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Abstract—Given that activation energy (Ea) varies with 

temperature, the conventional temperature-accelerated life-test 
methodology is no longer adequate for evaluating the reliability of 
advanced 3-dimensional (3-D) NAND Flash memories. 
Consequently, the ability to accurately estimate device lifetime 
based on limited room-temperature data retention measurements 
has become essential for modern reliability assessment. To 
address this challenge, we present a comparative analysis of three 
distinct prediction models: linear-linear extrapolation, log-linear 
extrapolation, and log-log extrapolation. To rigorously determine 
which model offers the highest predictive capability, we collected 
one year of room-temperature data retention results from eight 
different 3-D NAND Flash types and performed extensive 
validation using physics-based modeling and large-scale datasets. 
The results confirm that log-log extrapolation model consistently 
delivers superior predictive accuracy for room-temperature data 
retention, making it the most effective approach among the 
models evaluated. 

Keywords- 3-D NAND Flash memory, life-test methodology, 
log-log extrapolation, room-temperature data retention 

 

I.  INTRODUCTION  

Driven by growing demand for enterprise cloud storage 
and artificial intelligence computing, the market for 3-D 
charge-trap (CT) NAND Flash memory has expanded 
significantly due to its ultrahigh density and low bit cost [1]–
[3]. To further enhance the storage capacity of 3-D NAND 
Flash, scaling down both the cell channel length and the inter-
gate spacing (IGS) within a NAND string is essential. 
However, such dimensional scaling introduces new reliability 
challenges. In particular, the reduction in cell size and the IGS 
region exacerbates lateral charge migration within the silicon 
nitride (SiN) charge-trap layer during data retention [4], [5], in 
addition to the conventional vertical charge loss through the 
tunnel oxide [6]–[8]. Our previous study [9] demonstrated that 
the conventionally employed high-temperature-accelerated 
methodology based on the Arrhenius equation [10], [11]—
which assumes a single dominant charge loss mechanism—is 
no longer applicable. Figure 1 shows the extracted 
characteristic retention times (τ) required to reach a specified 
criteria of Vt shift at various bake temperatures. These τ values 
are plotted as a function of the inverse absolute temperature in 
the inset of Fig. 1. The variation in dominant physical 
mechanisms across different temperature regimes results in a 
temperature-dependent Ea, which ultimately causes an 
overestimation of data retention capability when using 
simplified models. In this work, we also collected data across 
3-D NAND Flash products from multiple vendors to extract 

the characteristic retention time (τ) required to reach a certain 
raw bit error rate (RBER), and illustrated how τ varies with 
temperature. It should be noted that the trend of Ea increasing 
with temperature is a universal behavior consistently observed 
among NAND Flash devices, as indicated in Fig. 2. 

To mitigate the reliability assessment inaccuracies 
resulting from the divergence of Ea at different temperatures, 
the most accurate method for evaluating retention lifetime is to 
conduct long-term testing under the product's actual operating 
temperatures. However, performing real-time retention tests 
spanning a year or longer for each unit prior to shipment is 
impractical. Consequently, developing a reliable room-
temperature data retention prediction model with broad 

 
Fig. 1. Evolutions of Vt shift with retention time at various bake 
temperatures. Inset: A certain retention time () to a criteria of Vt shift at 
various bake temperatures (T = 25oC, 65oC, 85oC, 105oC, and 125oC). 
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Fig. 2. A certain retention time () to a criteria of raw bit error rate (RBER) 
at various bake temperatures (T = 25oC, 65oC, 85oC, 105oC, and 125oC)
among 5 distinct types of TLC NAND. 
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applicability across various NAND Flash brands is essential to 
enable accelerated testing and ensure product reliability within 
a feasible timeframe. Although various retention prediction 
models have been developed for planar multi-level-cell (MLC) 
NAND Flash over the past decade [12]–[14], and recently for 
3-D triple-level-cell (TLC) NAND [15]–[17], critical gaps 
persist. Specifically, the method proposed in [15] lacks 
empirical validation, while the approach in [16] was calibrated 
against a single NAND vendor, undermining its 
generalizability. Conversely, although [17] incorporated 
empirical data from three vendors, the resulting model suffers 
from an excessive number of fitting parameters. To address 
these limitations, this study comprehensively evaluates and 
compares three distinct prediction frameworks: linear-linear, 
log-linear, and log-log extrapolation models. To verify their 
accuracy, a one-year data retention experiment was conducted 
across eight distinct types of commercial NAND Flash chips. 
Furthermore, the physical validity of these models is 
rigorously substantiated through their underlying mechanisms. 

II. NAND CHARACTERIZATION AND EXPERIMENT SETUP 

Electrical measurements were performed on five TLC and 
three different quad-level-cell (QLC) 3-D NAND Flash 
products featuring over 150 stacked layers (N > 150). All 
program, erase, and read operations were conducted in TLC or 
QLC mode. Device testing encompassed all page types—
including the least significant bit (LSB), central significant bit 
(CSB), and most significant bit (MSB) for TLC Flash, as well 

as the LSB, central least significant bit (CLSB), central most 
significant bit (CMSB), and MSB for QLC Flash—across all 
word-line layers. The RBER was evaluated by applying 7 and 
15 optimized read voltages for the TLC and QLC Flash 
memories, respectively. 

Before retention characterization, the blocks were first P/E 
cycled for 1 and 3k cycles using an incremental step pulse P/E 
scheme with random data patterns at a temperature of T = 
85oC. Subsequently, the devices were erased again, followed 
by a program operation with random data patterns at room 
temperature, and then stored for retention at 30oC or 40oC. The 
RBER was continuously monitored using an SSD-controller-
based raw NAND test platform through controller‑issued read 
operations ranging from a few days to 1 year, as shown in Fig. 
3. To reduce manufacturing-induced variability, measurements 
were performed across multiple memory blocks and dies 
within the same product. The disturbance induced by the 
applied voltages during measurements was carefully 
considered to avoid its impact on the results. 

III. RESULTS AND DISCUSSION 

A. Comparison between the 1-year retention data from actual 
measurement result and from the three prediction models 

To evaluate which prediction method provides higher 
precision, we first selected a type of TLC NAND device from 
vendor A for analysis. The one-year retention data obtained 
from empirical measurements was compared against the 
predictions of three distinct models to evaluate their accuracy. 

 
Fig. 3. Counter cumulative distribution (1-CDF) of RBER in retention at P/E 
cycle = 1 with 8 different types (5 TLC and 3 QLC) of NAND Flash. 
Retention T = 30°C or 40°C. 
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Fig. 4. Evolutions of RBER with retention time at P/E cycle = 1 and 3k 
exhibited in linear-linear scale, log-linear scale, and log-log scale. Flash type 
is TLC NAND from vendor A. 
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Fig. 4 presents the evolution of the average RBER, as well as 
the RBER at the 90th, 99th, and 99.99th percentiles, as a 
function of retention time under P/E cycle counts of 1 and 3k. 
These subfigures employ different combinations of linear and 
logarithmic axes (specifically, Fig. 4(a) and Fig. 4(b) use a 
linear–linear scale; Fig. 4(c) and Fig. 4(d) use a log–linear scale; 
and Fig. 4(e) and Fig. 4(f) use a log–log scale) to evaluate both 
the fitted trend lines and the one‑year retention extrapolation. In 
the plots, the dashed lines represent the fitted straight line, 
while the hollow markers indicate the RBER values 
extrapolated to one year of retention. As shown in Fig. 4, the 
log–log extrapolation model representations in Fig. 4(e) and 
Fig. 4(f) provide the most accurate prediction results. For the 
other two prediction approaches, the linear–linear extrapolation 
overestimates the growth of RBER, whereas the log–linear 
extrapolation underestimates it. Fig. 5 presents the one‑year 
retention and the corresponding 1‑CDF of RBER predicted by 
the three models, where the trends remain consistent with those 
observed in Fig. 4. Among the three models, the one‑year 
retention predicted by the log–log extrapolation shows the 
closest agreement with the actual data based on our 
measurement results. This conclusion is consistently observed 
across various other NAND Flash types (not shown here), 
further supporting its general applicability. 

B. Physical insight and justification of the log–log 
extrapolation 

The following discussion outlines the rationale behind using 
log-log extrapolation to provide the most accurate predictive 
performance. The data written into each memory cell were 
organized into 8 and 16 different Vt states for TLC and QLC 
Flash, respectively. The overlap between two neighboring 
states and their corresponding parameters at the beginning of 
retention (t=0) and at a specific retention time t are defined as 

illustrated in Fig. 6. RBERt was obtained by adjusting the read 
voltage to achieve the minimum bit error, namely the optimal 
read voltage, at retention time t. Following the analysis of over 
ten thousand transitions across various NAND Flash types, we 
observed that the factor (logRBERt)/wt remained almost 
unchanged during retention, as shown in Fig. 7. Since the factor 
defined in Fig. 7 does not vary with retention, the equation can 
be expressed as follows,  

୪୭୥ ோ஻ாோబ

௪బ
=  

୪୭୥ ோ஻ாோ೟

௪೟
                              (1) 

where the parameters are defined in Fig. 6, and w0 and wt 
satisfy the following relationship: 

𝑤௧ = 𝑤଴ + ∆𝑉௧,௅(𝑡) − ∆𝑉௧,ு(𝑡).                  (2) 

Furthermore, according to our previous study [9], room-
temperature retention loss in NAND Flash memory is governed 
by trapped-electron vertical loss via direct tunneling, 
irrespective of whether the devices are fresh cells or P/E-cycled. 
This physical phenomenon is typically described by the 
tunneling-front model [18], and the resulting Vt shift exhibits a 
logarithmic time dependence, as given by: 

 
Fig. 5. Measurement and 3 different predicted 1-CDF of RBER. Retention 
time is 1 year. Flash type is TLC NAND from vendor A. 
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Fig. 6. Schematic Diagram of Vt and RBER distribution at the beginning of 
retention (orange curve) and at retention time t (purple curve). w0, wt, 
Vt,L(t) and Vt,H(t), log RBERt, and log RBER0 are defined. 
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Fig. 7. Evolutions of normalized factor with retention time for several 
transitions across different NAND types. Normalized factor is defined as 
Factor (t) / Factor (0). 
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∆𝑉௧,௅(t) ∝ log 𝑡                                  (3) 

and 

∆𝑉௧,ு(t) ∝ log 𝑡 .                                (4) 

Therefore, from eq.(1) to eq.(4), the following equation can be 
derived, as 

log 𝑅𝐵𝐸𝑅௧ ∝ log 𝑡 .                              (5) 

Based on the aforementioned physical insights and justification, 
the log–log extrapolation approach given in Eq. (5) 
demonstrates the highest efficacy as a predictive model. 
Crucially, this capability extends beyond the TLC NAND Flash 
from Vendor A. By summarizing the retention results across all 
eight distinct NAND Flash devices, the log–log extrapolation 
framework is found to consistently yield predictions that 
closely align with the empirical retention data, as demonstrated 
in Fig. 8. 

IV. CONCLUSIONS 

While prior studies lacked sufficient data to evaluate 
predictive models, this work established a long-term, one-year 
retention database across multiple NAND Flash types. The 
measurement results confirm that log–log extrapolation delivers 
the most accurate prediction for room-temperature retention 
behavior. Moreover, the physical basis for the superior 
accuracy of this log–log approach is comprehensively 
explained. 
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Fig. 8. Measurement and 3 different predicted 99.99 percentile RBER with 8 
different types (5 TLC and 3 QLC) of NAND Flash. Retention time is 1 
year. 
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