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Abstract:  For the first step to build a thermally acceler-
ated retention test for 2D hetero-stack based non-volatile 
memory (NVM), retention test was conducted over 104 s 
at 388 K. It is revealed that the data loss of both low re-
sistance state (LRS) and high resistance state (HRS) is ac-
celerated at the high temperature, and the HRS is more 
stable than the LRS even at 388 K. In addition, the 298 K 
LRS retention characteristics are not linear against time. 
This means the linear extrapolation could not estimate 10 
years retention of 2D hetero-stack based NVM correctly. 
 

1. Introduction 

Due to the fundamental limitation of conventional Si 
based electronics, 2D materials are attracting a lot of attention 
as a candidate of next generation electronics materials. In par-
ticular, non-volatile memory (NVM) which can store the bi-
nary 0/1 data without power supply is one of the key compo-
nents of current electronics systems. Since the superior elec-
trical reliability is expected for the 2D layered structure due 
to the dangling bond free interface, 2D hetero-stack based 
NVMs have been studied and their concepts have been 
demonstrated [1-4]. However, because of the lack of system-
atic studies on the retention performance, the fundamental un-
derstanding on how 2D hetero-stack based NVM is superior 
to the conventional 3D NVM is quite limited. 

In general, 10 years retention is required for NVM. There-
fore, the stability based on the thermally accelerated retention 
test has been intensively discussed for Si system. In this study, 
for the first step to build the thermally accelerated retention 
test for 2D hetero-stack based NVM, the retention test was 
conducted at not only room temperature (298 K) but also high 
temperature (388 K) for 104 s. From the results, it is revealed 
that the data loss of both states (low resistance state: LRS / 
high resistance state: HRS) are accelerated at the high tem-
perature and the HRS is more stable than the LRS. Moreover, 
the current against time characteristics for 298 K LRS reten-
tion are not linear. This means more than one degradation 
mechanism exists in LRS retention and the liner extrapolation 
does not provide the 10 years retention correctly.  

 
2. Device Fabrication 

The schematic diagram and the optical image of 2D het-
ero-stack based NVM are shown in Fig. 1. The exfoliated 
MoS2 flake was transferred onto a SiO2 (~90 nm) / n+-Si sub-
strate as a floating gate (FG) of the 2D hetero-stack based 
NVM. The thin h-BN as a tunnel barrier and MoS2 as a chan-
nel were also mechanically exfoliated and transferred subse-
quently onto the FG MoS2 flake by dry transfer method using 
alignment system [5]. Then, the source and drain electrodes 
were patterned by electron beam lithography and Cu/Ni met-
als were deposited. The thickness of FG MoS2, h-BN and 
channel MoS2 are 34.1, 24.5 and 9.99 nm, respectively, which 
are defined by AFM. 

 

3. Non-volatile memory operation 

The Id-VBG curves of 2D hetero-stack based NVM at 298 K 
and 388 K are shown in Fig. 2. When FG is grounded during 
the Id–VBG measurement, as shown in the inset of Fig. 2, the 
size and the direction of hysteresis loop is different from those 
in the main figure. Since the small hysteresis comes from the 
orientation polarization due to the adsorbates like water, it is 
clear that the large hysteresis in the main figure (threshold 
voltage deference Vth > 30 V) attributes to the charge trap-
ping by FG MoS2. When VBG was swept from -30 V to +30 V, 
the 2D hetero-stack based NVM reached LRS at 0 V. This 
means that the potential of FG MoS2 becomes positive to en-
hance the electric field from back gate. Similarly, the 2D het-
ero-stack based NVM reached HRS at 0 V for the VBG sweep 
from +30 V to -30 V. The potential of FG MoS2 becomes 
negative to reduce the electric field from back gate. 
 
4. Retention characteristics 

The retention characteristics at 298 K and 388 K are 
shown in Fig. 3. Before the LRS retention test, VBG = -30 V 
was applied for 5 s. Similarly, before the HRS retention test, 
VBG = +30 V was applied for 5 s. The data was read as a drain 
current under VBG = 0 V and Vds = 100 mV iteratively at the 
predetermined time duration until 104 s. Figure 3(a) shows 

 
Fig. 1. (a) Schematic diagram and (b) optical image of 2D hetero-stack 

based non-volatile memory. 
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Fig. 2. Id-VBG curve of the 2D hetero-stack based non-volatile memory 

The inset shows the Id-VBG curve with grounded FG at 298 K. 
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the retention characteristics of both LRS and HRS in log scale. 
The retention characteristics of LRS and HRS are enlarged in 
linear scale in Figs. 3 (b) and (c), respectively. 

It was clearly observed that the data loss was accelerated 
at the high temperature for both states. For LRS, although the 
Id was decreased only 117 nA (9.2%) at 298 K, that was re-
duced 324 nA (27.0%) at 388 K from 10 to 104 s. For HRS, 
drain current was increased from 16.7 pA to 180.3 pA in 
388 K even though no significant current increase was ob-
served at 298 K from 10 to 104 s. It was reported that the elec-
tron was accumulated in MoS2 at high temperature by “desul-
furization” [6]. However, Id decreased by several hundred nA 
in LRS, while it increased by only less than 200 pA in HRS. 
These results show that the HRS is more stable than LRS even 
at high temperature. Therefore, in order to improve the reten-
tion characteristics of 2D hetero-stack based NVM, LRS re-
tention should be paid more attention than that of HRS. 

In addition, Figure 3(b) clearly show the LRS retention 
characteristics in 298 K are not linier against time. It suggests 
that the more than one degradation mechanism exists in 2D 
hetero-stack based NVM like Si-based flash memory [7]. 
Therefore, the linear extrapolation of retention characteristics 
is not proper to estimate the 10 years retention.  

Finally, the “data loss” in previous reports are summarized 
against time in Fig. 4. These data were obtained from charge 
trap based three terminals 2D-NVM devices. All of them are 
not extrapolated data but measured data. The “1st generation” 
refers the device structure in which 2D materials are used 
only as a channel, and the “2nd generation” refers the device 
structure in which 2D materials are used as the channel, the 
tunnel insulator and FG. For the “1st generation” data, the data 
loss is relatively large, and the variation of data is also large. 
On the other hand, the data loss is limited to around 10% for 
the “2nd generation” data at RT. Our data is reasonably good 
compared with other data. From this comparison, it can be 
considered that 2D channel itself is not sufficient to obtain the 
superior non-volatility. Therefore, 2D hetero-stack structure 
can be better choice. Since the no significant data loss is ob-
served even after 104 s by 2D hetero-stack structure, the ther-
mally accelerated retention test is highly required to accurate 
estimation of 10 years retention and discuss the degradation 
mechanism. 

 

5. Conclusions 

It is revealed that the data loss of both states is accelerated 
at 388 K and the HRS is more stable than the LRS. It is not 
correct to estimate the 10 years retention by linear extrapola-
tion because the LRS retention characteristics in 298 K is not 
linear against a time. To predict the lifetime correctly, the de-
tailed study on thermally accelerated retention test is required. 
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Fig. 3. (a) LRS and HRS retention characteristics of 2D hetero-stack based NVM. The LRS retention characteristics are enlarged in (b) and the HRS 

retention characteristics are enlarged in (c).  
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Fig. 4. The data loss of charge trap based three terminals 2D-NVM de-

vices. References are as follows. 
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