be identified, comprising one HRS and five 
LRS’s, each corresponding to a specific IW level. These findings confirm 
that the resistance states generated by adjusting IW are electrically 
controllable and reproducible. The combination of low BER, high 
endurance, and long retention time demonstrates that the proposed ZnS- 
based ReRAM is suitable for reliable multi-level switching applications.

4. Conclusion

The ReRAM devices based on 30-nm-thick ZnS were fabricated and 
characterized, demonstrating an on/off ratio higher than 5 × 103, stable 
endurance and retention for 2 × 103 cycles and 6 × 103 s, respectively. 

Fig. 7. Multi-level switching characteristics of ZnS-based ReRAM: (a) I-V curves for the five different writing currents (IW), (b) relationship between the LRS and the 
reset current according to IW, (c) endurance characteristics of the six distinct resistance states for 100 cycles, and (d) retention characteristics of the six resistance 
states for 3.6 × 103.

Table 2 
Mean, standard deviation, and BER of six states.

State pairs μ1 μ2 σ1 σ2 BER (%)

0 ↔ 1 1.7 × 106 774.71 1.7 × 105 127.54 7.72 × 10− 28

1 ↔ 2 774.71 301.24 127.54 37.05 0.0182
2 ↔ 3 301.24 68.62 37.05 16.76 5.33 × 10− 7

3 ↔ 4 68.62 26.78 16.76 3.66 0.7372
4 ↔ 5 26.78 10.98 3.66 0.77 0.00123
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The devices exhibited consistent and stable operation with low vari
ability in resistance states and switching voltages. Ohmic conduction 
was the dominant conduction mechanism in the LRS, while the HRS 
followed a combination of ohmic and SCLC mechanisms. The resistive 
switching behavior was attributed to Ag CF formation, as supported by 
the observed defect states in ZnS and the corresponding conduction 
mechanisms. Multi-level switching capability, enabling six distinct 
resistance states, was achieved by adjusting the IW. These findings 
highlight the potential of ZnS-based ReRAM for high-density, next- 
generation memory technologies.
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