i:;l?é electronics

Communication

Analysis of Influencing Factors on Multilevel Storage
Performance in Phase-Change Random Access Memory

Zhiyu Wang 1*

check for
updates

Citation: Wang, Z.; Cai, D. Analysis of
Influencing Factors on Multilevel
Storage Performance in Phase-Change
Random Access Memory. Electronics
2024, 13, 3802. https://doi.org/
10.3390/ electronics13193802

Academic Editor: Hyungjin Kim

Received: 8 September 2024
Revised: 24 September 2024
Accepted: 24 September 2024
Published: 25 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Daolin Cai %*

School of Integrated Circuits, Jiangnan University, Wuxi 214122, China
2 School of Integrated Circuits, East China Normal University, Shanghai 200241, China
*  Correspondence: 1038210117@stu.jiangnan.edu.cn (Z.W.); daolincai@ic.ecnu.edu.cn (D.C.)

Abstract: In response to the growing demand for advanced memory technologies, this study investi-
gates a 4 Mb phase-change memory (PCRAM) chip employing a carbon-doped Ge;Sb,Tes (C-GST)
dielectric material to achieve multistage storage. The Partial-RESET programming and verification
(P&V) method was utilized to effectively create intermediate-resistance states, facilitating multilevel
storage. The study focuses on optimizing the key parameters affecting the P&V method to enhance
the precision and efficiency of reaching intermediate resistance values. Through comprehensive
experimentation on the PCRAM array, this work evaluates the performance of multilevel storage,
providing insights into the potential for scalable, high-density memory applications.
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1. Introduction

Phase-change random access memory (PCRAM) is a type of semiconductor memory
that utilizes sulfur compounds, with Ge,Sb,Tes (GST) being the most representative mate-
rial. PCRAM operates by employing current pulses to generate Joule heat, which facilitates
a phase transition between crystalline (SET state, characterized by lower resistivity) and
amorphous (RESET state, characterized by higher resistivity) structures. This differen-
tial in resistance values is leveraged to encode binary data as “0” and “1”. PCRAM is
technically compatible with standard complementary metal-oxide-semiconductor (CMOS)
technology [1]. The technology offers several advantages, including high-speed opera-
tion, excellent fatigue resistance, and the capability for miniaturization at process nodes
of 22 nm and below [2-5]. Additionally, the significant resistance disparity between the
high- and low-resistance states in PCRAM suggests the potential for multilevel storage [6].
PCRAM is widely used in storage class memory (SCM), solid-state drives, and neuro-
morphic chips [7,8]. And the on—off characteristics of phase-change material can be used
in electro-optical switches like monolithically integrated silicon light-emitting devices
(LEDs) [9].

In 1995, Ovshinsky et al. [10] proposed the potential for manipulating PCRAM cells
to achieve intermediate-resistance states. In recent years, the rapid development of in-
ternet of things (IoT), cloud services, big data, and artificial intelligence applications has
significantly increased the demand for high memory density [11]. To enhance storage
capacity, innovative manufacturing techniques such as 3D stacking and multilevel cell
(MLC) design have been employed, allowing for the storage of multiple bits within a single
cell [12,13]. While multistage storage offers capacity advantages over single-stage cell tech-
nology, it is accompanied by drawbacks such as reduced battery life, as well as challenges
including resistance drift and read interference, which can compromise the reliability of
multistage devices [14]. In this work, MLC storage was implemented in a 4 Mb PCRAM
chip based on the 40 nm node. The multilevel storage mechanism of CGST PCRAM is
studied in reference [15], but the operating parameters affecting the multilevel storage

Electronics 2024, 13, 3802. https://doi.org/10.3390/ electronics13193802

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13193802
https://doi.org/10.3390/electronics13193802
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0004-8602-5598
https://doi.org/10.3390/electronics13193802
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13193802?type=check_update&version=1

Electronics 2024, 13, 3802

20f 8

of PCRAM are not studied systematically. In this paper, the operating parameters pulse
width (TRST), pulse current increase (Al), and starting current (IStart) are studied. The
parameters lay a foundation for the commercialization of PCRAM. This paper utilizes the
Partial-RESET programming and verification (P&V) method to facilitate multilevel storage
in PCRAM based on carbon-doped Ge;Sb,Tes (C-GST) dielectric material, with a particular
focus on examining the factors that affect the Partial-RESET programming approach. This
research aims to provide a foundational reference for optimizing the implementation of
multilevel storage in the future, thereby contributing to the high-density application and
commercialization of PCRAM.

2. Experimental Devices and Experimental Methods

The sample analyzed was a 4 Mb capacity PCRAM chip produced by SMIC, utilizing
a 40 nm fabrication process. Figure 1 shows the cross-section of a memory cell integrated
based on the 40 nm node. The PCRAM unit is built between CT and Metal 1 by adding only
three extra masks. The blade bottom electrode contact (BEC) acted as the heating electrode,
which was designed as a titanium nitride (TiN) blade type, characterized by a height of
100 nm and a thickness of 6 nm, with one side protected by a silicon nitride (SiN) layer.
And the typical metal-oxide semiconductor field effect transistor (MOSFET) acted as the
selector. A lance-shaped CGST film was placed above the BEC. The top and the bottom
electrode were made of metal tungsten (W) and the TiN film acted as an adhesive layer.
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Figure 1. Cross-sectional TEM image of a cell in the PCRAM chip.

In the Partial-RESET programming verification method, the initial Over-SET pulse
is maintained as a fixed parameter, with the subsequent RESET pulse parameters being
the primary focus of regulation and investigation. Three parameters were identified for
regulation: pulse width (TRST), pulse current increase (Al), and starting current (IStart).

3. Results and Discussion
3.1. Effect of TRST on Multilevel Storage

In the investigation of the effect of TRST on the programming verification method, the
IStart of the series RESET pulse was maintained at 0.2 mA, while the Al was set to 10 pA.
TRST values were varied at 25 ns, 50 ns, 100 ns, and 200 ns. The resulting programming
verification resistance—current (R-I) curve, which illustrates the variation in resistance with
respect to the RESET current, is depicted in Figure 2. Notably, despite the different TRST
values employed, the overall shape of the curve remained consistent. The resistance values
recorded at equivalent currents exhibited only minor fluctuations, and both the slope of the
curve and the rate of resistance change were nearly identical. These results suggest that the
width of the RESET pulse has a minimal effect on the characteristics of the curve within the
programming verification method.



Electronics 2024, 13, 3802

30f8

| +Tm=25ns
65p [ TSO0Ns |
| [——T_.,=100ns

——T_.,=200ns

(=]
o
—

ssfp K

sofF S N

Resistance(log)

01 02 03 04 05 06 07 08 09
Current(mA)

Figure 2. P&V curves of different TRST values.

The resistance distribution of a 1 Kb PCRAM cell was evaluated by analyzing the
resistance of the intermediate state (IStop) across various TRST values, as previously
described. The resistance distribution histogram for the “10” state, which had a resistance
value from 10° to 10°° ), is presented in Figure 3a, while the histogram for the ‘01’ state,
which had a resistance value from 10°° to 10°, is depicted in Figure 3b. In comparison to
the resistance histogram of the ‘10’ state, there is a noticeable decrease in the number of
units approaching the lower limit of the resistance range for the ‘01" state. Furthermore,
the trend of a decreasing number of units exhibits a more linear pattern as the resistance
value increases.
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Figure 3. Resistance distribution for IStop with different TRST values: (a) ‘10" state; (b) ‘01’ state.

3.2. Effect of Pulse Increase on Multilevel Storage

Al refers to the increase in pulse height of a subsequent RESET pulse in comparison to
that of the preceding RESET pulse. In this experiment, RESET Al values were established at
5uA, 10 pA, and 20 pA. The programming under these varying Al values was conducted
to assess the alterations in the R-I curve. The measured resistance curve corresponding to
the current variations is illustrated in Figure 4. As the RESET Al increased, the resistance
exhibited a more rapid increase. Specifically, the resistance changed most slowly when the
Al was set at 5 nA, while it changed most rapidly at 20 pA. As the current increased, the
resistance increased slowly, so the graph also changes from vertical to gentle. However,
R-I curves for the three increments remained consistent. A smaller Al resulted in a slower
change in resistance, which may have facilitated a more precise attainment of the target
resistance value. Conversely, a larger Al necessitated a greater number of pulses to achieve
the same resistance value, thereby prolonging the time required to reach the IStop.

The current necessary to achieve the IStop was calculated using a programming
algorithm that employed different Al values on a PCRAM unit with an array size of 1 Kb.
The results of the current distribution histogram are presented in Figure 5. In the three
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tests conducted with different Al values, the current distribution required to attain the
‘01" state was observed to be positioned to the right of the current distribution necessary
to reach the 10" state. This observation indicates that the current required to achieve
the ‘01’ state was greater than that required for the ‘10" state. Consequently, this implies
that a higher number of pulses and a longer duration were necessary, as the resistance
associated with the ‘01’ state was greater than that of the ‘10" state. Furthermore, due to
the inherent differences among storage units, the current required to reach the same state
exhibited variability, resulting in an overlap of the current distributions necessary to attain
the two IStop values. Despite the variations in Al the current required to reach the 10’ state
predominantly fell within the range of 0.41~0.51 mA, while the current required to achieve
the ‘01’ state was primarily concentrated in the range of 0.48-0.56 mA. Notably, alterations
in Al did not significantly affect the current required to reach the IStop.
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Figure 4. R-I curves under P&V method with different Al values: Al =5 pA, AT =10 pA and Al =20 pA.
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Figure 5. Current distribution required to achieve IStop with different Al values: (a) AI =5 pA;
(b) AI = 10 pA; (c) Al = 20 pA.

Two IStop values of resistance distribution were obtained through programming
verification methods utilizing Al values of 5 uA, 10 pA, and 20 pA (Figure 6). The analysis
of the test results indicates that smaller Al values yield a high success rate in achieving the
IStop of multistage storage, resulting in a more concentrated resistance distribution, which
enhances the reliability of multistage storage. However, smaller Al values also lead to
slower resistance changes. While the accuracy of achieving the IStop improves, this comes
at the cost of increased time required to reach that state. Therefore, it is essential to ensure
a high success rate for the IStop while employing appropriate Al values whenever feasible.
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Figure 6. Resistance distribution of IStop with different Al values.

3.3. Effect of IStart on Multilevel Storage

The effect of employing the Partial-RESET programming verification method with
varying IStart (R-I curve) values, which depicts the change in resistance relative to current
during the programming verification process, is presented in Figure 7. In the series of
RESET pulses, IStart values were established at 0.2 mA, 0.3 mA, 0.4 mA, 0.5 mA, and
0.6 mA. The increments of Al and TRST were maintained at 10 pA and 50 ns, respectively.
The resistance remained unchanged until the IStart reached 0.3 mA, indicating that an
IStart of 0.3 mA was functionally equivalent to that of 0.2 mA. During the transition of
the storage unit from the crystalline state to the amorphous state, variations in IStart
resulted in corresponding differences in the initial resistance values; specifically, higher
IStart values correlated with elevated initial resistance values within the programming
algorithm. However, the overall shape of the programming curve remained consistent
across different IStart values, and only a minimal portion of the RESET pulse was necessary
to mitigate the dependence of the programming curve on the IStart. This result contributes
to enhanced programming speed and a reduction in the number of pulses required to
achieve the IStop.
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Figure 7. P&V curves for different programming IStart values (AI = 10 pA, TRST = 50 ns).

In the programming verification method, after establishing the IStart and Al, the
number of programming pulses (n) necessary to achieve IStop can be calculated using
Equation (1):

n = (IStop — IStart) /Al (1)
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(a)

Based on the test results, the current necessary to attain the IStop was distributed
within a fixed range of current values. Consequently, programming time could be reduced
by adjusting the IStart in accordance with the target resistances of various IStop values.
The distribution of pulses required to achieve the ‘10" and ‘01’ states, following tests with
different IStart values on a 1 Kb storage unit array, is illustrated in Figure 8. As the IStart
increased, the number of pulses required for both IStop values decreased. Specifically,
when the IStart was set at 0.5 mA, the number of pulses needed to reach the two IStop
values was fewer than five, with the majority of storage units attaining the target resistance
value within two to three RESET pulses. Therefore, selecting an appropriate IStart can
effectively minimize the number of pulses required to reach the IStop, thereby reducing
programming time.
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Figure 8. Pulse number distribution for different IStop values with different programming IStart
values: (a) ‘10’ state; (b) ‘01’ state.

To further investigate the effects of varying the IStart on the performance of multi-
level storage, the resistance distributions obtained through the programming verification
algorithm at an IStart of 0.3 mA, 0.4 mA, and 0.5 mA are presented in Figure 9. The
resistance distributions for the ‘10" IStop under the conditions of 0.3 mA and 0.4 mA were
nearly identical. However, the resistance distribution at 0.5 mA remained within the target
resistance range but exhibited a slight rightward shift. This shift may be attributed to the
relatively high IStart, which likely resulted in an elevated initial resistance, thereby displac-
ing the overall target resistance value to a higher range. In the case of the ‘01" IStop, no
significant differences were observed in the resistance distributions across the three IStart
values. Only a slight rightward movement in the resistance distribution was noted with the
increase in IStart, which had a minimal effect on the performance and reliability of the IStop.
While a larger IStart can effectively reduce programming time, an excessively high IStart
may lead to an elevated IStop resistance value, which could compromise the reliability of
multilevel storage. Therefore, it is essential to select an appropriate IStart based on the
specific IStop, balancing the need to shorten programming time with the goal of ensuring
optimal performance in multilevel storage. The cumulative probability of about 99.5% is
insufficient, as shown in Figure 8. Increasing the number of operable cell samples and
improving resistance for the more precise control can enhance the cumulative probability.

Following a comprehensive analysis and optimization of the parameters associated
with the RESET pulse, four-state multistage storage of resistance values was attained.
The distribution of resistance across the four states, along with the necessary operating
conditions, is illustrated in Figure 10. The implementation of Over-SET and Over-RESET
pulse operations was employed to guarantee that the resistance values conformed to the
specifications for the fully crystallized ‘11’ state and the amorphous ‘00’ state.
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Figure 9. Resistance distribution of IStop with different programming IStart values: (a) ‘10 state;
(b) ‘01’ state.
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4. Conclusions

This study focused on the use of C-GST PCRAM chips fabricated on SMIC’s 40 nm
standard CMOS technology platform, investigating the key factors affecting the Partial-
RESET programming verification method. Specifically, the effects of RESET TRST, current
pulse increase, and IStart on the programming performance were examined in detail. The
results indicate that RESET TRST has a minimal effect on the programming curve, while
increasing the pulse current expedites the attainment of intermediate-resistance states
but at the cost of a reduced success rate. Additionally, higher IStart values correspond
to elevated initial resistance values. By adjusting the pulse Al and IStart based on the
target intermediate resistance, the number of pulses required to achieve the IStop was
minimized, leading to a significant improvement in programming speed. This optimization
enabled reliable four-state storage in PCRAM, offering promising avenues for high-density
memory applications.
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