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Abstract 

This deliverable extends the variability modeling from deliverable D4.1 with variability and reliability data for more 

advanced technologies, more specifically FinFET transistors. As a full digital design kit is not available for the 

14nm FinFET research technology, a silicon calibrated variability and BTI reliability model is presented and applied 

to simple ring oscillator circuits. The spread on initial performance and the performance degradation over lifetime 

for 28nm planar technology and 14nm FinFET technology is compared. Finally, we show that these reliability 

effects, once characterized, can be modeled in a digital design flow using the same variability models from 

deliverable D4.1. Furthermore, we describe the characterization of static and dynamic memory cells under various 

operating conditions by following appropriately developed analysis and modeling flows. In particular, our analysis 

provides the failure rates of static random access memories under different voltages and temperatures as well as the 

retention time distribution of dynamic random access memories under various body bias conditions. Measurement 

results are also provided for a 1Kb SRAM and 2Kb DRAM array in 180nm node for verifying the simulated 

behaviours. The extracted failure rates can be used for determining the number of faults that need to be injected in 

the memory components of the developed simulator at the different operating conditions.  
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Abbreviations 

BTI Bias Temperature Instability 

CMOS Complementary Metal Oxide Semiconductor 

DIBL Drain Induced Barrier Lowering 

DRAM Dynamic Random Access Memory 

ESD Electrostatic Discharge 

HKMG High-K Metal Gate 

MOSFE

T 

Metal Oxide Semiconductor Field Effect Transistor 

NBTI Negative Bias Temperature Instability 

PBTI Positive Bias Temperature Instability 

PDK Process Development Kit 

RDF Random Dopant Fluctuations 

RO Ring Oscillator 

SRAM Static Random Access Memory 

TDDB Time Dependent Dielectric Breakdown 
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Chapter 1.  Introduction 

In deliverable D4.1, a variability modeling method has been described that allows to cope with variability in the 

digital design flow. This method was applied on 28nm planar CMOS technology. Deliverable D4.2 focuses on 

applying this model on more advanced technologies, more specifically on FinFET transistors, which are used in 

technology nodes of 14nm and smaller. Chapter 2. will focus on variability in these FinFET circuits. Because 

technology is still in active research and new materials are investigated, there is more than one device option. This 

document will focus on the most likely transistor design. As FinFETs enable shrinking the transistors even further, 

they become more sensitive to stress during operation, and reliability becomes an important design factor too: a 

transistor should not only work properly when it is produced, but also after a few years of use. Based on ring 

oscillator test circuits and BTI reliability models developed at IMEC, the variability after arbitrary periods of 

activity can be simulated. Chapter 3. shows that these reliability effects, once characterized, can be modeled in a 

digital design flow using the same variability models from Deliverable D4.1.  

Finally, Chapter 4 describes the characterization of static and dynamic memory cells which are very susceptible to 

spatial and temporal parametric variations mainly because of their reduced cell dimensions. The different nature of 

memory cells and operation principles of memory arrays require a different analysis and modeling flows which we 

also present in this report. We discuss the different types of SRAM failures and estimate the failure probability 

under various operating conditions. Measurement results on a fabricated 1kB SRAM array are also provided. 

Moreover, the retention time of DRAM cells is being analyzed and experimental results are provided for a fabricated 

2kB memory array. Note that in this chapter we also evaluate the reliability under different body bias which can be 

used as a tuning knob for obtaining the required reliability and power trade-offs.  
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Chapter 2.  Variability in FinFET circuits 

In deliverable D4.1, a variability modeling method has been described that allows to cope with variability in the 

digital design flow. This was method was applied on 28nm planar CMOS technology. This chapter focuses on 

translating this model to more advanced technology, more specifically on FinFET transistors (Nowak 2004), 

(Hisamoto 2000), which are used in technology nodes of 14nm and smaller. For this, silicon calibrated data is used 

to extrapolate the 28nm Vth spread and speed to 14nm FinFETs. Figure 1 shows a schematic representation of a 

FinFET transistor. 

2.1 FinFET: the successor of the planar MOSFET 

Transistor sizes have been steadily reduced for years, enabling Moore’s law, doubling the transistor count every 

two years (Figure 2). For decades, planar MOSFET (Metal on Silicon Field Effect Transistor) devices have been 

used shrinking in size by a factor 1.4 each 2 years, so that transistor density doubles. While in theory it is possible 

to continue reducing dimensions in planar transistors, many parasitic short channel effects would become 

increasingly worse. Many of these short channel effects have caused increased leakage problems in planar 

transistors. Switching to FinFETs makes it possible to better control leakage, in addition to improving transistor 

delays at a lower supply voltage (Subramanian 2006). There are many sources of leakage in a deeply scaled FET, 

and FinFETs help to mitigate many of them: 

 Gate leakage: Due to the very thin oxide material, less than 2 nm, charge can tunnel through the gate oxide 

and leak into the transistor’s channel. By using a gate stack with High-K materials and a Metal gate 

(HKMG), gate leakage current can be reduced dramatically. (Mistry 2007) In practice, starting at 45nm, 

 

Figure 1a. FinFET transistor. Source and Drain are in yellow, Gate is in red 
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most commercial technologies use HKMG to keep gate leakage under control. HKMGs are applied both in 

planar as in FinFET devices. 

 Subthreshold leakage: As threshold voltage and supply voltage scale down, the lower the threshold 

voltage becomes, the higher the subthreshold leakage. Effectively, the transistor cannot be turned off 

completely. Because the gate is on three sides of the channel in a FinFET, the gate has a better electrostatic 

control of the channel, leading to improved subthreshold currents in FinFETs. (Subramanian 2006). 

 Drain Induced Barrier Lowering (DIBL): In short channels, the source and drain become so close, they 

influence each other. Normally only the gate would determine if the channel is conductive. However, in 

deep sub-micron devices, the drain voltage alone is high enough, make the channel conductive, generating 

an additional leakage current. FinFETs have better DIBL performance than planar transistors (Subramanian 

2006). 

 Gate induced drain leakage: In a planar transistor, the gate normally only lies above the channel. 

However, in practice, there is always a slight overlap at the edges with source and drain. This causes a 

leakage current from gate to drain. Similar to normal gate leakage, the electrons can tunnel through the 

 

 

Figure 2. Moore’s law: transistor count doubles every 2 years 
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oxide from gate to drain. Due to the geometry of the FinFETs, the devices can more easily be optimized to 

reduce gate-drain overlap, leading to potentially lower GIDL currents. (P. a. Kerber 2013). 

Moreover, FinFETs will be used beyond 14nm and the architecture of the transistors will change significantly. 

Instead of pure silicon, more exotic materials such as SiGe (Horiguchi 2012) and InGaAs/InP (Heyns 2008) will be 

used as new gate materials. This is required because at sizes of 10nm and lower, the electron mobility of doped 

silicon is insufficient. Technology roadmap is still immature for these hybrid technologies, and as such it is hard to 

already predict the variability for 10nm or 7nm. This would require to evaluate multiple technology options, maybe 

none of which will be effectively used once the technology becomes commercially available. Therefore, in this 

deliverable we focus mostly on 14nm, where it is better defined how the transistors look and we can have a better 

view on variability and reliability (Chapter 3. The evolution from planar transistors to Si FinFETs and to high 

mobility channel FinFETs is illustrated in Figure 3. 

 

 

 (a) (b) (c) 

Figure 3. Transistor architectures: (a) Planar CMOS with High-K Metal Gate, (b) FinFET, (c) FinFET with high mobility 

channel 

 

2.2 Silicon calibrated FinFET variability data for 14nm 

Deliverable D4.1 focused on the variability models and applied them on planar 28nm technology. This section uses 

the same model, but adds silicon calibrated 14nm variability data. The test structure to characterize variability is a 

ring oscillator. (RO, see for example Figure 4). The RO is a chain of an odd number of inverters that are connected 

in a ring. This creates a feedback loop, which causes the signals in the ring to oscillate. Depending on the transistor 

sizes in the ring and the process variations, the RO will have a certain frequency. This is a simple structure, which 

is relatively easy to design and easy to analyse by measuring the frequency. Hence it is a good instrument to 

characterize technology which is still under development, where often not all design tools and models are available 

yet. 

 

Figure 4. A three stage ring osicllator. It has a frequency equal to 1/(6*inverter delay) 
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Based on silicon test wafers of imec N14 technology, SPICE models have been created for 14nm FinFETs, which 

can be used to characterize the RO and simulate them in different circumstances. In these models, the variations 

of the threshold voltage (Vth) are modeled following a normal distribution with a standard deviation σVth0 which is 

derived from Pelgrom’s mismatch formula (Pelgrom 1989): 

𝜎𝑉𝑇𝐻,0 =
𝐴𝑉𝑇

√2𝑊𝐿
 

The Pelgrom model is a widely accepted model for mismatch between MOS transistors which states that σVth0
2 is 

inversely proportional to the transistor’s area. AVT is an empirically fitted parameter based on the measurements 

done on real 14nm silicon devices. 

For a FinFET transistor, which is a 3D structure, the effective width needs to be calculated from the fin width and 

height: W = 2H + W. Taking then the minimum size transistors for each technology, and the fitted AVT parameters, 

the spread on the threshold voltage can be calculated. The parameters and the resulting spread on Vth are listed in 

Table 1. 

Table 1. Parameters for Vth variability for minimum size transistors 

for commercial 28nm and research 14nm technology 

Technology 28nm 

planar 

14nm 

FinFET 

VDD [V] 0.85 0.8 

AVT [mV.µm] 2.0 1.3 

σVth0 [mV] 14.40 11.21 

σVth0 [%] 100 78 

 

As the table shows, for 14nm FinFETs, the threshold voltage spread is lower than for 28nm planar. Based on these 

measurements and simulations, the 14nm FinFET devices have a 22% lower spread on threshold voltage. This can 

be explained by the intrinsic properties of the 3D FinFET structure (Agrawal 2013). First of all, the gate controls 

the channel on three sides instead of only on the top, which means that the gate has a better electrostatic control 

over the channel. Furthermore, the more complex structure of the FinFET makes it somewhat easier to properly 

engineer the source, drain and channel independently, where as in a planar device, source, drain and gate are very 

closely intertwined.  

At the same time, the 14nm FinFETs are faster than the 28nm planar transistors. Figure 5 shows the Vth spread and 

the average RO frequency. The average RO frequency has been derived from Monte Carlo SPICE simulations with 

Vth values based on the Vth spread. An ideal technology has the highest possible speed and no spread, so the further 

to the lower right corner of the graph, the better the technology. In practice, there will always be a trade-off between 

absolute speed and variability, but the switch to FinFET device architectures helps to improve both at the same 

time. Moving from 28nm to 14nm, the RO frequency increases from 5.24 to 5.85 GHz. (a 12% increase). 
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2.3 Conclusion 

We have in short explained FinFETs technology are and why next generation technology is adopting FinFETs as 

an alternative to planar transistors to shrink technology nodes further. Based on silicon measurements and RO 

simulations, we have shown that the time-zero process variations can be better controlled in 14nm FinFETs than in 

28nm planar technology, while still offering a decent speed increase: the spread is 22% lower while at the same 

time the devices are 12% faster, even with a lower VDD. At the same time, moving from 28nm to 14nm, the area 

decreases in line with Moore’s law. 

 

 

   

 

Figure 5. Vth spread vs RO frequency 
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Chapter 3.  Beyond time-zero variations: reliability 

3.1 Transistor reliability 

The previous chapter discussed the variability of 28nm and 14nm devices at time-zero right after fabrication. This 

is a very important design parameter, however transistors degrade over their lifetime. There are various sources of 

reliability failures in chips. Typically, most of those failures are not directly related to the transistors themselves, 

but to the metals and insulators that can break down. For example, Electromigration gradually destroys metal lines 

if the current is too high. Moreover, if the electric field through an insulator is too high, breakdown can occur to 

create erroneous conducting paths. This could happen as a single event, with a very high voltage (Electrostatic 

Discharge or ESD), or gradually, over time (Time Dependent Dielectric Breakdown, TDDB). ESD typically occurs 

during handling of the chip, when people or machines carrying a high static voltage discharge into the chip. In case 

of TDDB, a continuous high electric field gradually degrades the dielectric insulator in the chip, resulting in short 

circuit paths that appear after weeks or years of correct operation. All these effects can be managed at design time 

by imposing a set of design rules on the metal structures or by providing ESD protection circuits. 

As transistors get smaller, the gate oxide gets thinner and hence the electric field in the gate oxide increases. 

Gradually, it has come to the point where this electric field starts affecting the reliability of the transistors over time, 

an effect called Bias Temperature Instability (BTI). This chapter discusses the effect of BTI on the variability of 

28nm and 14nm devices over lifetime. First, the BTI mechanism is explained, and after that a model is applied to 

14nm and 28nm devices. Based on this model, the BTI impact is then evaluated over lifetime and compared to the 

time-zero variability. 

3.2 Bias Temperature Instability (BTI) 

Bias Temperature Instability (BTI) is a transistor aging mechanism that changes the threshold voltage over time, 

dependent on the applied stress (voltage) (Sang Phill Park and Kunhyuk Kang and Roy 2009). When this occurs in 

a PMOS transistor, it is called Negative BTI (NBTI). In an NMOS transistor, it is called Positive BTI (PBTI). It has 

been shown that BTI is caused by the trapping of charge in defects in the gate oxide and the interface between the 

gate oxide and the channel (Alam 2003). The NBTI effect, where electrons get trapped is far more pronounced than 

PBTI (where holes get trapped).  

The extent of the BTI impact is statistical by nature and depends on the following factors: 

 The presence of defects in the gate oxide, determined during production of the devices. 

 The electric field applied during lifetime. 

 The chance that charge is effectively trapped in a defect. 

 The temperature. The higher the temperature, the higher the degradation. 

BTI is the most important mechanism for Vth changes during the lifetime of a transistor and further increases the 

spread beyond of the time-zero threshold voltage spread discussed in Chapter 2.  
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3.3 BTI models for 14nm FinFETs and 28nm planar devices 

There are different ways to model BTI: micro models that model accurately the probabilistic nature of the 

phenomenon are useful for transistor level simulations. Higher level models capture the time and stress dependent 

effects by fitting them to a power law that is easier to use on high-level abstraction levels.  

3.3.1 Probabilistic micro models 

As BTI is an inherently probabilistic phenomenon, it can be quite accurately modeled using a probabilistic model, 

where defects of the oxide are modeled, and depending on the stress levels and temperature, the charges are trapped 

randomly, following a distribution that is determined experimentally (Martin-Martinez 2011).  

During SPICE simulation the probabilistic model decides, at every time step, whether a charge is captured and 

translates that in to a Vth change. For each transistor, the defects present are determined randomly at the start of the 

simulation. Based on these initial defects, the transistor model evaluates the impact of BTI in each simulation 

timestep as follows: 

1. Start of simulation: determine defects for each transistor 

2. At each timestep: 

a. Based on temperature and oxide field strength: determine charge capture or release probability for 

each defect present 

b. Based on this probability: capture or don’t capture the charge 

c. Calculate impact on Vth, and adopt SPICE model parameters 

This is an accurate micro-model, but is inherently very close to the transistor and hard to use on higher abstraction 

levels used for digital design. To get enough insight in the BTI effects in a standard cell, Monte Carlo simulations 

are needed to generate higher level statistics for Vth spread and cell delays. 

3.3.2 Macro models 

On a higher level, the Vth variations due to BTI can be modeled using a fitted power-law (Chakravarthi 2004): 

〈∆𝑉𝑇𝐻(𝑡)〉 ≅ 𝐴𝑡𝛼𝐸𝑂𝑋
𝛾

 

This model removes the underlying probabilistic model and instead models the spread on Vth over lifetime, based 

on fitting parameters derived from measurements, as a function of time and electric field in the gate oxide. 

Building on this BTI model, time dependent variability can be modeled, by combining the time-zero variability and 

the BTI time-dependent variability. As shown in (Kerber and Nigam 2013) based on measurements, the spread of 

the ΔVth due to BTI strongly correlates with the time-zero variability σVTH,0 that was discussed in the previous 

chapter: 

𝜎∆𝑉𝑇𝐻
2 (𝑡) =

〈∆𝑉𝑇𝐻(𝑡)〉

100𝑚𝑉
𝜎𝑉𝑇𝐻,0
2  

This correlation can be explained due to the fact that the defect density and hence BTI is dependent on the same 

type of underlying process variation as the initial time-zero variations: random dopant fluctuations, edge roughness, 

etc. 

Finally, combining the power law BTI model and the time-zero variability, the total spread on Vth can be calculated: 

𝜎𝑉𝑇𝐻,𝑡𝑜𝑡𝑎𝑙
2 (𝑡) = (

〈∆𝑉𝑇𝐻(𝑡)〉

100𝑚𝑉
+ 1)𝜎𝑉𝑇𝐻,0

2  
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Based on the power law fitting parameters that were obtained from silicon measurements, Figure 6 shows the 

resulting total spread sigma on over life time for different supply voltages. As the figure shows, the BTI induced 

spread can increase over lifetime up to the point where it is has the same order of magnitude as the time-zero spread. 

3.4 14nm FinFET and 28nm planar reliability 

3.4.1 Simulation setup 

Using the BTI macro model and the Vth0 model, the combined total Vth model can be used to set up simulations to 

characterize performance degradation over lifetime. The same ring oscillators as in the previous chapter are 

simulated, but this time with a delta Vth sampled from the Vth model that includes BTI. Time can be swept to 

evaluate the impact of BTI on the RO performance. For each time value, Monte Carlo simulations are performed to 

assess the resulting performance distribution. The mean and ±3σ of the RO delay is then analysed over a time 

window from 10 s to 108 s. The overall simulation flow is illustrated in Figure 7. 

 

Figure 6. Total Vth spread over life time. 𝜎𝑉𝑇𝐻,0is 11.21mV for 14nm FinFET.  

 

Figure 7. Simulation flow using the BTI model 
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3.4.2 Results 

The same RO circuits as in Chapter 2. are used in the simulations, this time taking the Vth spread from the BTI 

model, which includes both time-zero variability and BTI induced variability. Table 2 lists how the technology 

scaling and the transistor architecture determine the variability over life time. Both the 14nm and the 28nm RO 

performance is normalized to the time-zero performance, and only the degradation is plotted. The error bars show 

mean and ±3σ. As was shown in Chapter 2. the 14nm FinFETs initially have a lower spread in Vth and also a lower 

frequency spread than 28nm. However, the BTI effects are more severe in 14nm and as a result, after 108 s, the 

FinFETs average performance degradation is 1.6 times higher than the planar performance degradation: 4% vs 

6.5%. Furthermore, under the influence of BTI, the performance spread increases differently over time: in 28nm, 

the performance spread increases with 8% over time, while in 14nm the performance spread increases with 18% 

over time. As a result, the -3σ point for the FinFETs shows higher degradation than the mean degradation in 28nm. 

This is shown in Figure 8.  

Figure 9 compares the absolute performance (RO frequency) to the degradation over time. 

 

Figure 8. RO performance degradation over time for 28nm planar and 14nm FinFET technology 

 

Table 2. RO performance degradation for 28n and 14nm 

Technology σVTH,0 
Relative spread 

t=0 

Relative Mean 

t=108 

Spread increase 

t=1 vs. 108 

28nm planar 14.4 mV 1.00 1.00 8 % 

14nm FinFET 11.21 mV 0.49 1.63 18 % 
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Figure 9. Absolute RO performance vs. performance degradation after 108 s 

3.5 Integration with the variability model from Deliverable 4.1 

If a full technology PDK (Process Development Kit) and standard cell library were available for the 14nm FinFET 

technology, the BTI model could relatively easily be integrated in the flow that was presented in Deliverable D4.1 

(shown again here in Figure 10). The time parameter would simply be an additional parameter to choose similar to 

voltage or temperature. The additional Vth spread would then be taken into account in the Monte Carlo 

characterization runs of the standard cell library. 

However, the 14nm technology we have access to, is a research grade technology, and as such lacks a full PDK and 

standard cell library. Therefore, the best way to model the variability and reliability of 14nm designs, is to use the 

results obtained from the ROs as discussed in this chapter as derating factors on the variability and spread of the 

delay distributions. The overall flow is then shown in Figure 11. 
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Figure 10. The critical path delay distribution generation discussed in D4.1 

 

Figure 11. Overall variability and reliability estimation flow, startingfrom a full 28nm PDK and adding derating for 14nm. 

  

TTS

Conventional 

Design Flow

Hours/days

1 hour
LIB

LIB
LIB

LIB
LIB

LIB

LIB
LIB

LIB

Rep
Rep

Timing
Rep

Rep
Rep

Timing
Rep

Rep
Rep

Timing
Rep

Rep
Rep

Power
Rep

Rep
Rep

Power
Rep

Rep
Rep

Power
Rep

Synthesis

RTL

Timing
Rep

Timing Trace 
Generation

SDCLIB

Timing Trace(SS)

Gate 
Netlist Gate level sim

Reference 
Rep

Power
Rep

TB

Timing
Code

Power
Code

Power Trace 
Generation

Power Trace(TT)

A .lib for each 

Monte Carlo 

point
Timing and Power for each Monte Carlo point

Synthesis

Monte Carlo
libraries

Delay distribution Derating factors 
for 14nm incl BTI

Delay Distribution
For 14nm including 

BTI

14nm FinFET

28nm Planar



 SCoRPiO: Significance-Based Computing for Reliability and Power Optimization 

 

 

Deliverable D.4.2 - Reliability modeling  21/35 

 

 

Chapter 4.  Analysis of Memory Cells  

Apart from logic, memories are the other main component of any system and in particular of the many core platform 

being developed in SCoRPiO. Memories are very susceptible to spatial and temporal parametric variations mainly 

because of their reduced cell dimensions, where the effects of random dopant fluctuations (RDF) and line-edge 

roughness (LER) are more pronounced. Such variations not only affect the power/performance variability of each 

memory cell, but they can also disturb their stability leading to failures. Furthermore, memory failures are of major 

concern to manufacturers since they affect numerous system wide design choices. For instance, variation induced 

failures limit the minimum voltage that can be supplied to the memories and thus to the overall chip/processor core 

since scaled voltages make memory cells more sensitive to variations. Therefore, there is a need to study and model 

the failure probability of memories under different operating conditions in order to evaluate the significance based 

paradigm and the achieved energy-reliability trade-offs within SCoRPiO. However, analysis of memory cells and 

arrays requires a different approach than the one presented in the previous chapter for the logic gates. In any case 

note that the flow presented in Chapter 3 can be directly used to study the peripheral logic components of the 

memory arrays.  

 

In this chapter we focus on the memory cells while considering also such logic components. In general, Random 

Access Memories (RAM) can be distinguished into static (SRAM) and dynamic (DRAM) based on the way that 

the data are being stored. SRAM might usually be accessed faster than the DRAM but it needs more transistors per 

bitcell which translates into smaller storage density. On the other hand, DRAM requires fewer transistors per bit 

cell but it comes with higher power consumption due to periodic refresh of the data required for retaining the stored 

bits. The structural and operational differences of the two types of memories means that the failure mechanisms 

will also be different and thus different simulation and analysis frameworks are required for modeling their behavior 

as we discuss in the next paragraphs.  

The presented frameworks can reveal the failure probability of the different memory cells and arrays which are used 

within the shared cache and the main memory in the targeted platform. The provided experimental results in the 

available 0.18 um technology indicate the failure rates of the memory cells under variations, scaled voltages and 

elevated temperatures which can be used for injecting memory faults in the developed simulator. Following the 

same analysis and modeling frameworks presented in this chapter the failure rates of the memory cells in other 

process technologies that will become available during the execution of the project will be extracted.  

4.1 Analysis of Static-RAM Behaviour 

SRAM are very popular for their speed and thus are usually used in first level caches of many core processors, 

where fast access of the stored data is of paramount importance. Note that the memory access influences directly 

the performance of each core as well as the minimum applied voltage, thus any variation is important. 

4.1.1 Conventional 6T SRAM cell 

As shown in Figure 12, a conventional 6-transistor (6T) SRAM cell consists of a pair of inverters connected in a 

positive feedback loop creating a bi-stable circuit that allows to store complementary values in the I/O nodes of the 

inverters. By raising the bit-lines high/low (low/high) and strobing the wordline, a successful write operation is 
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completed. Prior to a read access, the bitlines (BL and BLC) are pre-charged to Vdd and the wordline (WL) is 

enabled again. A sense amplifier is used for quick amplification of the developed bitline differential to 0 or 1. 

 
WL

Gnd

M1 M4

M2 M5

M3 M6

BLBL

Vdd

Q Q

 
Figure 12. Conventional 6T SRAM cell 

Read and Write access waveforms are presented in Figure 13. Depending on the access type, BL and BLC are used 

both by the 6T SRAM cell and the line drivers. During a Write access, the BL and BLC voltages are driven by the 

line drivers and pass transistors of the 6T SRAM cell couple internal inverters to the BL and BLC. On the other 

hand, during the Read access, line drivers are in high-Z state and the 6T SRAM cell through the pass transistors 

controls the voltages of the BL and BLC. 

W1 R1

CLK

WL

BL

BLC

Q

QC

W1 R1 R1 W0 R0 R0 W1 R1 R1 W0 R0 R0
 

Figure 13. Waveforms of the Read and Write accesses 
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4.1.2 Type of SRAM Memory Failures  

Random variations and reduction of cell supply voltage result in memory failures in standard 6T cells. Such failures 

are generally categorized as read, write, hold and access failures (Sahuquillo 2013). 

a) Read Failure (RF). Reading the cell when data stored is a ’1’, the node storing a ’0’ can flip as a result 

of induced noise. This noise is primarily due the transfer of charge developed on the bitlines (post pre-

charge) on to the pull-down creating a voltage divide between the pass transistors and the pull-down. 

If the charge transferred is greater than the charge stored in the inverter, then the cell flips. 

b) Hold Failure (HF).With reducing supply, the voltage difference between a ’1’ and ’0’ reduces. As a 

result, in the standby mode, when reducing the supply below a certain level, the contents of the cell are 

permanently lost. 

c) Access Failure (AF). If a cell fails to produce a bit differential greater than the delta of the sense-

amplifier (SA) in the time the SA enable (SAE) signal is high, then it results in an access failure. In 

such cases, the SA produces an erroneous output. Increasing the pulse-width of the wordline helps 

reduce these failures. However, it also creates the opportunity for an accidental write operation flipping 

the state of the cell (read failure). 

d) Write Failure (WF). This mode of failure occurs when a ’0’ cannot be written into the node storing a 

’1’ within the time period the wordline is enabled. In other words, writing a ’0’ into a node storing a 

’1’ does not result in a flip of the values. 

4.1.3 Estimation of SRAM Cell Failure Probability  

The different cell parameters are measured using a combination of transient and DC SPICE-level simulations. It is 

assumed that initially the left and right nodes store the values ’1’ & ’0’, respectively. Extensive Monte Carlo runs 

characterize the stability of the cell by measuring the trip point of both inverters. Failure probability for the four 

failure mechanisms is then calculated based on the number of cells that pass/fail a certain failure criterion. We 

introduce four different failure scenarios, two per Read and Write accesses: 

a) Write ‘0’ (W0) failure: if the 6T SRAM cell is not capable of performing a Write access that is supposed 

to write a ‘0’ into the cell, such scenario is categorized as a Write ‘0’ (W0) failure. Thus, internal nodes Q 

and QC do not hold proper values of ‘0’ and ‘1’ respectively. Example: after performing a Write ‘0’ access, 

the Q = ‘1’ and QC = ‘0’. 

b) Write ‘1’ (W1) failure: if the 6T SRAM cell is not capable of performing a Write access that is supposed 

to write a ‘1’ into the cell, such scenario is categorized as a Write ‘1’ (W1) failure. Thus, internal nodes Q 

and QC do not hold proper values of ‘1’ and ‘0’ respectively. Example: after performing a Write ‘1’ access, 

the Q = ‘0’ and QC = ‘1’. 

c) Read ‘0’ (R0) failure: if the 6T SRAM cell is not capable of performing a Read access that is supposed to 

readout a ‘0’ value that the cell holds, such scenario is categorized as a Read ‘0’ (R0) failure. Thus, the cell 

is not capable of pulling down and up nodes BL and BLC, respectively. Example: after performing a Read 

‘0’ access, the BL is on higher voltage than the BLC. 

d) Read ‘1’ (R1) failure: if the 6T SRAM cell is not capable of performing a Read access that is supposed to 

readout a ‘1’ value that the cell holds, such scenario is categorized as a Read ‘1’ (R1) failure. Thus, the cell 

is not capable of pulling up and down nodes BL and BLC, respectively. Example: after performing a Read 

‘1’ access, the BL is on lower voltage than the BLC. 

After defining the failures types (W0, W1, R0 and R1), we designed an automated simulation environment that is 

used to run Monte Carlo simulations performing Write and Read accesses by the following repetitive sequence: 

 

W1-R1-R1-W0-R0-R0 
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The sequence is designed such that all the four failure types could be easily observed. The sequence is presented in 

Figure 13 and it is taken directly from the simulation environment. 

The simulation environment provides simulations for the supply voltages sweep from nominal 1.8V to minimal 

0.3V, using a step of 50mV. For each value of the supply voltage, we ran simulations at five different temperatures 

of 25C to 125C, using a step of 25C. Finally, for the each set of voltages and temperatures, we ran 3737 Monte 

Carlo simulations, accessing the 6T SRAM cell in the sequence presented earlier. 

The simulation environment relied on SPICE (transient Monte Carlo) simulations, where only the transistors of the 

6T SRAM cell were using the technology parameters (models). The rest of the testbench was implanted in VerilogA 

and it is robust to temperature and supply voltage variations. This allows us to conclude that all the failures are 

generated exclusively from the 6T SRAM cell. The automated simulation environment is presented in Figure 14. 

 

 
Figure 14. Automated simulation environment 

 

4.1.4 Results on SRAM Cell Failure Probability under Various Parameters  

Following the setup and procedure described in 4.1.3 we have perform several Monte Carlo simulations under Vth 

variations at different scaled voltages and temperatures which are some of the most important parameters that affect 

power consumption as well as the data integrity and can even change dynamically during operation. 

The failure rates (FR) are depicted in Figure 15. We identified three different regions depending on the supply 

voltage that is applied to the 6T SRAM cell. Each region is explained bellow, taking into account both the supply 

voltage and the temperature. For supply voltages between nominal 1.8V and 1.1V, we did not observe any failures 

at any given temperatures. 

 Saturation region: Assuming that the supply voltages are decreasing from 1.1V to 0.7V, we can observe 

that the FR is increasing.  This trend is particularly obvious between 1.0V and 0.8V. In the saturation region, 

elevated temperature increases FRs at every given supply voltage. This could be observed at 0.8V having 

FR=2% at 100 oC and FR=5% at 125 oC. 
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Figure 15. Failure rates vs supply voltages at elevated temperatures 

 

 Thermally stable region: when applying supply voltages in between 0.55V and 0.65V, the 6T SRAM cell 

is thermally stable and does not fail over the whole temperature range. This could be attributed to the fact 

that both the drain current and gate capacitance of the transistors which are found in inverters inside the 6T 

SRAM cell are thermally independent in this region of operation. Such a region is presented in Figure 15. 

It turns out that this region is equally reliable comparing to the nominal supply voltage of 1.8V and does 

not fail at elevated temperatures. 

 Sub-threshold region: Assuming that the supply voltage decreases from 0.5V to 0.3V, we can observe that 

the FR is increasing. In the sub-threshold region, any elevated temperature decreases FRs at every given 

supply voltage. Such trend is completely opposite to the trend in the saturation region. This could be 

observed at 0.4V having FR=15% at 25 oC and FR=9% at 50 oC. 

The overall failure analysis is presented in Figure 16. The FRs are divided into four failure types as we defined 

earlier. As we can see in Figure 17, the write failures are dominating and the trend is similar for both the saturation 

and sub-threshold regions. It is not yet clear why the W0 and W1 have significantly different values and this 

phenomenon is subject to our current analysis. Also, it is important to mention that the readout is almost an ideal 

one whereas,  in silicon implementations the FRs are increased due to any voltage differences  between the BL and 

BLC which are needed for the proper operation of sense amplifiers. 
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Figure 16. Different regions of failure rates 
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Figure 17. Failure types ratios for two different regions 

 

4.1.5 Silicon Measurements of 1Kb SRAM  

A 1Kb SRAM memory array was fabricated and measured in order to verify the behaviour of the SRAM cells and 

the influence of temperature which is rather unclear especially in 180nm node. We ran the same repetitive sequence 
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of the Read and Write accesses as described earlier (W1-R1-R1-W0-R0-R0). The measurements results are based 

exclusively on Read accesses since it is not possible to probe the value that is held inside the 6T SRAM cell after a 

Write access. 

Test-chip measurements assumed nominal supply voltage of 1.8V and elevated temperatures. The supply voltage 

sweep is not applicable in this case due to the digital I/Os and their fixed voltage levels. Also, when measuring the 

whole SRAM module, Decoders, Line Drivers and Sense Amplifiers play equally important role and their operation 

is seriously jeopardised under lower supply voltages. So, with respect to the simulation results, it is difficult to make 

full correlation and we focused only to measurements under elevated temperatures. 

The simulations assumed fixed frequency, while measurements are identifying the maximum operating frequency 

for the each given temperature. The maximum operating frequency vs. high temperatures are presented in Figure 

18, on the left side of the figure. As we can see, for temperatures lower than 125 oC, SRAM module does not suffer 

much of  performance losses – in fact, the achieved  performance is almost the same as the nominal one at room-

temperature of 25 oC. At temperatures higher than 150 oC, the performance loss is significant due to increased 

leakage currents – for the same reason, the total power consumption is increased as well, as depicted in the right 

side of Figure 18.  

 

43MHz
43MHz

43MHz

15MHz

12MHz

10MHz
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Figure 18. Maximum operating frequency and total power consumption at elevated temperatures 

4.2 Analysis of Dynamic-RAM Behaviour 

Gain-cell-based embedded dynamic random-access memory (DRAMs) is a high-density alternative to mainstream 

static random-access memory (SRAM). However, the limited data retention time of these dynamic bitcells requires 

power-consuming periodic refresh cycles. There are different parameters for improving the data retention time and 

controlling the failure probability of the DRAM cells such as body biasing as we explore below. Our study is 

demonstrated through silicon measurements of a test chip manufactured in 0.18 um process technology. 

4.2.1 Classical DRAM cell and Retention Time 

Gain cells are dynamic memory bitcells comprised of 2 or 3 standard logic transistors and optionally an additional 

MOS Capacitor (MOSCAP) or diode. The additional devices (as compared to their 1T counterparts) are used to 

both increase the in-cell storage capacitance, as well as amplify the readout charge flow as compared to the stored 

charge level, thus providing the name “gain” cells (Dennard 2005). The reduced device count results in a much 
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higher bitcell density, compared to a standard SRAM, while the decoupled read port provides both a non-destructive 

read operation and two-ported functionality. Neither read nor write operations suffer from the ratioed contention 

between devices in a 6T SRAM, resulting in increased margins and enabling voltage scaling (Lee 2010) (P. a. 

Meinerzhagen 2012). Finally, leakage power is highly reduced, as fewer devices suffer from Drain Induced Barrier 

Lowering (DIBL) and scaled supply voltages reduce other leakage components. 

The four possible configurations for the 2T gain cell are shown in Figure 19 with the control signals (WWL and 

RWL) required to initiate write and read operations, and the read bitline (RBL) behavior during a logic ‘1’ and logic 

‘0’ readout. Common to all configurations, the data is stored on the parasitic capacitance (CSN) comprising the 

diffusion capacitance of the write transistor (MW), the gate capacitance of the read transistor (MR), and the 

additional capacitance of the wires connected to this node (SN). Taking the all-PMOS cell as an example, a write 

operation is achieved by driving the write bitline (WBL) to GND or VDD (for a write ‘0’ or write ‘1’ operation, 

respectively), and subsequently pulsing WWL to a negatively boosted voltage. This negative voltage is required in 

order to pass a strong ‘0’ level through the PMOS transistor MW. A read operation is carried out by initially pre-

discharging RBL and subsequently pulsing RWL to VDD. If a high level (logic ‘1’) is stored at SN, MR remains in 

cutoff and therefore, RBL remains discharged. However, if a low level (logic ‘0’) is stored, MR will conduct the 

current driven by RWL to RBL, charging RBL to a level that can be read out through a single-ended sense amplifier. 

While static memories such as the previously described 6T SRAM, provide a low resistance path to the storage 

nodes during standby periods, dynamic memories cut off the path to the supply after writing the data. Therefore, 

the stored level is set by the charge that was initially stored on the parasitic storage capacitance (CSN). Due to the 

high resistance separating the storage node from the supply and the lack of internal feedback, leakage currents will 

eventually change the amount of charge stored, and thereby corrupt the data level. For example, in the All-PMOS 

 

Figure 19. Conventional 2 transistor (2T) DRAM cell 
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2T cell described above, subthreshold leakage through MW either charges or discharges SN, depending on the bias 

state of WBL. The maximum time period following a write operation, during which the stored data can still be read 

out correctly is known as the cell’s data retention time (DRT). 

4.2.2 Estimation of Retention Time Distribution 

Various metrics have been used for simulating the DRT of a bitcell (Lee 2010) (Teman 2012) (P. a. Meinerzhagen 

2012), but the unequivocal definition of this important parameter is the time at which the voltage written to CSN 

degrades to the point where it results in an incorrect readout. This time is set by four primary factors: the initial 

level stored on CSN following a write, the size of capacitor CSN, the leakage currents to and from SN, and the readout 

mechanism. All of these factors are significantly affected by both environmental and manufacturing variations, as 

demonstrated in measurements by (Lee 2010). This results in a large spread of DRT distribution (P. a. Meinerzhagen 

2013) (Chun 2012) , and as with any memory array, necessitates design for the worst cell. 

The most simple and common way to simulate DRT is the worst-case cross-point metric. In this configuration, two 

transient simulations are performed, the first initializing the cell with a ‘0’ level biasing WBL at VDD and the second 

initializing the cell with a ‘1’ and biasing WBL at GND. This simulation creates the worst possible subthreshold 

leakage through MW for both storage states. The time point at which the storage voltage of the two simulations 

crosses can be approximated as the DRT. 1000 Monte Carlo samples of the worst-case cross-point simulations are 

shown in Figure 20a. According to this metric, the DRT would be assumed to be approximately 40ms, which is the 

minimum time point at which the plots intersect. 

 

  

Figure 20. DRT estimation and verification methods, applied to a low-voltage 2T All-PMOS gain-cell macro for 1000 Monte 

Carlo samples. (a) DRT estimation according to the worst-case cross-point estimator metric.  

(b) DRT verification for read data ‘0’, read data ‘1’ and sense buffer threshold voltage. 

The worst-case cross-point metric is popular, as it is fast and easy to simulate and provides a quick estimation of 

the order of magnitude of the circuit’s DRT. However, this metric is highly inaccurate. To provide a more accurate 

DRT estimate, which can be used for actual system implementation, the entire write and read paths need to be taken 

into account, as they have very significant impact on the quality of the read out data. Figure 20b shows the results 

of an accurate simulation to test the functionality of a 2kb 0.18um array operating at 0.4V. In this case, for each 

Monte Carlo sample, full write ‘0’ and write ‘1’ operations were applied, followed by a standby period for a 

predetermined retention time, after which, a read operation was applied. The plot shows the final voltage of RBL 

at the end of the read pulse for each level of stored data (red and blue distributions). The green distribution shows 

the threshold voltage of the sense inverter used to readout the digital level in this macro. As long as the threshold 

of the inverter lies in between the ‘0’ and ‘1’ readout levels, the operation will be successful. 
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DRT is a very important parameter in the implementation of DRAM circuits. If data is held longer than the retention 

time, it will be lost, and therefore a full array refresh (sequential readout and re-write of all rows) has to be applied 

prior to the end of this period. Since the majority of the leakage power is actually the same mechanism that requires 

refreshing, the static power, or rather the retention power, of the array is almost equal to the power required by 

these periodic refresh operations. Therefore, extending the retention time and reducing the frequency of the refresh 

operations will result in lower retention power. Such an observation will be utilized within SCoRPiO for achieving 

intelligent trade-offs between reliability and power for the memory components  

4.2.3 Silicon Measurements of 2Kb DRAM  

As previously described, the major leakage component that deteriorates the stored data in a 2T gain cell memory is 

the subthreshold leakage through MW. One of the well-known techniques for reducing subthreshold leakage is 

raising the threshold voltage through reverse body biasing (RBB). Alternatively, forward body biasing (FBB) can 

be applied to reduce the threshold voltage and improve the performance of MOS transistors. Such a body biasing 

technique was proposed to provide a handle for trading off power consumption vs. write performance of an All-

PMOS 2T gain cell and can be used within SCoRPiO for achieving the required levels of robustness and power. 

This technique was already implemented for a 2kb memory macro and evaluated in a 0.18um CMOS process. Figure 

21 shows a microphotograph of the manufactured test chip and the layout of the memory array. In addition to the 

2kb gain-cell macrocell (lower left corner of Figure 21b), the chip contains a built-in self-test (BIST) unit. The main 

features of the BIST can be summarised as follows: (1) address sequence generation (increasing, decreasing and 

pseudo-random); (2) data pattern generation (checkerboard, pseudo-random and all-‘1’, all-‘0’); (3) programmable 

refresh period of the memory under test (MUT); (4) pass/fail decision during readout of the MUT; (5) SRAM for 

storing maps of MUT retention time, read failures, or write failures; and (6) support for two-port operation of the 

MUT. Finally, the test chip also contains scan chains for full access to the MUT with any data or address sequence 

pattern independent of the BIST. 

The packaged test chips were mounted on a test board by means of a burn-in socket and connected to a TMPC 

PG3A pattern generator and a Tektronix TLA6403 logic analyser. The main supply of the memory macrocell was 

set to 750 mV, and the body voltage VB was swept from 500 to 875 mV to analyse the impact of BB. A separate 

negative voltage of –1.5 V was supplied to the macrocell for the WWL under drive. The BIST and other digital 

control units were supplied with the technology’s nominal voltage of 1.8 V. Both the write and read access times 

were set to 1 us for robust write and read operations, even at the low VDD of 750 mV. This ensured that the measured 

failures relate to retention time, and were not caused by incomplete writes or erroneous reads because of insufficient 

access time. Measurements indicate that the two-PMOS gain-cell retains logic ‘1’ levels for extensive periods (> 1 

s), even when the WBL is held at 0 V (which maximises the subthreshold conduction of MW). This coincides with 

previous reports that logic ‘1’ levels decay very slowly because of the increasing reverse gate overdrive and body 

effect of MW as the SN voltage drops. Therefore, the gain- cell’s retention time is almost exclusively limited by its 

ability to hold a logic ‘0’ level. The decay of a cell’s logic ‘0’ level is heavily dependent on the state of the WBL. 

On the one hand, when WBL is low, subthreshold conduction through MW discharges the SN, reinforcing a stored 

logic ‘0’ level. On the other hand, when WBL is high, a worst-case condition occurs, as leakage through MW causes 

accelerated decay of a stored logic ‘0’ level. Our measurement setup assumes a 50% write duty cycle (i.e. there is 

a write access during 50% of the time) and that the probability of writing a ‘1’ (which requires pulling WBL up to 

VDD) is 50% as well. Overall, this leads to a write-‘1’ disturb activity factor (αdisturb) of 25%. 
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Using the measurement setup described above, retention time was measured for the entire 2 kb array under standard 

biasing conditions (i.e. VB = VDD = 750 mV) at room temperature (temperature was not controlled). The results of 

this measurement are shown in Figure 20. The minimum and maximum retention times (tret) of 2048 measured gain-

cells were found to be 23 and 569 ms, respectively, corresponding to a ratio of 25X between the maximum and 

minimum values. A recent study (P. a. Meinerzhagen 2013) reports an even higher ratio of over 50X between the 

maximum and minimum measured retention times in a 1 kb array implemented in 65 nm CMOS. In the present 

study, the majority of the cells exhibited retention times in the range of 20–200 ms (dark and light blue colours), 

whereas a small number of cells exhibited considerably higher retention times (yellow, orange and red colours). In 

order to better visualise the differences among the lower retention times (20–200 ms), Figure 21 plots tret on a 

logarithmic scale. There is no systematic pattern, indicating that the retention time variability arises from local 

(within-die), random process parameter variations. 

The impact of BB on the measured retention times was evaluated by sweeping VB from 500 to 875 mV (−250 mV 

< ΔVB < 125 mV). The minimum and maximum measured retention times across the entire array are plotted in 

Figure 22a. This figure clearly shows that the minimum and maximum retention times change by up to two orders 

of magnitude over this 375 mV VB range. As expected, the best cells with the highest retention time remain at the 

same location under varying VB (not shown in the figure). 

Finally, Figure 22b shows the distributions of the retention time across the 2k measured cells, for three biasing 

conditions: 100 mV FBB, standard BB (SBB) (i.e. VB = VDD) and 100 mV RBB. The minimum retention time for 

each biasing condition is annotated, as well. The spread of retention time across the array is large; however, there 

is a clear improvement in the minimum, as well as in the average retention times with each 100 mV increase in the 

BB, illustrating the effectiveness of the proposed technique.  

Note that from such a distribution the failure probability of the DRAM array under different refresh times and 

applied body bias can easily be extracted by observing the number of cells (occurrences) that fail to meet the given 

retention time. Such failure probabilities will be used for the number of faults that need to be injected in the 

simulator depending on the selected operating point.  

 

Figure 21. 0.18um gain-cell test-chip (a) Layout of 2kb memory macro (b) micrograph of test-chip 
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Figure 22 Retention time (tret) measurements of 2kb gain-cell test chip. (a) Minimum and maximum retention times across a 

range of body biases. (b) Retention time distribution for three body bias values. 
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Chapter 5.  Conclusion 

This deliverable extended the variability modeling from deliverable D4.1 with variability and reliability data for 

more advanced technology, more specifically FinFET transistors. As a full digital design kit is not available for the 

14nm FinFET research technology, a silicon calibrated variability and BTI reliability model is presented and applied 

to simple ring oscillator circuits. The spread on initial performance and the performance degradation over lifetime 

for 28nm planar technology and 14nm FinFET technology is compared. Finally, we showed that these reliability 

effects, once characterized, can be modeled in a digital design flow using the same variability models from 

deliverable D4.1.  

The behaviour of SRAM and DRAM memories under various operating conditions was also analysed and 

simulation and experimental results on the failure rates were provided. The presented flows can be used for the 

analysis and modelling of the failure probability of any other cell in any process technology and operating condition. 

The extracted failure probabilities will be used for determining the number of faults that need to be injected in the 

memory components of the developed many-core platform.  
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