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Abstract

An increasing amount of critical applications use DRAM as main memory in its computing systems. It it
therefore extremely important that these memories function correctly during their lifetime in order to prevent
catastrophic failures. Already during the design phase, the reliability of the circuit needs to be predicted so
that areasonable lifetime expectation can be given. Although the importance of reliability analysis is clear, in
literature not much research on DRAM reliability is available to designers. This thesis proposes a two phased
DRAM reliability prediction model that can be used in the circuit design phase. During the first phase, the
circuit performance is analyzed for different wear-out mechanisms affecting different subcomponents in the
design. In the second phase, the results of the first phase are then used to determine the reliability of the the
circuit.

In the first phase, the wear-out effects of Bias Temperature Instability (BTI) Hot Carrier Injection (HCI)
and radiation trapping as well as transistor mismatch are examined. BTI is modeled using the RD-model,
HCI with the lucky electron model, transistor mismatch with Pelgrom’s model. Wear-out caused by radiation
trapping is modeled as Gate Induced Drain Leakage (GIDL), the data for which are derived from retention
time degradation measurements of an irradiated commercial DRAM. The circuit performance is analyzed
per subcomponent of the DRAM design in a range of different metrics. Furthermore, the aging effects on a
dwonscaled version of the circuit are investigated.

In the second phase, reliability functions are derived from the results from phase one per wear-out mech-
anism and per subcomponent. These reliability functions are used in an analytical reliability model which
yields the overall circuit reliability.

The results from the first phase show degradation of the retention time as well as degradation of sensing
delay metrics. Due to the relative low duty factor of memory cells, BTT and HCI have minor impact on the
memory cell circuit performance. Radiation however, renders the circuit useless once the Total Ionizing Dose
(TID) becomes more than 126 krad. On other subcomponents than the memory cells, BTI and HCI shift the
reference voltage which results in an increase of retention time. BTT and HCI stressing of the sense amplifier
also slightly increases retention time but mainly increases sensing delay. For both reference cells and the
sense amplifier it holds that higher radiation doses break down the circuit completely. The same effects hold
for the downscaled circuit, although the observed effects are more severe than in the unscaled device.

The system reliability prediction in the second phase shows the importance of individual reliability pre-
diction of the subcircuits and wear-out mechanisms. Via the individual analysis, it becomes clear that the
system reliability is mostly impacted by the degradation of the sense amplifier delay due to BTI and HCI.
Other metric variations, like the increase in retention time caused by the reference cells, have less impact. It
was found that the system reliability decreases to 0.84 after 1-10% s at a stressing temperature of 300 K.
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Introduction

This chapter introduces this thesis. First, Section 1.1 presents the motivation and relevance of DRAM reliability.
Then, Section 1.2 presents the state of the art in circuit reliability simulation. This section also presents the
shortcomings and limitations that need to be overcome in order to enable accurate and precise DRAM reliability
simulation. Section 1.3 presents the academic contributions of this thesis. Finally, Section 1.4 presents the
outline of this thesis.

1.1. Motivation

Integrated circuits (ICs) age [1], causing degradation of circuit performance over time and may even lead to
chip failure. Depending on the application of the device, a failure may lead to significant losses or even dan-
gerous situations [2]. Consider for example the effects of a malfunctioning chip in an autonomous car. The
manufacturer of the chip will be held responsible for the damage and the negative publicity it brings could
even result in bankruptcy. To prevent this, manufacturers design their chips to meet a certain standard of
robustness. They specify operating conditions and a period of time in which the chip is said to work reliable.

The expected time a circuit is able to operate according to its specifications is called lifetime. Manufac-
turers want their products to have a sufficiently high reliability to fulfill the requirements of their customers.
An insufficient reliability will lead to failures as described above, while a product reliability that is higher than
needed results in unnecessary development costs. The definition of reliability is closely related to lifetime
and is described for electronics by Gielen et al.: “Reliability is defined as the ability of a circuit to conform to its
specifications over a specified period of time under specified conditions.” [1]. The reliability of a circuit or chip
can be found in multiple ways. During the design phase it is possible to simulate the aging effects on a circuit
and predict the circuit degradation. Once a chip is manufactured, the reliability of a chip can be determined
by accelerated testing [3]. Once the reliability of a product is found, the expected lifetime of it can be derived
(41, [5].

Dynamic Random Access Memory (DRAM) is commonly used as the main memory of a computing sys-
tem and is therefore widely used in a large variety of appliances. To illustrate this impact, Figure 1.1 shows
the quarterly worldwide DRAM revenue from 2013 to 2017 which was over 40 billion USD in 2016 [6]. DRAM
sales account approximately for 13 % of the global semiconductor revenue [7]. Although DRAM is such an
important component in the semiconductor industry, not much data about it is accessible for the scientific
community. This is probably caused by the fact that the DRAM market is highly competitive and therefore
manufacturers do not share their findings.

Space agencies like the European Space Agency (ESA) or National Aeronautics and Space Administration
(NASA) demand components with the highest possible reliability for their spacecrafts [8]. A failing compo-
nent in space can not be repaired and may even lead to complete failure of the spacecraft [2]. Next to these
locational issues, radiation is a prime wear-out mechanism for ICs in space [9]. The highly energized space
particles can get trapped in silicon and may generate leakage currents or even break down the transistor ox-
ide [9], [10]. Therefore, the components in a spacecraft thus need an extremely high reliability. To guarantee
this high reliability, space agencies usually resort to the use of older and mature technologies with high relia-
bility [8], [11]. However, space agencies would like to be able to use more sophisticated technologies in their
spacecrafts to reduce costs and increase the performance of their technology. However, this requires a new
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Figure 1.1: Worldwide DRAM revenue per quarter. Total revenue in 2016 is slightly more than 40 billion USD [6]

methodology where the reliability can be determined without waiting years and analyze how a technology
performs.

The combination of a lack of DRAM reliability data and the desire of space agencies and other electronic
manufacturers to have an accurate and fast method to determine the reliability during the design phase, is
the motivation behind this research. This research investigates the effects of commonly seen wear-out phe-
nomena like bias temperature instability and hot carrier injection on DRAM performance, but also includes
total ionizing dose effects which are especially relevant to space applications. The results from this aging
investigation are used in a reliability prediction model. The model predicts the reliability based on different
component metrics and operating conditions.

1.2. State of the Art

Several methods have been proposed to estimate the aging effects of integrated circuits. Section 1.2.1 intro-
duces them and briefly describes how they are implemented. Thereafter, Section 1.2.2 presents the limita-
tions of these simulation methods for this research.

1.2.1. Reliability Prediction Models

Two distinctions in reliability prediction models can be made. One on the level at which circuits or systems
are simulated and the other one on the prediction outcome they deliver. The simulation levels can be distin-
guished in simulations on individual transistor level, on gate level and on a behavioral level. The prediction
outcome can be divided into two different types of outcomes being reliability and lifetime. Lifetime is de-
fined as the mean-time-to-failure (MTTF) of a circuit while reliability also includes information on the circuit
failures over time. Section 3.1 describes both terms in depth. Below a short introduction of all simulation
methods is presented. A more in depth analysis of the methods presented below can be found in Section
3.4.3.

Berkely Reliability Tools The Berkely Reliability Tools (BERT) [12] were one of the first reliability predic-
tors. The predictor calculates the degradation of individual transistors in the circuit based on their individual
workloads. The results of these calculations are used to make an extrapolation which estimates the degra-
dation of the circuit for a given aging time and subsequently predicts the lifetime. However, it has several
limitations such as the inability to combine different failure mechanisms and inclusion of temperature ef-
fects. Next to a lifetime prediction, the BERT can predict reliability as well for oxide breakdown phenomena
only.

Reliability Aware Microprocessor Model RAMP vl [5] and its successor RAMP v2 [13] simulate aging effects
on the behavioral level. It simulates the effects of aging on a complete processor design by taking basic as-
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sumptions on the workload and other circuit parameters. These parameters are applied to generalized blocks
constituting the complete processor. The result of this is a reliability prediction. The drawback is given by the
fact that the prediction is made based on system assumptions rather than individual components. This ne-
glects the correlating effects of individual component degradation.

Maryland Circuit-Reliability-Oriented MaCRO [14] is inspired by the BERT. It also evaluates circuit aging in
multiple iterations where first a clean reference circuit is simulated before several aged circuits are evaluated.
Based on the circuit workload and temperature, aging models are applied to the transistors which calculate
the relative degradation of the transistors. Then the most degraded transistors are replaced with an aged
equivalent in the circuit. The result of this analysis is a reliability prediction. Drawbacks are the ignorance of
marginally degenerated transistors and the accuracy of the prediction models, which is low in order to allow
for fast circuit simulation.

AgeGate Lorenz et al. proposed AgeGate [15] to simulate the aging effects of digital circuits on gate level. It
defines the rise and fall times and delays of the gate models by compensating for aging. This allows to make a
prediction on the lifetime of the circuit. For larger circuits a method to find critical paths and possible critical
paths after aging is presented. A drawback of this method is that is only applicable to digital circuits only.

Response Surface Model Based Simulation Technique The RSM [16] is a reliability simulation prediction
method which performs simulations at transistor level and predicts reliability of the circuit for given inputs
like the workload and operating temperature. The method allows to simulate the degradation of ICs due to
both aging effects and process variability. A Monte-Carlo method is used to simulate the circuit under test
for various process variabilities and aging effects. The outcomes are then used to derive functions which
describe the reliability of a circuit. With these functions it becomes possible to predict the reliability of a
circuit faster than with a bold Monte-Carlo approach and it is possible to highlight weak spots in the design.
The failure mechanisms in this approach are independent from each other, which could easily lead to over or
under estimation of their effects.

Failure Rate Based SPICE Prediction Method FaRBS [17] works on transistor level and predicts the lifetime.
Based on the simulation of an unaged circuit the lifetimes per transistor using waveform information and per
failure mode are evaluated. From these lifetimes the general MTTF for the complete circuit is calculated
which can then be used to derive the lifetime of the circuit. The outcomes of this approach form a drawback
as it remains unclear how the reliability will develop over time as only a lifetime prediction is made. Also the
failure mechanisms are independent and are added in a weighted sum. This might over or under estimate
the actual impact as correlating effects in the wear-out phenomena are not included.

System Reliability Analyzer The final method which is able to predict aging effects on transistor level is
SyRA [18]. It simulates aging effects on analog circuits in an iterative way with a predefined timestep. At
every timestep the newly acquired degradation of the transistor is set for the new simulation. This iterative
fashion allows for example to see drift in bias circuits which is not possible if a direct calculation would be
used. Besides transistor level simulation, it is also possible to simulate the effects of aging on digital gates.
This part of the method focuses solely on delays of the gates in the circuit. Drawbacks of this method are the
potential long simulation times if many timesteps are required and again, the independence of the failure
mechanisms.

1.2.2. Limitations
Figure 1.2 presents an overview of all previously discussed aging simulation methods. The figure splits these
based on simulation level and on the prediction outcome.

The previous section illustrates the benefits and drawbacks of several state-of-art methods in simulating
aging and predicting reliability in integrated circuits. A common property is the applicability to straight for-
ward digital or analog circuits. More complex circuits, containing for example feedback loops like the voltage
boost circuits in a DRAM, can hardly be simulated accurately. Next to that, none of the above mentioned
simulation approaches is able to simulate both digital and analog aging degradation in an efficient way. This
is a desirable property when analyzing DRAM as some parts, like the control logic, work digitally while the
memory array is made from cells working in an analog way. In order to make an accurate estimation of the
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Figure 1.2: State-of-the-art aging simulation methods comparison on simulation level and prediction outcome

circuit wear-out, it is important that failure mechanisms are dependent on each other as different effects may
be caused by the same physical phenomenon. The capacitor in the memory cells has a complex mechanical
structure that is different from the structures usually seen in ICs. None of the reliability predictors described
above is able to include wear-out analysis of these devices. Finally, none of the presented approaches allows
for the simulation of radiation effects which is an important wear-out characteristic for space agencies as was
described in Section 1.1.

The following list summarizes the desired features of a DRAM reliability predictor. It should:

¢ Be able to simulate general wear-out phenomena on transistor level depending from on each other
¢ Be able to simulate DRAM capacitor wear-out

¢ Include workload and operating temperature or the operating conditions

¢ Include radiation effects

e Efficient simultaneous digital and analog simulation allowing dynamic simulation level

* Analyze both digital and analog simulation efficiently, allowing for a dynamic prediction level

¢ Predict both reliability and lifetime

1.3. Contributions

The wear-out effects of BTT and HCI on the performance of a DRAM are evaluated as well as the effects of
space radiation trapping. Besides these time dependent degradation mechanisms also transistor variability
is included in the model by the use of Pelgrom’s model. All the beforementioned time dependent models are
applied to the DRAM netlist that was operated under different temperatures and workloads. Furthermore the
DRAM circuit was downscaled so that the effects of technology could be examined. Wear-out effects BTT and
HCI were scaled accordingly.

The main contributions of this thesis are:

¢ Development of a DRAM space radiation model based on irradiated DRAM measurements

¢ Application of the BTI, HCI and space radiation models to a DRAM netlist for different temperatures
and workloads

» Downscaling the DRAM netlist with a factor v/x and applying the wear-out models to it
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¢ A framework that is able to automatically simulate aging effects on the DRAM circuit

¢ A dynamic prediction model which predicts the reliability and lifetime of a DRAM circuit under various
circumstances

* A paper submission to the 2018 IEEE Latin-American Test Symposium (LATS2018), included as Ap-
pendix B:
M. Fieback, M. Taouil, S. Hamdioui and M. Rovatti, “Ionizing Radiation Modeling in DRAM”, in 2018
IEEE Latin-American Test Symposium

1.4. Outline

The remainder of this thesis is organized as follows. Chapter 2 introduces DRAM on architectural, circuit and
technology level. Then, Chapter 3 introduces the terms and definitions of reliability, failure modes seen in
CMOS as well as in DRAM specific and presents the circuit model, an in-depth overview of aging predictors as
well as the implemented wear-out models. Chapter 4 describes the framework that was used in this research,
containing the simulation platform, measurement metrics and the experiments to be performed. After this,
Chapter 5 presents the results of these experiments and presents the reliability prediction model. Finally
Chapter 6 presents a summary and a conclusion, discusses this research and draws some suggestions for
future work.






DRAM Design and Technology

This chapter introduces computer memory and more specifically DRAM. A general introduction in computer
memory is presented in Section 2.1. After this, Section 2.2 introduces the DRAM classifications which describe
different types of DRAM. These classifications will then be used in Section 2.3 to show what differences in archi-
tecture constitute these classes. Section 2.4 presents the components that are present in an architecture and ends
with an overview presenting the timing and interactions between these components. Then Section 2.5 presents
a general introduction in IC fabrication technology before presenting the specifics for DRAM fabrication tech-
nology.

2.1. Computer Memory

In this section first a general introduction of different memory technologies will be given. The presented tech-
nologies will be ranked according to their speed, cost and storage capacity. After this the DRAM technology
will be explored in more depth.

Memory is used by a computer to store data for later use. Depending on the size of the data and the
demand for it while computing, different types of memory are used. Close to the processor fast cache memory
is used in order to perform operations on it without large latencies. On the other side of the spectrum, one
finds magnetic hard drives storing the bulk of the data [19]. Table 2.1 lists the different kinds of memory and
ranks them according to speed, cost and capacity [20].

Another classification of memory could be based on the ability to hold data after the supply power is
disconnected. Memory that loses its data after the power is removed is called volatile while one that keeps its
data is called non-volatile. Close to the processor, e.g. in caches and main memory, usually volatile memory
is used. This is due to the fact that these memories are faster in reading and writing than the non-volatile
ones. Farther away from the processor in the memory hierarchy non-volatile memory is used.

In current commercially available technology the fastest type of memory is called Static Random Access
Memory (SRAM) [21]. This memory is used closest to the processor as cache memory. A typical SRAM cell
is made from two cross-coupled inverters storing the data and two access transistors which allow access to
the cell. A typical SRAM circuit is presented in Figure 2.1a. The total of six transistors per bit makes it an
expensive memory cell in comparison with other volatile memory types that use less transistors per bit.

One memory layer below the caches the main memory is found, this is typically Dynamic Random Access
Memory (DRAM). In current technology DRAM is made using one capacitor to store charge and one transistor
to access the capacitor [21]. Figure 2.1b shows the circuit of a DRAM cell. Section 2.4 will go deeper into the
actual design and physical lay-out. DRAM is slower than SRAM and volatile as well but the smaller cell size
allows for a denser memory which is thus cheaper per bit. The capacitor that stores the charge is leaky. This
means that after a certain time the stored data will be lost and therefore a refresh operation is needed to keep
the correct data in the memory. The time a cell can keep the correct data is called the retention time (#,;).

Memory cells, both SRAM and DRAM, are placed in an array where individual cells can be accessed by
a combination of a row and a column address. These addresses are supplied externally from the control-
ling processor. A schematic overview of a memory array is presented in Figure 2.2. The row addresses are
translated to word lines (WL), the column addresses to bit lines (BL).
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Below the main memory layer bulk memory is found. This memory is non-volatile and is cheaper per
stored bit than DRAM is. This type of memory can be everything ranging from flash memory to hard disks.

Table 2.1 compares the different types of memory with each other and ranks them on speed, cost and
storage capacity [20]. It can be seen that in general cheaper memories are slower and have a larger storage
capacity while faster ones are more expensive and have smaller capacities.

Table 2.1: Comparison of different memory technologies and their relative ranking. An 1 indicates best performance in the given cate-
gory, a 4 indicates worst performance [20]

Memory Used as Latency from Cost per bit Storage
technology Processor Capacity
SRAM Processor cache 1 4 4

DRAM Main memory 2 3 3

Flash Bulk memory 3 2 2

Hard disk ~ Bulk memory 4 1 1

2.2. DRAM Classifications

In 1970 Intel presented the first commercial DRAM [22]. It uses three transistors to access the memory cell and
store charge. From that moment on new types of DRAM were invented, where the new types aimed for higher
data bandwidth (the amount of bits transferred per second) and higher memory density (the amount of bits
per area) than the previous ones had. Figure 2.3 gives an overview of all different classifications of DRAM
that have existed or still exist. From this figure it becomes clear that there are two main branches in DRAM
technology; asynchronous designs and synchronous designs. The difference between the two branches is
that asynchronous designs are, as the name implies, not synchronized by a clocking signal while synchronous
ones are. The increase in processor and memory operating speed decreased the timing margins between
the two components. In order to keep increasing the operating speeds it became necessary to synchronize
memory with the processor and thus the synchronous branch came into existence [21]. In [21] an extensive
introduction of DRAM architectures is presented. Below, a summary of this information will be presented.

Conventional

Burst-Mode

Figure 2.3: Different classifications of DRAM

The asynchronous sub-categories differ in the total memory bandwidth they can achieve. Figure 2.4
shows the row and column address timing and valid dataout timing for the asynchronous architectures. In
conventional DRAM, the controlling processor must supply a row address and a column address to read one
page from the memory array. A page is the amount of bits that is accessed when one row is operated. When
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this page is read, a new address needs to be supplied before the next page can be accessed. Fast Page Mode
(FPM) DRAM makes use of the locality of data principle [19] and allows to read from one row on multiple
columns. The columns are then individually fed to the output by simply increasing the column address inter-
nally which removes the overhead of externally supplying new column addresses. Extended Data Out (EDO)
DRAM latches the output of the DRAM which keeps the output data valid until the next column address is
supplied and allows to start fetching the data earlier in a cycle, effectively increasing the data throughput.
The EDO technology evolved in Burst-Mode EDO. In Burst-Mode one row and one column address are sup-
plied and the column address is automatically increased. This removes the overhead of supplying addresses
completely for locally spaced data [19], [21].

Conventional

-
'

t

Fast Page Mode

Extended Data Out

\/

\/

Burst-Mode Extended Data Out

Figure 2.4: Asynchronous DRAM timing [21]

\/

Applying a clock to the memories allows for higher data rates, as was stated above, which lead to Syn-
chronous DRAM (SDRAM). In Figure 2.4 the address and data timing for SDRAM and DDR DRAM is shown.
The use of a clocking signal controlling the internals of the DRAM allowed for higher operating frequencies
and thus an increase in memory bandwidth. It is also possible to operate a SDRAM in burst-mode, which is
shown in the figure. To further increase the bandwidth, data were also fed to the output at the falling edge
of the clock. This type of SDRAM is called Double Data Rate (DDR) DRAM. The internal frequency does not
need to be increased but the output data clock has to double in frequency [21]. DDR2 up to DDR4 apply this
same method but increase the total amount of data words that is fetched per cycle. DDR2 fetches four data
words while DDR3 and DDR4 fetch eight data words. DDR4 increases the memory bandwidth even further
by dividing the memory into multiple banks which can be addressed simultaneously [23].
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2.3. Architectures

This section will introduce the main building blocks of a DRAM, the combination of which is called the archi-
tecture. The detailed explanation of the architectural subcomponents will be presented in Section 2.4.

Figure 2.6 shows a basic architecture for a SDRAM. The memory cell array stores the data and consumes
the most of the chip area. To access the array, the input address must be decoded. The address will be split
in the column and row that should be accessed. The memory cells in the array can then be accessed through
word lines and bit lines. Word lines are connected to a complete row in the matrix whereas bit lines are
connected to a complete column. Data is read out from the array using sense amplifiers to amplify the small
signal coming from the array. By setting one word line and sensing a bit line, a cell can be read out. Writing
to a cell can be done by setting the bit line to the value that has to be written and enable the word line. The
access devices allow the in- and output buffer to read and write to and from the array. Because the data are
stored as charge on a capacitor, refresh of the data is needed. The refresh counter keeps track of the rows that
have to be refreshed. The whole process is governed by control logic which also receives commands from the
processor. The cell array can be split in multiple smaller sub arrays called banks. The smaller arrays decrease
the distance from the sense amplifiers to the farthest cell which decreases the delay from accessing a cell and
having a valid output. This can increase the memory operating speed and with that the memory bandwidth.

Asynchronous designs differ from the architecture presented in Figure 2.6 in the fact that no external clock
is supplied to it and slight adaptations are made in the hardware to some of the subcomponents. FPM DRAM
is nearly equal to conventional DRAM, only in the control logic some small alterations had to be made. As
was stated in Section 2.2, EDO DRAM adds a latch to the data output buffers only. Burst-mode was added
by adding a multiplexer to the column decoder input that would switch between the column address sup-
plied from outside the chip by the processor or to an internal counter which provides the increasing column
addresses.

To supply two data words per clock cycle in synchronous DDR DRAM the cell array, sense amplifiers and
access devices are doubled. The row and column decoders need to be altered as well in order to be able
to read from the two separated arrays. In one read operation now two independent arrays can be accessed
which will respond at the same time. The data output buffer uses a multiplexer and a latch to select one data
word to output from the two arrays on a clock edge. DDR2 and DDR3 repeat this procedure of doubling the
memory cell array to increase the amount of fetched data words. This structure for a DDR SDRAM design is
presented schematically in Figure 2.7. DDR4 DRAM increases the amount of banks in the cell array and has
some other modifications to the control logic and data buffers which increase the operating speed.
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Figure 2.7: DDR SDRAM Architecture
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2.4. Design

The different building blocks from which the architecture is made will be described in this section. After the
circuit design has become clear to the reader, a general timing diagram will be presented that describes how
the different components interact with each other.

2.4.1. DRAM Subcomponents

This section describes the circuit topology for the several subcomponents of a DRAM based on the work in
[21]. Section 2.4.2 will introduce the operations that can be performed on a DRAM and Section 2.4.3 presents
the timing and waveforms that constitute these operations.

Memory Cell

The memory cell stores data as charge on a capacitor. Figure 2.8 shows a typical cell design. The capacitor
can be accessed through a single transistor where the gate is connected to a word line and the drain to a bit
line. The cell can be written by setting the desired voltage on the bit line and enabling the word line. Reading
from the cell is done by setting the bit line to half the maximal voltage and enabling the word line. The small
amount of charge stored on the capacitor will cause a minor voltage change on the bit line. This voltage
difference is then sensed by the sense amplifier, which will be discussed below. The physical construction of
the memory cell will be discussed in Section 2.5.2.

word line

bit line ]_

- Ceell

Figure 2.8: ADRAM memory cell

Precharge Circuit

The precharge circuit charges the bit lines to half the supply voltage, Vpp/2, before a read operation is exe-
cuted. The structure of this circuit can be found in Figure 2.9. Its operation is easy to understand, the two
transistors at the side of the circuit, Tt and Tc, charge the bit lines to the desired voltage and Teq equalizes
the bit lines. The latter is necessary as process fluctuations or transistor aging might cause different volt-
age drops over the two side transistors. After the bit lines are precharged, they get disconnected from the
precharge voltage.

Vpp/2

4\

precharge enable
Tt Tc

bitline T bit line C

Figure 2.9: Precharge circuit
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Figure 2.10: Sense amplifier for a DRAM. The bar indicates active when low behaviour.

Sense Amplifier

Figure 2.10 shows the sense amplifier circuit. The sense amplifier is made from two cross-coupled inverters.
The amplifier senses small voltage differences between the two connected bit lines and amplifies this differ-
ence. The cross-coupling creates a feedback network that allows for very fast sensing operation. I.e., a lower
voltage on one node forces the other node to a higher voltage via the inverter. The circuit will charge the bit
line with the highest voltage to Vpp and the lower one to GND. During the amplification the word line of the
cell is still active, so the sensing operation will restore the cell’s contents to its original value. The resulting
voltages on the bit lines are fed to the output of the DRAM.

Reference Cells

To every bit line a reference or dummy cell is connected. These cells do not store data but are used to provide
an accurate reference voltage to the sense amplifier. Mismatch phenomena make it difficult to generate a
good reference source that could be used in the sensing operation. To deal with this, dummy or reference
cells are used. When the bit lines are precharged, the dummy cels are opened and the precharge voltage is
stored on their capacitors. Now, when a data cell on the complementary bit line is accessed the reference cell
is accessed at the same moment, providing an accurate reference voltage to the sense amplifier. The sense
amplifier senses the voltage differences, restores the cell’s data and provides data to the output of the circuit
[25]. The circuit topology of a dummy cell is equal to that of a regular memory cell and can thus also be
described by Figure 2.8.

Memory Array

All the memory cells are placed in an array. An example of this array can be seen in Figure 2.11. The hori-
zontal lines connecting to the gates of the memory cells are the word lines, indicated with WL. The vertical
connections are the bit lines, indicated with BT and BC. BT stands for the true bit line while BC stands for the
complementary bit line. At the end of the bit lines the sense amplifiers and reference cells are present. The
precharge devices are found at the other end of the bit lines. From the sense amplifiers the data are moved to
the access devices that lead the data further out of the memory.

2.4.2. Read and Write Operations
Al-Ars describes five operations available in a DRAM [24]. These five operations are:
1. Act Activate a word line and move data to the sense amplifiers
2. Rd Read data from the sense amplifiers and transfer to output buffers
3. Wr Write data from the input buffers to the bit lines
4. Pre Precharge the bit lines and unassert any word line
5. Nop No operation is performed. Instead the previous command is extended in time.

Using these operations it becomes possible to specify the order of use of the previously described com-
ponents. The combination of these operations forms complete read and write operations. Below the opera-
tions needed to read, write and refresh are described. Note that all the operations assume the bit lines to be
precharged before the operation starts.
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Figure 2.11: Memory array with precharge devices, reference cells and sense amplifiers
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Reading:
1. Act
2. Rd
3. Pre

Note that the Act command also recharges the capacitor as the word lines are still asserted.
Writing:

1. Act
2. Wr
3. Pre
Refreshing:
1. Act
2. Pre

The operations described above are abbreviated in the remainder of this work. An operation on a memory
cell can be described as: dXd where d is a logical value, being either ‘1’ or ‘0’, and X describes a reading or
writing operation, denoted with R or W respectively. The first logical value describes the cell contents before
the operation took place and the last one describes the contents off the cell after the operation was completed.
For example: assume that a cell holds a logical ‘0’ and an ‘1’ is then written to it. The corresponding operation
would then be described as: 0WI. As was stated above, the Act operation refreshes the cell contents. A
refreshing operation can then for example be described as: 1RI where the ‘1’ in the cell is restored.

2.4.3. Timing Diagrams and Waveforms

With the hardware description from Section 2.4.1 and the description of operations from Section 2.4.2 it be-
comes possible to draw the according waveforms. In Figure 2.12 a read operation is shown. At ¢ = 0s the
word line of a cell is opened as well as the word line to the reference cell on the other bit line. After 4 ns the
sense amplifier is enabled. The cross-coupled structure of the sense amplifier starts to discharge both the bit
lines until the voltage difference between them is large enough. Then the PMOS transistors will charge the
highest bit line to Vpp and the NMOS transitors will discharge the bit line with the lowest voltage top GND.
The data can now be fed out of the DRAM to the processor. After the operation is completed the bit lines are
precharged again, which can be seen in Figure 2.13. Both the bit lines are precharged back to Vpp/2 [24].

Sense Operation

Precharge Operation
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Figure 2.12: Sense amplifier operation [24]

Figure 2.13: Precharge operation [24]

Figure 2.14: Sense and precharge operation of a DRAM [24]
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Figure 2.15: Two types of DRAM capacitors; trench in the substrate and stacked over the substrate

2.5. Technology
This section will go deeper into the technology that is needed to make a DRAM in silicon. As the storage
capacitor is quite uncommon in general IC designs, this will be specially addressed in Section 2.5.2.

2.5.1. IC Technology

The requirements for a DRAM chip are different from those for a generic digital IC. The differences originate
from the fact that in a DRAM low leakage, in order to keep a high retention time, is one of the most important
properties a transistor needs to have while CMOS circuits are usually developed for the highest operating
speeds possible [21], [25]. Lower leakage can be ensured by setting the threshold voltage of the transistor to
higher values while speed can be increased by lowering this threshold voltage. This will be presented in more
detail in the next chapter [21].

As most of the chip area is used for memory cells, the lay-out of the cells can be made repetitive. The
remaining subcircuits on the chip are small in measures of area and their wiring is not complex either. This
leads to chip designs that require less metal layers than for example processors from the same period do [21].
In comparison, in 2007 Intel presented their 45 nm technology which contains up to nine metal layers, while
a DRAM from Micron in the same period was manufactured with only three metal layers [26], [27].

2.5.2. Capacitor Technology

Every memory cell needs a capacitor to store data. In order to keep a high memory density, a special design
is needed for these capacitors to minimize the area of a cell. There are two ways to do this; One solution
is to make a trench in the silicon wafer where the capacitor is buried, the other is to make a capacitor in
the metal layers over the active area. Figures 2.15a and 2.15b show these designs respectively. The ratio
between the capacitor height and the minimum feature size is called the aspect ratio (AR) of a storage node,
AR = h¢gp/Lipin and is indicated in Figure 2.15a [21]. In order to keep increasing the memory density of
chips while still meeting the performance requirements, the AR increases. This means that with every more
modern technology the capacitor becomes taller while its footprint area decreases [21].

In order to have a capacitance as high as possible while maintaining a small footprint, manufacturers
started to use dielectrics with a higher dielectric constant than SiO,. These so-called high-k dielectrics have
more defects per unit volume than SiO, has [28]. This increases the probability of dielectric breakdowns as
the defects may form a conducting path between the electrodes. More on this dielectric breakdown can be
found in Section 3.2.4.






DRAM Reliability

This chapter introduces DRAM reliability. First an introduction in the terminology and math related to relia-
bility engineering will be given in Section 3.1. After this Section 3.2 will introduce the basic operations of the
transistor and its related wear-out mechanisms. Then Section 3.3 will present DRAM specific failures in more
detail. Finally, in Section 3.4 the DRAM reliability model used in this research will be described. The circuit as
well as the wear-out mechanism models will be presented.

3.1. Reliability Engineering

This section describes the basic terminology and mathematics of reliability engineering.

3.1.1. Reliability Mathematics

Reliability is defined as the amount of correct functioning devices, given as a percentage, at a certain point in
time. Adapted to circuits, Gielen, Wit, Maricau, et al. define reliability in circuits as “Reliability is defined as
the ability of a circuit to conform to its specifications over a specified period of time under specified conditions.”
[1]. Reliability can be described with the reliability function, R(#), expressed in Equation 3.1. R () describes
the relative amount of devices that function to their designed performance over time. F(¢) denotes the failure
distribution, or the amount of devices that do not meet the design criteria. Devices that do not meet the
criteria have failed.

R(£)=1-F(1) (3.1)

The amount of failures over time is given by the hazard or failure rate z () described in Equation 3.2. It
indicates the lifetime expectation for the remaining population of correct functioning devices.

1  dR(»
TR dr

Finally the mean-time-to-failure (MTTF) or lifetime is defined in Equation 3.3. The MTTF is the expected
outcome of the reliability distribution, R(#). If the system has a constant hazard rate, z(t) = A, the MTTF is
then thus given by MTTF = %

z(t) = (3.2)

MTTF:f R(n)dt (3.3)
0

Summarizing, reliability is a continuous function that describes how a population of circuits degrades
over time while the lifetime describes the typical or expected time at which a circuit will fail.

Reliability of a system can be derived in multiple ways, all varying in complexity and assumptions that
are made. A first order approach in finding the reliability of a system is by multiplication of the system’s
individual components reliability [4]. The reliability of a system consisting of n parts can be described by
Equation 3.4 in which W denotes a weighting factor for every subcomponent’s reliability function and Ry (£)
is the subcomponent’s reliability function.

n
Rsystem (= l_[ Wi Ry (1) (3.4)
k=1
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This first order approximation assumes that all components’ reliability is uncorrelated, which is generally un-
true. In the case of DRAM degradation for example, the supply voltage regulator might degrade and decrease
supply voltage. The maximum cell voltage is then decreased as well which causes the retention time to drop,
degrading the reliability of the cell. Examples of reliability prediction methods which take these influences
into account can be found in [13].

3.1.2. Reliability in Electronics

Reliability in electronics can generally be described by the bathtub curve, which can be seen in Figure 3.1 [29].
The curve presents the failure rate over time and shows three important regions. Failures in the first region,
where the failure rate decreases, are called ‘infant mortality’. The devices that fail during this period usually
suffer from some kind of production failure. Manufacturers do not want to sell devices that have a high
chance of failure early in the product lifetime so they filter these weak devices in the production facilities [3]. A
form of filtering can be done by so called burn-in testing in which a device is stressed at elevated temperatures
and voltages with the goal to fail and find the weak devices. Devices that do not fail this test are considered
to perform according to the designed requirements. The next period depicted in the figure is the normal
operation period of a device. In this period the devices operate as they should and only random failures
define the failure rate, which is at its minimum. When the devices start to reach their designed lifetime, the
hazard rate starts to increase again and the reliability of the device will drop fast. It is said that the circuits are
wearing-out [29]. The next section will go deeper into these wear-out or failure mechanisms.

Electronics reliability bathtub curve

| | | —— Infant mortality failures

—— Wear-out failures
—— Constant, random failures
—— Observed failure rate

Failure rate, z (t) [#failures/s]

Time [s]

Figure 3.1: Reliability bathtub commonly seen in electronic wear-out [29]

3.2. CMOS Failures

In order to understand the factors influencing the reliability of DRAM, it is important to get familiar with
the basic failures that occur in regular CMOS integrated circuits. This section will introduce five commonly
observed failure mechanisms: bias temperature instability, hot carrier injection, time dependent dielectric
breakdown, radiation failure and electromigration. First, a basic introduction of the metal-oxide-semiconductor
field-effect transistor (MOSFET) is presented as four of the aging effects mentioned above occur in this device.
Subsequently, the five wear-out phenomena will be described.

3.2.1. Transistor

In this section an introduction of the MOS transistor is presented. The basics of the physical construction as
well as its operating behavior will be described first, to be concluded by a specific leakage mechanism, gate
induced drain leakage.

Structure

The MOSFET is the most used type of transistor in electronic circuits to date. Figure 3.2a shows the basic
physical structure of a n-type MOSFET (NMOS) [30]. A MOSFET is made on a wafer. This wafer is usually
charged with p-type carriers and forms the substrate of the transistor. When a PMOS transistor needs to be
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made, a n-well can be made with n-type carriers in the substrate. To make a transistor first an isolating oxide
is grown over the wafer. Afterwards the gate (G) made from either polysilicon or metal is placed over this
oxide. Then the oxide that is not covered by the gate is removed. In the uncovered areas doping ions (n-type
carriers for NMOS, p-type for PMOS transistors) are implanted which will form the drain (D) and the source
(S) of the MOSFET [31]. When a gate voltage is applied, charges are attracted under the gate which form a
conducting channel between the drain and the source [32].

A MOSFET is a symmetric device, e.g. drain and source can be swapped without consequences. A MOS-
FET has four electrical connections; one to gate, two to drain and source and one to the substrate, also called
bulk (B). Figure 3.2b and 3.2c show respectively the circuit symbols for the four terminal device and the digi-
tal device. In digital circuits the bulk is typically connected to ground in NMOS devices and to Vpp in PMOS
devices, therefore this connection is not drawn in the figure.
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SILICON DIOXIDE

SOURCE

(R

SN,

RIS

HEAVILY DOPED
REGION

CONDUCTING CHANNEL

INTRINSIC SILICON

G }T S

S (c) Three terminal MOS-

FET representation

(a) Basic MOSFET struc- (b) Four terminal MOS- used in digital repre-
ture. Copied from [30] FET representation sentations

Figure 3.2: Physical and circuit representations of a n-type MOSFET

MOSFET Operation

The following text holds for NMOS transistors. To apply the information to PMOS transistors, voltages and
currents should be inverted and doping types should be switched. E.g. the bulk is made with n-type carriers in
stead of p-type, current flows in the reverse direction. Current flows from drain to source when a voltage larger
than a certain threshold voltage, Vy,, is applied from gate to source, V;j, < Vs [32], where V5 is the gate-to-
source voltage. If Vgs < V3, the transistor is in cut-off and ideally no current flows. The region between drain
and source is called the channel. It has a length, L, and a width, W. When the source is connected to the
ground of the circuit, Equations 3.5 and 3.6 hold for the drain current, Ip [25]. Equation 3.5 applies when the
device is in so called linear or triode region and Equation 3.6 holds when the device is in saturation. In Figure
3.3 the cut-off, triode and saturation region of a transistor are indicated.

r W Vbs 2
Ip= knT (Ves = Vin) Vs — (T) when Vgs>Vy, and  Vps < (Vs — Vin) (3.5)
k, W 2
Ip= > (Vs — Vin)“ (1 + AVpg) when Vgs>Vy, and Vpg=Vgs— Vi (3.6)
In these Equations Vpg is the drain-to-source voltage, k;l = % is called the transconductance param-

eter depending on the oxide thickness, f,, mobility of the carrier, i, and the oxide permittivity, €,x. When
the device length of the channel is shortand the drain source voltage is high, thus resulting in a strong elec-
tric field in the channel, the channel can come in pinch-off. The channel becomes shorter than the physical
channel length. This increases the current through the device and its influence is given by A [25], [32]. In
Figure 3.3 the influence of A can be seen in the increase of the drain current in the saturation region.

Both Equations only apply when Vs > Vyy,. If this is not the case, the transistor is in its off-state. In the
off-state a small current still flows through the transistor, called the sub-threshold current. This current is
given by Equation 3.7 [25].

)(1 —exp(— Vps )) 1+ AVps) 3.7)

ID:ISexp( KTlq

GS
nkT/q
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Figure 3.3: Linear, cut-off and saturation NMOS operating regions

In this Equation Is and n are empirical defined parameters; k is the Boltzmann constant, g is the elemen-
tary charge and T is the device temperature.
The threshold voltage of a MOSFET is given by Equation 3.8 [25].

Vin = Vino +y (\/ |20+ Vss| —/ |—2¢>p|) (3.8)

In this Equation Vsp denotes the voltage from source to bulk. y is the body-effect coefficient, indicating
the influence of changes in Vsg on the threshold voltage and ¢ is the Fermi potential. V;j finally is the
threshold voltage if no substrate bias voltage is applied. From this equation it follows that the threshold volt-
age of a MOSFET is dependent on its bulk bias and physical parameters. Equation 3.9 shows the calculation of
Vino [32]. In this equation Vg is the flat band voltage, ¢ ¢, is the difference between the Fermi level and the
intrinsic Fermi level, € is the permittivity of the semiconductor, N, is the acceptor donor concentration and
Cox is the oxide capacitance. The threshold voltage thus depends on the oxide thickness, the oxide material
and doping concentrations in the device [32].

2¢5qNa (2¢7p)

Vino=Vrp+2¢fp+ ————— 3.9)
COX

In the linear regime a transistor can be used as an amplifier. Small input voltage changes will results in
larger current swing through the device. The relation between the output current and input voltage is called
transconductance and is for a MOSFET described in Equation 3.10 [32].

20
Ves—Vin

The conditions in Equation 3.5 and 3.6 have the consequence that a n-type device is unable to pass the
full drain source voltage. A drop equal to the threshold voltage of the device will occur. Following the same
reasoning, a p-type device is unable to bring a voltage down to zero volt, again the threshold voltage will
remain.

When Vs < Vi, the transistor ideally should turn off and not conduct any carriers. However, in real
devices this is not the case and a small current will flow as described in Equation 3.7. In Figure 3.4 the sub-
threshold current of a MOSFET is plotted [33] for negative Vgs. It follows that the current drops very fast
when Vs < Vi, until Vg = —0.5V. From this point it increases again and Equation 3.7 no longer holds. This
leakage current is now mainly caused by gate induced drain leakage.

8&m (3.10)

Gate Induced Drain Leakage

Gate Induced Drain Leakage (GIDL) occurs in the overlapping area between the gate and the drain of a tran-
sistor [34]. If the gate of a NMOS device is biased at a low voltage, while the gate is at a high voltage, a deep-
depletion region is formed in the overlapping region. For a PMOS device, this occurs when the gate is biased
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Figure 3.4: Subthreshold current in a MOSFET [33]

at high voltage while the drain is biased at a low voltage. Carriers can tunnel through the drain-to-bulk band
gap and are then swept away [34]. This process is schematically presented in Figure 3.5 [34]. GIDL is an im-
portant leakage mechanism in DRAMs. Since the cells are accessed infrequently, the charge stored on the
capacitor creates a strong electric field between in the gate and drain; this gives rise to GIDL currents. Hence,
GIDL decreases the retention time of a memory cell.

Ve ¢ electron
o hole

Figure 3.5: Deep-depletion in the gate drain overlapping region causes GIDL [34]

When there are traps present in the gate drain overlapping region, GIDL current increases. The traps form
energy states in the band gap that can be occupied by the carriers. From these states, the carriers may either
continue to cross the band gap or fall back in their previous energy band. Since these energy states are within
the band gap a carrier needs less energy to cross the complete band gap [32].

3.2.2. Bias Temperature Instability
Bias Temperature Instability (BTI) shifts the transistor threshold voltage due to bond breaking in the Si-SiO;-
interface. The crystalline structure of pure silicon, as used in the substrate, and of silicon dioxide, the gate
insulator, do not match. This means that some of the bonds of the oxide are not connected to any of the
silicon atoms from the bulk [31]. In the production process a so called annealing step is used to bind the
dangling bonds with hydrogen atoms. If this would not be done, the dangling bonds act like trapped charges
at the silicon interface [32]. This results in an increase of the threshold value as these charges then add to N,
in Equation 3.9 [31], [32]. A schematic representation of the Si-SiO,-interface is presented in Figure 3.6 [35].
The bonds between the hydrogen (H) and silicon (Si) atoms can break due to high electric fields and
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Figure 3.6: Schematic representation of Si-SiO»-interface [35]

increased temperatures [1]. If a gate bias voltage is applied to a transistor, a high electric field will form
through the gate oxide. This will break the bonds of the hydrogen atoms. The freed hydrogen atoms will
start to diffuse through the gate insulator until they finally are swept away in the gate material. When the
hydrogen atoms diffuse they leave an unbonded trap in the Si-SiO,-interface which increases the threshold
voltage. If the electric field is removed, some of the hydrogen atoms may diffuse back to the silicon and
silicon dioxide interface thus decreasing the threshold voltage again. The effect of generation and recovery
of traps on the threshold voltage is depicted in Figure 3.8 [36]. Because a transistor can partially recover from
BTI degradation, the long-term threshold voltage shift depends on the duty factor at which the transistor
operates. Figure 3.7 shows the relative impact of the duty factor for several sources in literature.

Threshold Voltage Shift due to BTI
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Figure 3.7: Impact of duty factor on long-term threshold voltage shift caused by BTI. All shifts are plotted relative to DC long-term stress

With increasing temperature more hydrogen atoms will diffuse away from the boundary and thus the
threshold voltage will increase faster with increasing temperature. The effect described above is called bias
temperature instability BTT [1].

Traditionally PMOS transistors suffer the most from BTI effects when their gates are biased negatively
[41], [42]. The resulting BTI is then called Negative Bias Temperature Instability (NBTI). NMOS transistors
generally suffer less from BTI effects than PMOS transistors, but the most noticeable degradation occurs when
their gates are biased positively. This is then called Positive Bias Temperature Instability (PBTI) [42]. PMOS
transistors are less prone to PBTI effects and NMOS transistors are less prone to NBTI effects than to the
other two variants [42]. Modern transistors have a gate that is made form a high-k material which has a
higher permittivity than SiO;. These high-k materials have a higher defect density than SiO, which results in
an increment of PBTI effects in NMOS transistors [28], [42], [43] relative to transistors with a polysilicon gate.
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Figure 3.8: Generation and recovery of BTI wear-out [36]

3.2.3. Hot Carrier Injection

Another important wear-out factor in transistors is called Hot Carrier Injection (HCI) [44]. The strong electric
field near the drain edge in the channel energizes carriers making them hot carriers. These hot carriers then
break silicon-hydrogen bonds, just like in BTI, or occupy trap states in the gate oxide thus increasing the
threshold voltage. Since the carriers only become hot near the end of the channel, the degradation takes
place in this region. The bond braking phenomenon is presented graphically in Figure 3.9 [45]. The carrier
can also be swept in the bulk of the transistor. If this happens, or the carrier is swept into the gate of the
transistor, the net current flow is decreased and thus g, decreases [1], [29], [44]. NMOS transistors are more
prone to HCI than PMOS because electrons, the carriers in n-type devices, have a lower energy barrier to
become hot electrons than holes, the p-type carriers, have to become hot holes [18], [44], [46]. The barrier for
an electron is approximately equal to 3.2 eV and for a hole 4.7 eV [46]. Recovery as seen in BTI does not occur
in HCI [44]. The threshold voltage can only increase with time.
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Figure 3.9: Hot carrier injection bond breaking at the end of the channel [45]

3.2.4. Time Dependent Dielectric Breakdown

The previously described wear-out phenomena, BTI and HCI, can be characterized by the gradual degra-
dation of transistor properties over time. Time Dependent Dielectric Breakdown (TDDB) is a more direct
wear-out phenomenon [1], [47]. Under influence of the strong electric field over the oxide, defects can be
formed in the oxide. These defect states can be occupied by carriers, as mentioned in the sections above, that
might start to form a gate current via these traps. Once a certain threshold of traps is reached, a conducting
path is formed where large currents can flow. Figure 3.10 presents this schematically [48]. The oxide heats up
and finally the transistor breaks down completely [1], [47].

3.2.5. Radiation Failure

Ionizing radiation can create electron-hole (eh) pairs in transistors that degrade of even disrupt the their
performance [10]. The damage that occurs depends strongly on the dose rate (D) of the radiation given in
rad/s. The total amount of ionizing radiation that accumulates in a transistor is called Total Ionizing Dose
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Figure 3.10: Time dependent dielectric breakdown caused by a conducting path of defects in the gate oxide [48]

(TID) and is measured in rad. In the case of low dose rates, the eh-pairs can get trapped in the oxide or
break a Si-H bond at the Si-SiO;-interface which both results in an increase of the threshold voltage, as was
described earlier [10], [32]. The trapped charges in the oxide can lead to TDDB effects where a leakage current
flows through the oxide and a breakdown of the oxide may occur. Higher dose rates can result in latch-up or
even complete destruction of the transistor. Latch-up is the phenomenon where a parasitic bipolar transistor
in the MOSFET is activated by the large amount of energy released by the ionizing particles [32]. A large
current starts to flow making a short circuit. Even higher dose rates or energized particles can destroy the
material properties of the transistor and render it useless [10].

3.2.6. Electromigration

Electromigration (EM) is a wear-out phenomenon that occurs in the metal in a chip [1]. Both mechanical and
electrical stress can cause a drift of ions in a metal [1], [5]. For example, if a strong current were to flow always
in one direction, the electric field causes metal ions to diffuse through the metal. At certain points more ions
will start to diffuse, thus decreasing the overall metal width and further increasing the electric field in that
part, increasing the diffusion even more. This finally can lead to a gap where metal is missing and an open
circuit is formed. On the other hand the ions will start to move to certain points in the metal. Here a build-up
of ions, a hillock, occurs which can lead to short-circuit situations [1]. In Figure 3.11 both the formation of
hillocks and voids is presented [49].

Figure 3.11: Formation of hillocks and voids due to electromigration [49]

3.3. DRAM Specific Failures

This section introduces DRAM specific failures. The failures are split in soft and hard faults [24].

3.3.1. Soft Faults

A soft fault happens when the data is written to a cell and has changed when reading it after some time which
is shorter than the retention time.[24]. Soft faults are non-destructive and correctable after a write operation.
The non-destructive property of this type of fault refers to the DRAM hardware, it does not suffer from any
damage when this fault occurs. This also implies that the fault is correctable after a write operation because
if this was not the case the circuit would have been damaged [24].

Causes of soft faults can be ionizing radiation or capacitive coupling with other cells [24], [50]. Ionizing
radiation can release large amounts of electron hole-pairs that can add charge to the storage capacitor which
might result in flipping a logical bit [50]. Cells can get capacitively coupled with other cells via densely placed
bit lines. Operations on one cell influence a coupled cell which might result in a soft fault [24], [51]. It is found
that the generation of soft faults depends on the data background of neighbouring cells [52], [53].
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3.3.2. Hard Faults
In contrast to soft faults hard faults are uncorrectable and lead to direct circuit failure [24]. Examples of hard
faults are broken connections in the cell or in the wiring which make it unable to write and read to that cell
or stuck-at faults in which a cell is always set to a zero or an one [24], [54]. In order to keep the yield of a
production process high, replacement rows are made on the chips. If a cell suffering from a hard fault is
found during the testing of the product, the row containing it is disconnected and replaced by one of the
replacement rows [21].

Soft faults may become hard faults. E.g., due to TDDB, the cell might have an increased leakage current,
reducing the retention time [54], [55]. If the dielectric breaks down, no more data can be stored in the cell and
the soft fault became a hard fault.

3.4. Reliability Simulation Model Description

In this section the model used to simulate the wear-out and aging of a DRAM will be described. First the
circuit topology used for these simulations is presented in detail. The second part of this section consists of
an overview of commonly used wear-out simulation methods and the description of the aging models used
in this thesis.

3.4.1. Circuit

Due to the secretive and highly competitive nature of the DRAM industry it was impossible to use a mod-
ern day DRAM circuit. In order to keep the results realistic, a commercial DRAM netlist from the 1990s was
used. Transistor simulation is performed on SPICE simulation level 3.

The circuit can be divided into two sections. The first section consists of the memory cells and their con-
necting bit lines which lead to a local sense amplifier. The sense amplifier is connected to column selectors
which form the boundary between the two sections. After the column selectors the global precharge and
sense amplifiers, which form the second section, are located. Other parts of the circuit, like the control logic,
are included as ideal controlled voltage sources, not as hardware. Aging of digital circuits is investigated for
example in [5], [13], [15].

The next sections will describe the circuit following the read path up, down from a single memory cell to
the output buffers of the circuit. After this, the timing and the waveforms of this netlist will be discussed.

Memory Cell

In this design 1T1C memory cells are used meaning that one capacitor is accessed by one access transistor.

Figure 3.12 shows the cell simulation model. The polysilicon that is used to connect the transistor with the

capacitor has a higher resistivity than metal has. This is modeled as a resistance between drain and capacitor.
Note that the access transistor is a PMOS transistor. The bulk is biased at Vpp. This means that leakage

in the transistor will charge the capacitor towards Vpp, instead of discharge it. Table 3.1 lists the important

design details of the components in the memory cell.

word line
Table 3.1: Memory cell details

Reell | o
bit line O_—I?L_El Parameter Value Description
To Transistor length

— Ceen
Tw Transistor width
o Reell Drain-Capacitor resistance
- Ceell Cell capacitance

Figure 3.12: Memory cell

Reference Cells

The reference cells are also 1T1C cells. Figure 3.13 shows the circuit for two reference cells, both connected
to their own bit line. Teq is the equalization transistor. It is used to bring the reference cells to equal refer-
ence voltage, Ve, before a new read operation is performed. Again, the higher resistivity of the polysilicon
connection is modeled as a resistor. In Table 3.2 the specifications of this subcomponent are presented.
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ref word line 0

Ccell 0
Rcell,O

bit line C Table 3.2: Reference cells details
Parameter Value Description
ref eq o—-l Teq
— TrceqnL Transistor length
o o TTCeqnw Transistor width
bit line T Reell 0,1 Drain-Capacitor resistance
Reell,1 Ceell 0,1 Cell capacitance

Ccell,l
ref word line 1

Figure 3.13: Reference cells

Sense Amplifiers

Figure 3.14 shows the sense amplifier circuit. The local sense amplifiers are smaller than the global ones but
the circuit lay-out is nearly equal. Because the bit lines are always charged to Vpp, it is more important for
a fast reading operation that the sense amplifier is able to discharge the bit lines fast. To allow for this, the
faster NMOS transistors are designed wider than the charging PMOS transistors.

Operation of the local sense amplifier is controlled with the setN node in the circuit. This node is con-
trolled by large transistors connecting the sense amplifier to GND, which enables fast discharging of the bit
lines. The global sense amplifier is driven with a signal directly to one large discharge transistor connecting
the sense amplifier to GND. Table 3.3 lists the transistor sizes used in both the local and global sense ampli-
fiers.

Table 3.3: Sense amplifier details

bitline T
| Parameter Value Description
4| T TN,1,2,l0cal L Transistor length
setN | TN, 1,2,l0cal W Transistor width
4| Tr2 Tp1,2,10cal L Transistor length
Tp1,2,local W Transistor width
TN,1,2,global L Transistor length
bit line C TN, 1,2,global W Transistor width
) ) Tp1,2,global L Transistor length
Figure 3.14: Sense amplifier TP,l,z,global W Transistor width

Precharge Devices

Figure 3.15 shows the precharge circuit. Both the local and global equivalents use the same topology, but
differ in transistor size. Table 3.4 presents the sizes of these transistors. When an operation is completed, the
bit lines are precharged back to Vpp by setting the precharge node to a low voltage.

Timing

Now that the subcomponents are presented, their internal relationship and timing can be discussed. In order
to give a clear illustration of all the events that happen during one clock cycle, a 0WO0 operation is split into
four pieces and explained in detail. One clock cycle in this DRAM circuit takes T, = 60ns.

The start of the operation is presented in Figure 3.16 and is equal to the start of a read operation. The bit
lines are precharged to Vpp, the reference cells to Vier and in the memory cell a logical ‘0’ is stored. When
the word line is activated at ¢ = 6ns, both the memory cell on bit line T and reference cell 0 on the bit line
C, share their charge with their bit lines. Since both the bit lines are at a higher potential than the cells, their
internal capacitor voltages increase and the bit line potentials drop slightly. Because the voltage difference
between the reference cell and its bit line, bit line C, is less than that of the memory cell and bit line T, bit
line T is discharged to a lower voltage. Note that reference cell 1 is not activated yet and still holds Vi;. At
t = 11ns the local sense amplifier is enabled and the sensing operation starts. Since bit line T has a lower
voltage than bit line C, the sense amplifier will discharge bit line T to GND and restore bit line C to Vpp.
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Vbp
hd Table 3.4: Precharge circuit details
precharge Parameter Value Description
Trclocal L Transistor length
Tt localw Transistor width
Teqn,local L Transistor length
Teqn,local W Transistor width
Tr,c eqn,global L Transistor length
TT,c,eqn,global W Transistor width

bitline T bit line C

Figure 3.15: Precharge circuit

The memory and reference cells are still connected to these bit lines and thus their internal voltage is also
discharged and charged respectively. The memory cell voltage does not decrease back to its original value
due to the threshold voltage of the access transistor and the word line potential supplied to its gate.

OWO operation
) | | | —— Memory Cell
= —— Word line

2l | |—Bitline T
= —— Bitline C
o \ —— Reference cell 0
?3” —— Reference cell 1
§ 10 7| | —— Local sense enable

) L\

| | | | | | | | |

Time [ns]

Figure 3.16: Sensing during a OW0 operation

In Figure 3.17 the global circuitry sets its bit lines to the values that have to be written to the cell later in
the cycle. With the activation of the write signal at ¢t = 20ns, global word line T is set to 0 V. This period of the
cycle is only used for writing operations and gives room for previous reading operations to extend in time, for
example, due to aging.

Figure 3.18 shows the period of the cycle where the bit lines are coupled to the global circuitry via the
column selectors. The word line voltage drops below 0V in order to mitigate the threshold voltage problem
mentioned above. Besides that, now also reference cell 1 is connected to bit line T and discharged as well.
Again the threshold voltage of the reference cell transistor limits how far the cell will discharge. 43 ns after
the start of the cycle, the column selector becomes active and allows the data from the global bit lines to be
fed into the memory cell or to read out the local bit lines with the global sense amplifier and forward the data
to the output of the chip if a read operation would have been performed. After f = 47ns, the global circuitry
becomes disconnected again from the local circuitry after which the global bit lines are precharged again.

The last part of the cycle is presented in Figure 3.19. After 51 ns the cell word line is deasserted and the cell
voltage is definitively set. The reference devices are equalized to the average voltage of both cells and finally
the bit lines are both precharged back to Vpp.

3.4.2. Workload and Duty Factor
In order to find realistic degradation of DRAM, it is important to know how the transistors are stressed. From
the workload the stress for every transistor can be found and thus a prediction of the degradation can be
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made more accurately. In order to do so, one must know the memory lay-out. Because it is unknown for
which chip the circuit files are designed, a DRAM chip was selected with specifications that roughly match
the properties of the circuit and its memory lay-out was assumed for this research. The selected reference
SDRAM chip is manufactured by Siemens with type number: HYB39564400/800/160AT [56]. Table 3.5 lists
important parameters of this chip.

Table 3.5: Important parameters of selected reference DRAM chip, Siemens HYB39564400/800/160AT [56]

Parameter Value

# bits 64 Mbit
# banks 4
column address 8 bit

row address 12 bit
bits per dataword 16
Technology 250 nm
Vpp 33V
felk, max 125 MHz
Trefresh 64 ms

The workload needs to be split in the workload per column and the workload per cell to characterize the
DRAM circuit. The column workload will be used to determine the degradation of sense amplifiers, reference
cells and precharge devices while the cell workload will be applied to the cells. Since the circuit does not
contain for example a row decoder, the row workload is not needed in this research but could be found using
the same method that was used to find the other workloads as well.

To find the workload on transistors it, was assumed that accessing a data word happens randomly and in-
dependently from other accessing operations. This assumption would for example not hold in specific cases
like row-hammering where a specific row is accessed repetetively with a high frequency [51]. The chance
of accessing a single cell is given by the division of the total amount of bits by the amount of bits per word.
Equation 3.11 shows this mathematically.

1 1

= =2.3842-1077 3.11
# bits/bits per word 64 Mbit/16bit G11

Pcell =

The chance that a column will be accessed is given by the amount of columns multiplied by the amount of
banks. Equation 3.12 summarizes this.

1

#banks-# columns ~ 428

In order to see the differences in degradation due to the workload, two extreme cases were defined. In
the best-case situation, only refreshes of the cell’s contents stress the DRAM. The refresh rate forms a lower
boundary on the workload on a cell transistor. One read-refresh cycle of the DRAM circuit takes T,;x = 60ns
while one refresh cycle of the complete DRAM takes Ty¢fresn = 64ms as stated in Table 3.5. The best-case
duty factor for a cell is then given by Equation 3.13. DFy in this formula is the duty factor of the word line,
WL, during one clock cycle, T,;x. The duty factor for a word line is the percentage of the complete clock cycle
in which the line is active. From the timing graphs in Figures 3.16, 3.17, 3.18 and 3.19 it follows that the word
line has a duty factor of DFy; = 0.718.

=9.7656-107* (3.12)

Pcolumn =

Teie 60ns

DFe1, pest-case = DFwL- (3.13)

Trefresh 64ms

. . . . Tre res .
The best-case workload for a column device is given by Equation 3.14. The term W gives the amount
of clock cycles per refresh operation. One of these cycles is used for the actual refresh operation, so 1 needs
to be subtracted. DF,;ro; indicates again the duty factor of the driving source of the transistor.

-1

-1 =DFcontrol- ( (3.14)

Trefresh 64ms -
DFo1, best—case = DFcontrol - )

#rows- T,k 212.60ns

The worst-case workload is based on the misses of the L2 cache in the SPEC CPU2006 benchmark [57]
for a Intel Core 2 Duo Processor [58]. In [59] and [60] this benchmark was used to determine, among other
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metrics, the L2 misses. The worst case L2 miss rate was reported in [59] to be piss, 12 = 50/1000 for the
433.milc benchmark. If a L2 miss occurs, a complete memory block is replaced with one from the DRAM
main memory, as was explained in Section 2.1. It is assumed in this research that one block has the size
of 32kB, which equals 16 kwords in the reference DRAM. The worst-case duty factor for a cell is shown in
Equation 3.15 and for a column device in Equation 3.16.

DF¢e11, worst—case = DFwL " Pcell - Pmiss, L2 -words per block (3.15)

DFcol, worst—case = DFcontrol * Pcolumn * Pmiss, L2 - Words per block (3.16)

3.4.3. Aging Simulation Methods

This section goes into more detail in the state of art in simulating aging effects than the introduction in Section
1.2. The failure mechanisms covered in each simulation approach will be presented as well as an in-detail
analysis of the aging modeling used. Every approach will be presented in the same order as they appeared in
Section 1.2. Table 3.6 summarizes the details of all methods. In Section 3.4.3, the methods presented in this
section will be used in the development of wear-out models for this research.

Berkely Reliability Tools

The BERT [12] were one of the first simulation methods to simulate the effects of aging on a circuit. It allows
to simulate the effects of HCI, TDDB and EM although not combined. The BERT offer three different simula-
tion modules which are independent from each other. In order to simulate HCI wear-out, first a fresh circuit
is simulated using SPICE. Then from the operating conditions a so called AGE-parameter is calculated. The
formulae to determine AGE for NMOS and PMOS devices are presented in Equations 3.17 and 3.18 respec-
tively. Hy, Hg, ms and mg X are technology parameters, 7 is the total stress time, I, is the substrate current,
IpS is the drain-source current, I; the gate current and W the transistor width.

AGENMOS = T Ips  [Lun]™ 4, (3.17)
o W-Hs | Ips '
1 Ig mg
AGE = — = dt 3.18
PMOS fo Hy W ( )

From Equations 3.17 and 3.18 and the further equations used to determine the actual aged parameter set
[45], [61], [62], it becomes clear that these models do not take into account the temperature of the circuit in or-
der to derive the aged operating conditions. The aged parameters are derived from an inter- or extrapolation
on measured data points. E.g. given a calculated AGE, the BERT will try to interpolate the derived param-
eters from two points of the measurement data. The circuit is then simulated again but now with altered
transistor models in order to see the effects of aging. In case of a NMOS device, a current source connected
to drain and source is added to simulate the degradation of device current. For a PMOS device the SPICE
library parameters Ip, Vy;, and n are altered. Figure 3.20 shows the altered model for the NMOS transistor.
HCI simulations are thus done on the circuit level and the outcome is reliability since this method allows to
see the degradation of the circuit over time.

Q’_{ Al

S

Figure 3.20: NMOS transistor model used to simulate aging effects due to HCI in the BERT [12], [62]

For TDDB and EM the approach is different. For these failure mechanisms the chip as a whole is evaluated
and the outcomes are reliability for the complete system. For TDDB the needed oxide thickness that would
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result in a breakdown after a user defined time is calculated. Taking into account the actual oxide thicknesses
in the system from the previous calculation, the distribution of failing transistors can be derived. When EM
is examined, the BERT simulate the fresh circuit and use the derived currents to find the time-to-failure for
all the interconnects. This will result in a distribution of failures over time. Depending on the failure criteria
a MTTF can also be found.

Reliability Aware MicroProcessor Model v1

The first Reliability Aware MicroProcessor model, RAMP v1 [5], is able to do so and predicts system reliability
by performing an analysis on behavioral level. It estimates failure rates for the EM, stress migration (SM),
TDDB and temperature cycling (TC) failure mechanisms per structure in the circuit. It is assumed that the
failures are independent and have a constant failure rate. The MTTF for the complete system is given by sum-
ming all the failure rates, 1;;, for the different structures and failure mechanisms with a weighing function,
Wjy, as presented in Equation 3.19.

1
MTTF,y; = — (3.19)

YL Xk WAy
For some of the failure mechanisms, like EM, information about the circuit is needed to derive the MTTE
This implies that RAMP v1 can be partially aware of workload.

Reliability Aware MicroProcessor Model v2

A few years after the introduction of RAMP v1 the same researchers developed Reliability Aware MicroProces-
sor model v2, RAMP v2 [13]. The failure rate is not constant any more; in stead of an exponential distribution
now a log-normal distribution of failures is used. This new distribution results in an increment of failure rate
towards the end of life of a device. In other words, it becomes possible to simulate both the floor and the right
wall of the bathtub curve as were presented in Figure 3.1. NBTI is also added as a failure mechanism in the
evaluation. The third improvement over RAMP v1 is the ability to simulate parallel and redundant structures.
To do so a Monte-Carlo simulation is performed to determine the reliability metrics of the parallel structures
and their influence on the complete system. The Monte-Carlo approach results in a reliability distribution
for the system.

Maryland Circuit-Reliability-Oriented

MaCRO [14], is able to simulate aging effects due to HCI, TDDB and NBTI. It first uses SPICE to find operating
conditions of all the transistors. Once the operating conditions are known, the lifetimes of all the components
for all different failure mechanisms are calculated. Equation 3.20 shows how the lifetime under HCI stress is
calculated. In this Equation Apcy is a model prefactor, 7 is a process parameter and E,, pcy is the activation
energy, temperature is taken into account with parameter T, k is the Boltzmann constant and W is the device
width.

b ol = A (Is”b)_nex (—E“'HC’) (3.20)
f, HCI HCI| 7 p kT .

When all the lifetimes are found the transistors are sorted based on these lifetimes. E.g. the most de-
graded transistors have the lowest lifetime prediction. The most degraded transistors are then replaced with
aged equivalent circuits. It is possible to combine multiple failure mechanisms in one aged transistor model.
Figure 3.21a shows the aged equivalent model used in MaCRO to simulate NBTI in a PMOS transistor and
3.21b shows how both NBTI and TDDB in a PMOS device are combined into one equivalent aged circuit
model. The values of, for example, the current sources do not depend on the previously calculated lifetimes.
In stead they are derived from operating conditions directly. The degraded circuit can be used to simulate
further aging until circuit functionality is lost. With this information reliability and lifetimes of the circuit can
be derived.

AgeGate

AgeGate [15] is able to simulate aging effects on digital gates. It predicts a lifetime for the circuit under test.
AgeGate uses, like SyRA [18], a work profile to determine the load on the transistors in gates but also includes
switching activity and temperature. The work profile is used to determine variations in gate delay and in the
slopes of the signals. NBTI results in threshold voltage shifts while HCI will result in drain current variations.
In order to derive the work profile, first a simulation is run without any aging factors involved. Then the
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Figure 3.21: Examples of aged equivalent transistor models used in MaCRO [14], [63]

added delay due to aging per gate is calculated as well as changes in the slopes of the signals. Equation 3.21
shows how the additional delay for a gate is derived. In this equation Ad denotes the delay, Al is the current
through a transistor when it is active. GATE is the set of all transistors in a gate.

od
. AV[h'm +

Ad =
meGATE 6Vth,m on,m

Alonm (3.21)

To enable fast simulation of aging effects on larger circuits, it is necessary to consider only a limited
amount of data paths in the aging analysis. The presented approach in AgeGate is to make a timing graph
of the network and remove all the nodes and links that do not contribute to the critical path or can become
a critical path after aging. In three steps the graph is reduced and thus allows for faster simulation. The
detailed reduction is not relevant for this thesis, but could prove useful when this research is extended to a
DRAM netlist that includes digital circuitry. The aging analysis will result in an expected lifetime under given
operating conditions. Also the data path on which this occurs will be known.

Response Surface Model Based Simulation Technique

The Response Surface Model Based Simulation Technique (RSM) [16] is able to predict reliability on a tran-
sistor level for both aging effects as well as process variability. Determining circuit behavior can be denoted
mathematically in Equation 3.22 as:

P =9(f1;) 3.22)

In this Equation f € & is the vector containing n parameters which have a process dependent spread,
e.g. width and length of transistors. The function 9 maps the function space of the circuit, %, to the perfor-
mance space, & at time ¢;. The performance space contains vectors, P, with m performance metrics for every
timestep t;. Performance can here for example be defined as the gain of the circuit, the consumed power or
any other metric describing circuit functionality. The function 9 needs to be found in order to enable fast
reliability predictions for a circuit which is influenced by process variability. To evaluate 9, one could use a
Monte-Carlo approach. This would require an enormous amount of simulations as for every sample a com-
plete aging analysis needs to be performed. It becomes beneficial to select only those parameters in & which
have a large impact on the outcome of 9, a response surface model (RSM). Screening design is used to find
the parameters in this reduced set resulting in a mapping function 9. The error made by 9 is evaluated. If this
error is small enough, the circuit reliability can be described by the derived function. If this is not the case,
a second phase is needed, called regression design. In regression design more parameters can be taken into
account and a more complex approach in mapping them is used to derive a suitable RSM.

The reliability for the complete circuit can be derived with a Monte-Carlo analysis. With the reduced set
of influential parameters and modeling the circuit as an analytical expression this process is sped up signif-
icantly. As the influential parameters are known from the RSM, the designer is enabled to quickly identify
weak spots in the design by doing a sensitivity analysis on the RSM.
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The evaluation of aging on the circuit performance is done by deriving the workload on the transistors and
substituting the transistor models with aged equivalents. Figure 3.22 shows the aged equivalent circuit used
in the RSM approach. The circuit presented in the figure contains three failure mechanisms, BTI, HCI and
TDDB. Both BTI and HCI are modeled in the voltage source in series with the gate of the transistor and two
current sources connecting drain and source. Partial TDDB (increased leakage current before breakdown) is
modeled using two resistors connecting the model gate to the source and the drain.
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Figure 3.22: Aged equivalent transistor model used in the RSM [16]

Failure Rate Based SPICE Prediction Method

FaRBS [17] evaluates the lifetime of complete systems with simulations on single transistor level. It does this
by simulating the full circuit and extracting the waveforms at certain points in time. If enough time samples
are taken, the workload of the system can be taken into account accurately. Every sample j, the stress time,
tj, gate voltage, Vg, drain voltage, Vy j and temperature, T}, are sampled. Then the total stress, Ty, for a
transistor for a single failure mechanism is calculated using for example Equation 3.23 to calculate stress
due to TDDB. In this equation, Ay and A7 denote the area of the oxide in the device under stress and of a
reference transistor, E, is the activation energy, f and y are shape and voltage parameters that are derived
from accelerated testing respectively.

/ An )P E,(1 1
TN—]_;'«‘J'(A—T) exP(Y(ng_V”’”“"(?(T_T_Fj)) (3.23)

Once all the stresses for all the transistors are found, the reliability for the complete circuit can be found
with a simple product of all reliabilities as shown in Equation 3.24.

Rs=[]RropsRemRucIRBTI (3.24)

It is important to mention that FaRBS assumes complete independence of failures where the first failure
leads to a complete system failure and also assumes a constant failure rate. With the constant failure rate
assumption the lifetime or MTTF for the system can be derived from the outcome of Equation 3.24 as was
described in Section 3.1.1.

System Reliability Analyzer

SyRA [18] predicts the lifetime of circuits on single transistor and gate level. Simulations on gate level allow
only digital circuits to be analyzed while the single transistor approach is more suited to analog circuits. SyRA
shifts the threshold voltage for NBTT aging effects and changes drain current for HCI wear-out. To simulate
aging in digital circuits, first the work profile is extracted by simulating the digital behavior of the circuit.
With this work profile, the stress on each transistor in a gate can be found. Then using long-term formulae
the change in threshold voltage or drain current is calculated. This outcome is converted to an additional
gate delay as described in Equation 3.25 for the case of NBTI. In this equation Az, v 44 is the change in delay
due to a shift in supply voltage, AV,;4, which can be found in the gate library. The factor 7 is the weighted
contribution of a transistor in a gate. For example in a NOR-gate the PMOS transistor connected to the output
can only degrade if the other one is activated.
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(3.25)

_ Vaa (Ata,vaa) 1 AV +AVip
Atg vin=-— . .

Vi \ AVaa 2

In the case of analog circuit examination, the transistors are replaced by aged equivalent models in the
netlist. This is done by first simulating an unaged circuit and from this circuit the operating conditions are
derived. The equivalent model for a PMOS device is given in Figure 3.23 for aging effects caused by NBTIL. A
voltage source in series with the gate simulates the degraded threshold voltage. The voltage source is driven
by a Verilog-A script which calculates the voltage shift based on the long-term models. Because bias point in
analog circuits may shift due to aging, it becomes necessary to use an iterative way to determine the effects
of circuit aging. SyRA uses a constant timestep to allow bias point shifts to be predicted.
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D

Figure 3.23: NBTI aged equivalent PMOS model used in SyRA [18]

In the case of digital circuit simulation the change in path delay of the 20 % longest paths is considered
as the reliability metric for the whole circuit. If one of the path delays is longer than allowed, the circuit is
considered failed. SyRA will find the moment this happens and thus predicts a lifetime. In the case of analog
simulation the same procedure holds but now correct analog circuit behavior is the metric considered.

Ideal Reliabiltiy Prediction Method
Table 3.6 states that the ideal DRAM reliability simulation framework should be able to do. below the proper-
ties of such an ideal reliability prediction method are explained.

Inclusion of a netlist in the reliability investigation is important as this allows to see the degradation per
transistor. With this high level of detail it becomes possible to pinpoint directly what causes most circuit
degradation. Once the detailed analysis is done, the reliability can be evaluated at a higher level for these
components, saving analysis time. Besides a netlist, also the operating conditions should be included in
order to give a fair estimation of the wear-out the circuit will observe.

The faults that are analyzed need to be dependent on each other to represent the physical wear-out as
realistic as possible. For example, both BTT and HCI can generate traps in the oxide of the transistor. These
traps are indistinguishable once present and thus have the same impact on the transistor performance. Also
the amount of traps that can be present in an oxide is limited and thus blindly adding all resulting wear-out
phenomena could result in a wear-out estimation that is too high.

Finally, the method should allow to use variable metrics to determine the circuit reliability. For example,
when analyzing the memory cell, one might want to include cell voltage as a metric to set the reliability while
in the sense amplifier analysis the sensing delay might be the metric to be considered. The method then
should be able to predict the reliability as well as the lifetime of the circuit.

3.4.4. Wear-out Models

This section describes the choices and implementation of the aging and wear-out models used to determine
the aging of a DRAM in this research. Three wear-out phenomena and transistor mismatch are investigated.
Transistor Mismatch are discussed in Section 3.4.4, Hot Carrier Injection in Section 3.4.4, Bias Temperature
Instability in Section 3.4.4 and Radiation Induced Effects in Section 3.4.4.

In the previous section, an ideal reliability simulator configuration for DRAM was presented. It stated
that faults should be dependent from each other in order to give a fair physical representation. In literature
no consistent models that describe these mutual influences on the transistor for all mentioned wear-out phe-
nomena are presented. This lead to the choice to include all aging mechanisms individually in this research
instead of in a combined model.



37

3.4. Reliability Simulation Model Description

‘{Kerop Bursuas g
uono91ep :1ayrduwe asuag

papnput

‘a3ej100 QWINdITT saInyre; b
10110vde)d ‘U UoNUAIAI R AI[IqRI[eY juopuadap ‘sax SIMIEIRAWId) SHUSLIND v orureudq SA [P9PI
pue sagejjoa [en1oy
9D 39 quauodwiooqns
Iad sornewr JuaIdfIg
N2II wmwoﬁmﬁﬁmow nwm/z QUWINAIIT ‘ EEW.QM qu.:Smmom bzwm\_m« LGN ‘IDH q Bmmsmm SIX [81] VuAS
“API9P WEd sl uonBUIqUIO)) ‘aroko Amp :rendiq
waIsAs Juopuadaput ‘papnjout ainjerddway, INCRARIM
a1o1dwod 9yl 10§ ILLIN SURAHT SoInIre} .mEHEm\E\s. 1940 sajdures ‘9ddl ‘IDH 101SISUeAL SA [L1) Seyed
‘wns pay3op
juapuadapur
*019 qua1Ind ndino saInyre;j {opour apnjout arjerddway, 11d
‘ured a1 1919wrered 3MOIID Aqeroy Houm__mwmbﬁoco PPt pue SULIOJOABAN ‘9ddl ‘IDH 101SISUeAL SoA [91] WSy
Ul pauIquod syjneq
juapuadapur papnpour
Aerop yred 1eONIID oWINIT saIn[re; ammeradway, {A1anoe LLAN ‘IDH d1en SOk [ST] @eDHady
‘wmns pay3op Juryoyms pue 9194 Aing
sjopout pade pue
A1reuonouny 3ModI Jo juapuadaput sur10joAeMm :AJfeuonoun,y
ssof ut Sunnsai santadoid Amqeray saInyrej ‘papniout d1njeradwa)l . Hwﬁmz 10]SISuel], SO [¥1] OUDBIN
1IN2110 Jo uonepeidag ‘wns pay3rop pue sadejjoa a3e1aae HddL 10H
{UOIBWINSS dWIISJI]
uId)SAs juapuadapur papnpout aimerodway,
9101dwod pue walsAs Annqeray saInyrej "JUNO0JJk O1ul Uae) ) ﬁmz waIsAg ON [€T] 2a dINVY
ur sjuouodurod 10§ 1IN ‘s payydop  Aqenied A1anoe 3uryoimsg 4ddl w4
juapuadapur papnjout ainjeradway,
Anqerpay saan[rej “JUnodJ¢e ojul usiye) 4adL ‘WH woIsAS ON  [S] 1A dINVY
‘s payydop  Aqrenaed A1anoe 3uryoimsg
saniadoid
1IN2I10 Jo uonepel3ap (IDH
B 10J 9IN[IRJ-0 mEmeEs oL SoInIIey IOH 10§ d1meradua) dddL o gsuer S9 [c1]
e 163 umuow.\rw@ M_w:_wwww ‘Ainqerey  renpiarpur AJuo ‘oN ON ‘SULI0joARM [EPON ‘W4 ‘TOH 1SISHEL A ctl L4dd
ur sjutod 103 Apiqeqoad
umopyea1q :gad.L
JINAIA 2Inreq STOANO sarpuapuadop yneq dIEME PBOPIOM istueoat [PA9T  ISIPON QwreN
: : uonoIpaId ’ amyreg :

spoyew uonarpaxd Apiqerar pue SurSe Jo MIIAISAO Pa[rela( :9°€ S[qeL



38 3. DRAM Reliability

Inclusion of TDDB to this research was not possible because of its physical nature. Simulating the wear-
out effects of TDDB would require to include the increase in gate leakage current caused by the conducting
trap path in the oxide as well as complete breakdown of the transistor oxide. The latter would be more suited
for simulation if a complete DRAM, containing all cells, were to be evaluated. TDDB in the cell capacitors
was not included due to a lack of data on this wear-out mechanism. Application of transistor TDDB models
to these capacitors was not considered suitable because of the geometric differences next to the behavior of
a total breakdown. EM is left out of this research because it applies to the physical lay-out of the wires in the
chip. As no lay-out of the circuit was available, this wear-out mechanisms was not implemented.

The NMOS transistor model that includes all wear-out and aging mechanisms used in this thesis is pre-
sented in Figure 3.24. It shows that the effects of transistor variations, HCI and BTI are included as threshold
voltage shifts by putting voltage sources (AV;n, mis, AVin, mcr, AV, g1, respectively) for these mechanisms
in series with the gate. The radiation effects are modeled as a current source (I,,4) between the bulk and the
drain of the transistor. The PMOS model is equal to the NMOS model except that a PMOS transistor is used
and the current flows from the bulk to the source.

o
“ OO Orf

AVin, mis AVin, Her AVip, BTI s

Figure 3.24: Transistor model used in this thesis. AV}, g7 indicates the threshold voltage shift caused by BTI, AV, gy for HCI and
AVip, mis for threshold voltage shifts caused by transistor variations. Ip,q grpr, represents the radiation induced leakage
current.

Transistor Variations

Transistors on a wafer or even on the same die do not have the same properties [64], [65]. This is caused by
random variations in the manufacturing process and defects and impurities in the silicon wafer, called mis-
match or process variations. The process variations might impact all transistors on a die of even a complete
wafer. For example, all threshold voltages might shift in one direction. But even on one die, transistors are not
equal due to the variations in doping and impurities [64], [65]. The mismatch variations are modelled using
the commonly used Pelgrom model [64]. Pelgrom’s model describes the variance in threshold voltage among
transistors on a chip. The equation describing the variance of the normally distributed threshold voltage is
presented in Equation 3.26.

2
Ayr
W-L

? (AVin, mis) = (3.26)

In this Equation Ayt is a technology node dependent parameter that decreases with decreasing feature
size, also named Pelgrom’s constant [65]. Table 3.7 summarizes the values for Ayt for different technology
nodes.

Table 3.7: Pelgrom’s constant Ay for different technology nodes [65]

Technology Node NMOS Ayr [mV-um] PMOS Ayr [mV-pm]

2.5um 30 35
1.2um 21 25
1.0pum 13 16.5
0.7 um 13 22
0.5pum 11~12 13
0.35pum 9 9
0.25pm 6~75 6

0.18 pm 3.3~5 5.49
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Process variations have an effect on the whole chip and result in a shift of all parameters in a certain
direction, e.g. all NMOS threshold voltages increase. Investigation of these effects is out of the scope of this
work.

Bias Temperature Instability

In this research two models were investigated to simulate the impact of BTI on the circuit. The first model,
the atomistic model, is based on the work in [66], [67], the second is based on the commonly used Reaction-
Diffusion model (RD-model) [68], [69].

Atomistic Model First the atomistic model was used. The model was in-house available and only needed
an altering of parameters to fit the circuit used in this thesis. It turned out that the model is too modern and
too computationally intensive to deal with the old DRAM design that is used in this work. Below the features
of this model and the difficulties to use it with older technology are presented.

Kaczer, Grasser, Roussel, et al. showed in [66] that the nature of BTI resembles that of Random Telegraph
Noise (RTN) for small devices. The shifts generated in threshold voltage for both effects are found to be
due to the trapping and detrapping of single charges. The atomistic model uses defect densities to come up
with a number of defects per device on a point in time and thus the related threshold voltage shift. Weckx,
Kaczer, Toledano-Luque, et al. in [67] extend this model with densities for slower and faster traps, allowing
for accurate short and long time predictions on the threshold voltage degradation. The model is workload
aware in the sense that is takes duty factor, operating voltage and frequency, aging time and temperature in
account when evaluating the generation of traps in a transistor. It was found that setting the parameters of
the model to those of the transistors in the circuit (length, width, threshold voltage) does not result in correct
estimations of the threshold voltage shift as described in [35], [70], [71] for this older technology. This is due
to the fact that the gate oxide considered in [66], [67] is HfO, and not SiO, as used in the DRAM circuit. HfO,
contains more defects per unit volume than SiO, does [28]. This difference makes the provided parameters
invalid. Secondly, the larger oxide volumes in older transistors decrease the impact of single traps and carriers
on the threshold voltage, although the total amount of traps increases. Simulating all the traps individually,
as the atomistic model does, therefore consumes a lot of computation time without resulting in better results
than the RD-model.

The model parameters were altered empirically to match with the data for older technologies, [35], [70],
[71]. Figure 3.25 shows the shift in threshold voltage after several aging times. The results are matching the
data in [35], [70], [71] reasonably well.
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Figure 3.25: Threshold voltage shift due to BTI using the Atomistic Model. W=600 nm, L=450 nm, T=125 °C

Reaction-Diffusion Model After it became clear that the atomistic model was not suitable enough for this
research, the RD-model was implemented [68], [69]. The RD-model was the first model to capture the thresh-
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old voltage degradation caused by BTI. Alam and Mahapatra [69] extended the model to include the effects
of temperature and voltage. Solving the differential equations in the RD-model gives a good prediction of the
circuit degradation at every point in time. This is possible because the exact history of the circuit, being the
voltages that were present and the previously calculated degradation, is known. Of course, keeping track of
this greatly increases the simulation time. Since the waveforms in this DRAM circuit are repetitive and this
research focuses on long-term degradation, a long-term approximation of the RD-model was used includ-
ing the duty factor of the transistors. This approximation does not take into account historical alterations
in the circuit operating conditions due to aging exactly but stills gives a fair approximation and thus speeds
up simulation time signifiantly. Equation 3.27 shows the long-term approximation for a constant, DC, stress
[72].

AV, =A —& V. n 3.27
th, BTI = A1€Xp T exp(y gs)t (3.27)

In this Equation ¢ denotes the aging time, vy is a gate voltage dependent coefficient [72] and 7 is the BTI time
exponent, which needs to be set to approximately n = 0.25 [68], [69], A is a scaling factor, E, the activation
energy, k is the Boltzmann constant and T is the temperature.

Stochastic variation in the threshold voltage for BTT was implemented as well. Equation 3.28 shows the
standard deviation for the mean threshold voltage shift (12 (AVy, pr1)) given by Equation 3.27 [73]. This devi-
ation was used in to add a Gaussian distributed variation on the threshold voltage.

ctox - H(AV,
o (AViy, Br1) = ¢ T “.(W.IZ’ ) (3.28)
ox

In this equation q is the elementary charge, ¢,y is the oxide thickness, €,y is the oxide permeability, W is the
transistor width and L is the transistor length.

To include the effects of different duty factors of transistors, the formula in Equation 3.27 was altered. As
was presented in Section 3.2.2, the degradation of a transistor due to BTI is affected non-linearly by the duty
factor at which it operates. As no specific data on BTI degradation of the transistors as used in the DRAM
model are available, it was chosen to make a fitting curve based on data from other transistors available in
literature. Figure 3.26 shows the relative degradation of different transistors for several workloads as was pre-
sented already in Figure 3.7. The measurements are all relative to constant DC stress. This figure also contains
a fitted curve that was used in the BTT model in this research to include the workload of a transistor. Equation
3.29 shows the formula describing this fitting curve. In this equation DF denotes the duty factor of the tran-
sistor. As can be seen from the curve, influence of the duty factor varies a lot with transistor technology. The
duty factor function was simply multiplied with the long-term degradation formula as showed in Equation
3.27 to represent the long-term BTI degradation with inclusion of duty factor. The complete description of
the BTI threshold voltage shift is given in Equation 3.30.

(5/4)- DFY3 + (7/25)- DF + DF30
f(DF) = (3.29)
253/100

E
AVip,, 71 = f (DF)- Aexp (—k—;)exp (yVgs)t" (3.30)

The fact that n-type devices are less prone to BTI degradation than p-type devices is taken into account as
well. A NMOS transistor suffering from PBTI has a threshold voltage shift approximately ten times less than
a PMOS transistor [41], [42]. This effect was included in the model by dividing the scaling factor, A, by 10 for
the NMOS model in comparison with the PMOS model. The influence of duty factor on BTI degradation in
NMOS transistors is set equal to that of PMOS transistors [74], [75].

Hot Carrier Injection
Hot carrier injection is modeled with the lucky electron model that describes the threshold voltage shift [72],
[76]. The change in threshold voltage, AVyy, is given by Equation 3.31 [72].

Id Isub)m " (_Ea)
2 [ Lsub 3.31
W ( 1 P\ e (8:31)

In this equation L.y is the effective transistor length, which may become shorter than the real fabricated
length, «a is a technology related constant, the constant » is used to include the power law time exponent

AVth = t

a
Lery
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Figure 3.26: Impact of duty factor on long-term threshold voltage shift caused by BTI. All shifts are plotted relative to DC long-term stress

of the HCI degradation which can vary between 0.5 and 1.0 [77]. E, is the HCI activation energy which is
typically 0.05 eV [78]. The constant m is given by the ratio m = ¢;,/¢d;;. ¢, is the critical energy to create an
interface trap, which is 3.7 eV for travelling electrons (n-type devices) and is 4.6 eV for travelling holes (p-type
devices) [46], [72], [79]. ¢;; is the impact ionization threshold energy, which is approximately 1.3 eV [72]. The
values for the currents were derived from a clean circuit simulation and are an average of the peak currents
observed for the cell transistors. This assumption may overestimate the HCI contribution to the transistors.
Figure 3.27 shows the simulated threshold voltage shift of a NMOS transistor with a duty factor equal to 1.0.
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Figure 3.27: Threshold voltage shift due to HCI. Duty factor was set to 1.0

The model presented in Equation 3.31 was calibrated to fit data from transistor measurements [77], [80]
and comply with theoretical model parameters [46], [72], [77], [79]. Duty factor was included in the model as
well via a multiplier on the calculated threshold change. As described in Section 3.2.3 this is a valid approach,
as there is practically no recovery from HCI effects observed [44]. Besides the duty factor also some statistical
spread was added to the currents in the model, including the random fluctuations observed with HCI as well.
The standard deviation of the gaussian spread on the shift in threshold voltage is given in Equation 3.32 [81].

K-2q-pu(AVin, ner)

0 (AVin, ner) = ¢ Coo WL (3.32)
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The standard deviation thus depends on geometries of the transistor (W, L, C,y), the mean threshold
voltage degradation (¢ (AVy, pcr)) and a unknown factor K. In [81], experimental proof suggests a value of
K =5.6in 45 nm-technology and K = 5.9 in 65 nm-technology. No further data were available so the assump-
tion was made that K scales linearly with technology node. This sets K = 7.5 for the DRAM design used in
this research. Figure 3.28 shows the impact of varying K on the retention time of the circuit for three different
operating temperatures. As was expected from Equation 3.32 the spread in the retention time increases with
increasing K. As the increase in spread is limited by the square root function, an error on the estimation that
K = 7.5, is acceptable.
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Figure 3.28: Mean retention time values and its standard deviation for varying K for three temperatures

Radiation Induced Effects
This section describes the implementation of two radiation wear-out models first and finally data on the
space radiation environment are presented. The first model investigated was developed for this research
specific and is based on fitting real-world measurements of a DRAM under radiation. The second model is
based on the physics behind radiation trap forming. After these models are explained the space radiation
environment is presented.

Implementing Radiation Trapping Effects as Gate Induced Drain Leakage An adapted version of the text
in this section was submitted to the 2018 IEEE Latin-American Test Symposium (LATS2018).

In [50], the authors related the measurements of retention time in a DRAM under irradiation to GIDL
leakage in transistors. The authors link the degradation of retention time to the generation of interface traps
in the oxide of the transistor, which increases the gate induced drain leakage current. This model fits the
degraded parameters to physical ones that can be used on transistor level SPICE simulations. It is impor-
tant to mention that the data presented in [50] are all measurements from a single commercial DRAM chip.
Therefore, the accuracy of the model could be improved if more chips are taken into account.

In order to model the effect of the increased leakage current on the retention time, first a general GIDL
model was implemented based on the one used in the BSIM4 physics based transistor model [82]. Equation
3.33 shows this GIDL current. The parameters of this equation are described in Table 3.8.

Vs — Vs —EGIDL 3- £,y - BGIDL v,
. eX —_ .
E P\" Vs~ Vs —EGIDL) CGIDL+ V3,

IGipL, normal = AGIDL- Wegy - (3.33)

To allow modeling of trapped charge due to radiation, we add an extra multiplier to the GIDL current
equation. Its value depends solely on the total amount of radiation trapped in the oxide (Tp) measured in
krad, and the duty factor (DF) or activity factor of the transistor. The resulting GIDL current, Irq44, GipL, iS
presented in Equation 3.34.

Iraa cipr = IgipL, normai* f (Tp, DF) (3.34)
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Table 3.8: GIDL Current Parameters

Parameter Description

IGipL, normar  Gate Induced Drain Leakage Current
Werrcy Effective Source/Drain Diffusion Width
tox Transistor Oxide Thickness

Vap Drain-Bulk Voltage

Vs Drain-Source Voltage

Ves Gate-Source Voltage

AGIDL Pre-exponential Coefficient

BGIDL Exponential Coefficient

CGIDL Parameter for Body-Bias Effect
EGIDL Fitting Parameter for Band Bending

Figure 3.29 shows the amount of cells with a retention time less than 300 ms based on the data from
[50], as well as a fitting curve through these points. The data suggests that the degradation of the circuit is
exponentially dependent on TID.
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Figure 3.29: Cells with ¢ <300ms and fitted curve versus TID [50]

The multiplier function f (Tp, DF) is further described in Equation 3.35. In this function, f (DF) is a
function that describes the impact of the duty factor on total radiation and X; is a dimensionless fitting pa-
rameter. E, presents the activation energy in eV, k is the Boltzmann constant and T the temperature in K.
The exponential term links the TID to the shift in retention time under radiation. The term —1 ensures that
f (Tp,DF) =0when Tp = 0krad. Below these terms will be explained in more detail.

f(Tp,DF) = f(DF)- X, (exp(E‘;c'gD)— 1) (3.35)

The duty factor, f (DF), of the transistor has an influence on the total ionizing dose that accumulates in
the transistor. If the device is biased during irradiation more charges will get trapped than when the device is
unbiased [33], [83]. It is assumed in the model that the amount of trapped charges increases linearly with the
duty factor from the unbiased amount to the completely biased amount. From [33] it also follows that PMOS
devices are more prone to radiation trapping effects than NMOS devices but the amount of trapped charge
depends less on the duty factor. These differences are included in the model as well.

X; and E, can be found by analyzing the discharge current graphs of a memory cell for different TID. In
this work, we calcualte the discharge current from the retention time measurements in [50]. Figure 3.30 shows
the change in the retention time density after a total dose of 60 krad is accumulated. The mean retention time
shifts down from pgyraq = 2800ms to gokrad = 1300ms, which is a factor l’j—d ~2.15.

0k
60 krad
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Figure 3.30: Change in retention time density function due to radiation trapping. Remodeled after [50]

The retention time of a cell is described by Equation 3.36 [24].

fras = (V1 =V2) - Ceepg (3.36)
Ileak, average

In this Equation, V; denotes the high voltage (i.e., the voltage on the capacitor right after writing to it), V»
the voltage where the logic cell value flips, C,.j; is the cell capacitance and ¢, is the retention time of the
cell. The values of V1, V; and C,; are design dependent. Finally, Ijeqk, average is the average current that
flows when the capacitor is discharging and consists of two components, Ijeqk, average = IRad GIDL, average +
Iother, average- lother, average 18 the leakage current in the cell caused by sources different from radiation
trapping effects, and Irqq GIDI, average iS the current that is caused by radiation trapping effects. When no
charges are trapped (TID = Okrad), there is no additional leakage current and hence Iraq GIp1, average = 0A.
The retention time of the cell is affected only by Iotper, average- As Was seen in the previous paragraph, the
mean retention time decreases 2.15 times once 60 krad of charge is accumulated in the transistor. This means
that the average leakage current (Ijeqk, average) must have increased 2.15 times. Since Io;per, average do€s not
change (as we assume that this is unaffected by radiation), Iraq DL, average Must have increased. Setting
tret,1 = 2.15- trer,2 and solving for Iz G1pL, average Yi€ldS Iraa GIDL, average = 1.15- Iother, average- Therefore,

the exponential term in Equation 3.35 should have a slope of % = 0.0128 in order to satisfy this relation.
Calculating the average current is nearly impossible in an actual circuit because the current strongly depends
on the bias voltages of the pass transistor. These voltages change over time as the charge leaks away from the
capacitor and the voltage on the bit line may change depending on the performed operations. Therefore, X;
is fitted based on retention time simulations.

Figure 3.30 clearly shows not only a degradation of the mean retention time but also an increase in stan-
dard deviation. These statistical properties are not taken into account in this model due to a lack of detailed
measurement data. It is for example impossible to know how a single cell degrades as only complete chip
distributions are presented. This makes it harder to derive how radiation will affect the tail distribution, i.e.,
the cells with the lowest retention times, as they have the most impact on the complete DRAM reliability [84].

The extra GIDL current generated due to trapped charges was implemented as a Verilog-A controlled
current source to allow easy simulation of the radiated circuit. The current source discharges either from
drain to bulk for NMOS transistors or from bulk to source for PMOS transistors. Figure 3.31 shows the NMOS
radiation circuit. The code for this model can be found in Appendix A.

Correct functioning of the model was verified by simulation of a single transistor suffering from radiation
damage and as an memory cell transistor in the DRAM circuit. In Figure 3.32 the resulting additional leak-
age current due to radiation for a single NMOS and PMOS transistor is shown. From the figure it becomes
clear that the total current depends strongly on the total amount of trapped charges, as was expected from
Equation 3.35 and the results presented in [83]. Also the current increases fast with increasing drain voltage,
which is of course due to the increasing voltage difference between the gate and the drain. The minimal cur-
rent is set to 2- 10720 A for ease of comparison when plotted together with other larger currents and mostly to
prevent potential simulation problems caused by the limited precision of floating point numbers.
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Figure 3.32: Igypy, for NMOS and PMOS transistors for different TID

After the model was applied to a single transistor, it was applied to the access transistor of a DRAM mem-
ory cell. The retention time of the cell was measured for different doses of trapped charges. Figure 3.33 shows
the results and a fitted curve through the measurement points. The retention time measurement method will
be described in Section 4.2.1.

The retention time starts to drop almost linearly after a total dose of 40krad is accumulated. The small
impact of small doses on the retention time can be explained by the DRAM design used. As was stated in
Section 3.4.1 the access device is a PMOS transistor which cannot pass a lower voltage than its own threshold
voltage, given that the word line is set to 0 V. The threshold voltage in the technology used is approximately
700mV. The headroom, the voltage difference between the threshold voltage and the voltage at which the
additional GIDL current turns off, is less when a smaller dose is trapped in comparison with a larger trapped
dose as can be seen in Figure 3.32b for PMOS devices. Similarly in NMOS devices, the voltage at which the
GIDL current becomes important drops with increasing accumulated dose. This in combination with the
smaller GIDL currents limits the influence of small doses of radiation on the retention time. The increase of
the leakage current results in faster discharging of the capacitor and thus faster reaching the point where the
influence of GIDL becomes negligible. The capacitor discharges then via other leakage mechanisms. Figure
3.34 shows the increase in cell voltage (leakage is towards V,;; in a PMOS device) directly after writing a low
voltage to the cell. When the GIDL discharge current becomes negligible in comparison with other leakage
mechanisms one sees that the voltage plots become parallel to each other, independent of dose.

Trap Based Radiation Model A defect based model able to predict degradation due to interface and oxide
traps is presented by Esqueda, Barnaby, and King in [85]. As was presented in Section 3.2, BTI, HCI and
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Figure 3.33: Retention time degradation in a DRAM due to radiation trapping with a fitting curve fitted in the region 50krad < TID =
180krad

radiation effects generate traps in a transistor that alter the threshold voltage. The presented model uses
calculations of the surface potential to find the threshold voltage shift generated by these traps. The model
was used in this research only to model the effects of radiation degradation. This was done to verify the
correctness of the GIDL model and because BTI and HCI models were available before development of the
radiation model, so there was no need for this combined model. In future work, combination of the three
mentioned wear-out mechanisms via this defect based model could be a promising step.

The alteration in the threshold voltage is captured in the so called trap potential (¢b,,;,) which can be found
via Equation 3.37 [85]-[87]. In this Equation v denotes the surface potential of the transistor, ¢;, is the bulk
potential. N,, is the areal density of oxide trapped charges in cm~2 and D;; is the density of interface traps in
eV~lem™ [85]-(87].

bt = Ci [Not = Dir (ws — dp)] (3.37)

To find the defect potential, the surface potential and the trap densities must be known. The surface
potential can be calculated non-iteratively with the algorithm presented in [87].

Barnaby, McLain, Esqueda, et al. presented a model that links dose rates to trap densities in shallow trench
isolation (STI) [86]. STIs isolate two different transistors from each other to reduce the effect of the parasistic
MOSEFET that is formed between them. These oxides are much thicker than gate oxides and thus the pre-
sented model cannot be applied directly to the gate oxides. Besides that, without a physical lay-out of the
DRAM circuit, it is impossible to incorporate STI effects in this research. Barnaby, McLain, Esqueda, et al.
describe a method that derives the change in oxide trap density (AN, ;) iteratively in [86].

The lack of radiation trapping data for the older technology used in this research, rendered the presented
method useless. Next to that the equation depends on 7,;, the annealing time for trapped holes. The value
of this parameter strongly affects the total amount of generated interface traps and should therefore be set
very accurately. Unfortunately, no suited value for the technology that was used in this work could be found
in literature.

Space Radiation Environment The space radiation environment describes the type of radiation and the
amounts of radiation a chip will face at certain points in space for certain moments in time. Figure 3.35 shows
the space radiation environment around the earth [88]. The environment in space varies a lot with distance
from earth, distance to the sun, the thickness and material of a shielding layer and even position above the
earth’s surface [89]. At lower altitudes (low earth orbit to medium earth orbit) protons are the main source
of radiation damage to a chip, while at higher altitudes (medium earth orbit to geostationary orbit) electrons
are more severe degrading factors. Besides the electrons and holes there is, for both aforementioned altitudes
also bremsstrahlung present [88].

The aforementioned parameters make it difficult to find out what the total ionizing dose will be for a cer-
tain space mission. SPENVIS (Space Environment Information System) [90] is a tool developed by the Royal
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Figure 3.34: Increase of memory cell voltage directly after a write operation for varying TID

Belgian Institute for Space Aeronomy for the European Space Agency (ESA). The tool is able to calculate the
TID for a user programmed mission and show how shielding and the planned traject influence the TID. For
this research it was assumed that the chip would be used in a mission comparable to the ESA’s Sentinel-1
mission [91]. For this mission a report about the space radiation environment, meteoroids and debris was
made that contains Figure 3.36 [92]. The figure shows the TID in silicon for varying thickness of shielding for
the complete mission. With the data in the graph combined with the mission duration the average accumu-
lated TID per second can be calculated and is used in this research. In this work, two thicknesses of shielding
aluminum layers are investigated. The thin shielding layer being 0.05 mm and the thick one 10 mm. The first
shielding thickness would relate to the chip being placed closed to a satellite’s outer surface, while the thicker
shielding layer would place the chip in a well covered part of the satellite. The corresponding dose rates are
then: D =29.59purad/s for 10 mm thick aluminum shielding and D = 1.26 mrad/s for 0.5 mm thick aluminum
shielding.
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Figure 3.35: Space Radiation Environment around earth in a 4 mm diameter aluminium sphere [88]
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Framework

In this chapter, the framework of this research will be explained. The control and execution of the simulation,
the simulation platform, will be described in Section 4.1. After this, the experimental metrics will be described
in Section 4.2. In the following Section 4.3 the operating conditions of the circuit will be presented that are used
in the experiments as described in Section 4.4. To finalize this chapter, the initial circuit performance which
serves as a reference will be presented in Section 4.5.

4.1. Platform

Figure 4.1 presents the simulation platform schematically. Simulations were performed by the Virtuoso Spec-
tre circuit simulator, version 14.1.0 64bit [93]. Spectre is able to simulate both circuits described in the SPICE
language as well as in its native Spectre language. Next to circuit simulation abilities, Spectre also includes
two features important for this research: a Measurement Description Language (MDL) [94] and the inclusion
of Verilog-A modules [95]. MDL can be used to set up more extensive and automated measurements than
would be possible with a SPICE .measure statement. Verilog-A modules allow the user to describe the analog
behavior of a component without designing an actual circuit in the Verilog language. In order to be able to
fully use the simulator’s capabilities, the original SPICE circuit was rewritten to the Spectre language. This
also allowed for easier automated model selection and alterations of the circuit by the controlling framework.

The simulations were all controlled by a Matlab script running on version R2015b [96], that altered circuit
parameters and wear-out mechanisms for every simulation and combined and analyzed the results. To ease
the process of result generation, control of the Monte-Carlo simulation was split between the Matlab control-
ling script and the MDL-scripts. Matlab seeds the MDL-script that runs one Monte-Carlo iteration. Matlab
finally, combines all data points from all the iterations and presents the results.

4.2, Metrics

This section describes which metrics are used to evaluate the degradation of a DRAM circuit. The five metrics
are: Retention time, Cell Voltage, Sensing Delay, Writing Delay and Energy Consumption. In the subsequent
sections the metrics will be discussed in detail. The nominal values of these metrics, can be found in Section
4.5.

4.2.1. Retention Time

The definition of retention time of a DRAM was first presented in Section 2.1 and is repeated here for sake of
clarity. The retention time of a DRAM cell is the time a cell is able to maintain its stored data correctly. This
practically means that the retention time is the time it takes for the cell capacitor to discharge to a level where
it becomes impossible to read out the previously written data. Because the performance of all hardware
needed to read a cell might change due to wear-out and aging effects, the retention time is found by doing an
actual read operation on the memory. The retention time is measured by doing a binary search in multiple
simulation steps. Figure 4.2 shows a flowchart of the binary search algorithm used to find the retention time.
An initial guess is made for the retention time of the circuit and then the circuit is simulated. If the guess was
too high, meaning the data are lost, the next step sets the guess to half the maximum retention time minus

49



50 4, Framework

Figure 4.1: Schematic description of the simulation platform

a quarter of the maximum. If the guess was too low, so the data are still valid, the quarter is added to the
half value of the previous guess. This process is repeated for n times resulting in an answer in n bits. Each
extra step increases the resolution of the measurement until the resolution of extra steps becomes less than
the duration of one operation cycle, which fundamentally limits this searching approach. In this research
n =12 and tr¢t, max = 120ms which leads to a resolution, of r = [’“2—""“” = 29.29pus. Figure 4.3 illustrates the
binary search with two read operations, one where the estimated retention time is lower than the cell’s actual
retention time and one where the estimated retention time is too high. If the investigated retention time is
too low, the read operation will restore the data stored in the cell. If it were too high and the data are lost, the
read operation restores the flipped logical value in the cell.

4.2.2. Cell Voltage

The retention time depends on the voltage written to the cell. If the written voltage after a OR0O-operation is
higher and the overall leakage is constant, the cell will keep its contents for a shorter time. The threshold
voltage of the pass transistor of a cell limits the maximum, in case of a NMOS transistor, or the minimal,
in case of a PMOS transistor, voltage that can be written to a cell as discussed in Section 3.2.1. Wear-out
and aging of a transistor may increase the threshold voltage and thus limit the voltage swing possible in the
cell. The impact of aging on the cell voltage is measured 51 ns after the start of a cycle. Figure 4.4 shows a
1WOWO operation on a cell and the moment the cell voltage is measured. From the Figure one can see that
the measurement is always performed after the column access devices and the word line are disabled and
before the next cycle starts. This ensures that the cell voltage has settled.

ORO, 1R1, OW0 and 1W1 operations are repeated three times before the measurement is performed to
ensure a stable voltage is present in the cell. 0W1 and 1W0 operations are performed only once since applying
the operations multiple times would result in another operation (e.g. 0OWI would become IW1I after the first
operation).

4.2.3. Sensing Delay

Wear-out can slow down the circuit which may lead to timing requirement violations causing the chip to fail
[15]. In the design used in this research, an important metric is the sensing delay of the local sense amplifiers
and therefore a measurement was defined for it. In Figure 4.5 the waveform corresponding to a I1RI operation
is shown. The sensing delay is defined as the time difference between the moments the setn voltage (the signal
that enables the sensing operation) and bit line C voltage cross 50% - Vpp = 1.2V. In the figure this difference
is indicated with an arrow and AS;g;. In the case of measuring the OR0 sensing delay, the measured bit line
would be bit line T instead of bit line C.
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Figure 4.2: Binary search algorithm to find the retention time of a DRAM cell. The number of binary steps corresponds to the n number
of bits in the final answer
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Figure 4.3: Example of retention time guesses that are too low and result in a 0R0 operation and guesses that are too high that result in a
OR1 operation. The spikes at ¢ = 35ms and ¢ = 70 ms are caused by the read operation.

4.2.4. Writing Delay

Wear-out also affects the writing delay. In Figure 4.6 the measurement set-up for the OW1 operation for this
metric is shown. The writing delay is defined as the difference in time between the moment the write enable
voltage rises above 1.2V and the moment the internal cell voltage reaches this voltage level as well. In the
figure, this time is denoted by AWyy; and an arrow. For operations OW0 and 1WO0 the time difference is
defined at the moment the internal cell voltage drops below 1.2 V. Measuring the delay for a W1 operation is
impossible as the cell voltage does not change after the sense amplifier is enabled during the rest of the cycle.
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Figure 4.5: Bit line swing after an 1R1 operation on a cell. Local sensing delay, AS;gy, is indicated with an arrow.
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Figure 4.6: Definition of the writing delay for a 0W1I operation. The measured delay is indicated with AWppy;.

4.2.5. Energy Consumption per Operation
The final metric that is evaluated in this research, is the energy consumption of a cycle for a specific operation,

e.g. IRI1 or OWI. This metric is measured by multiplying the output current and voltage of every source in
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the circuit and taking the integral of this over the period of one operation cycle. Equation 4.1 illustrates this
procedure mathematically. In the equation, J denotes the total number of power sources in the circuit, #, the
start time of an operation cycle and At the total cycle time. Vi () is the voltage of source k and I () is its
current.

J fo+At
Ecycie = Z (f Vie () - I (2) | At 4.1)
k=1 \Ylo

4.3. Operating Conditions

The circuit was operated under different conditions to see the effects of workload and temperature on the
wear-out of the circuit. Below these conditions are explained in more detail.

4.3.1. Workload Dependence

The best-case and worst-case workload that were defined in Section 3.4.2 were applied to the circuit. Per
subcomponent the workload for every transistor was set by the duty factors as presented in Section 3.4.2 and
the duty factor of the controlling source. E.g. in the reference devices the equalizing transistor has a different
workload than the cell transistors. It was assumed that the workload between two bit lines was shared equally,
meaning that every bit line is pulled down as often as pulled high.

4.3.2. Temperature Dependence

As can be seen from the model descriptions in Section 3.4.4 the impact of HCI and BTI changes with tempera-
ture. Besides this, temperature also alters the circuit performance; e.g. leakage currents and junction voltages
increase. In order to make a fair comparison, the circuit was aged at elevated temperatures but verified at a
constant circuit temperature of 300 K. The evaluated temperatures are: 300K, 350 K and 400 K.

4.4. Performed Experiments

In this research three experiments, individual impact of aging models, combined impact of aging models and
transistor downscaling, are performed. Table 4.1 summarizes these experiments. In the following subsections
the experiments will be described in more detail.

Table 4.1: Performed experiments in this research. In the column ‘Wear-out), the letters B, H and R mean BTI, HCI and radiation re-
spectively. In column ‘Subcomponents’, C denotes memory cells, R reference cells, S the sense amplifier and P the precharge
transistor

Individual Impact Combined Impact Transistor scaling

Wear-out Subcomponents Wear-out Subcomponents Wear-out Subcomponents

B C BH C B CRSP
H CR BHR CR H
R CSp CSp R
CRSP CRSP BH
BHR

4.4.1. Individual Impact of Aging Models

First the individual impact of the aging models is investigated. The wear-out models are applied individually
to a varying set of subcomponents in order to include their individual contributions to the combined wear-
out of the circuit. The set of subcomponents follows the read path of the DRAM up from the cell to the sense
amplifier. The combinations therefore are: memory cells only; memory and reference cells; memory cells,
local precharge devices and local sense amplifier; memory and reference cells, local precharge devices and
local sense amplifier.

4.4.2. Combined Impact of Aging Models
Once the effects of the individual aging models are examined, combinations with them can be made. These
two combinations are BTT combined with HCI and the combination of all three aging mechanisms, BTI, HCI
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and radiation. Again, the experiments will be performed on the varying subset of components as presented
above.

4.4.3. Impact of Transistor Scaling
Next to the impact of the subcomponents wear-out, the influence of scaling on the DRAM performance was
also examined.

Circuit Scaling

The complete circuit (also containing the pass transistors, global sense amplifier and global precharge de-
vices) and transistor library were scaled manually based on standard CMOS scaling to the next technology
node with scaling factor x = v2 [97]-[99]. Because no modern DRAM transistor libraries were available to

this research, the scaling had to be done manually. As presented by Baccarani, Wordeman, and Dennard in

[99] voltages do not scale with factor «, but rather with a factor A = K%. The new supply voltage was set

to 2.2 Vinstead of 2.4 Vsetting A = v/2- %‘; = 1.2964. This was done because the circuit lay-out was not altered
with the scaling and thus not lowering the supply voltage would increase energy consumption tremendously.
Lowering the supply voltage further down leads to malfunctioning of the circuit. An overview of all SPICE
transistor parameters and their scaling coefficient can be found in Table 4.2. The third column gives the rea-
soning behind the chosen scaling factor. For some parameters no adequate scaling function could be found

or derived; these rows contain the text ‘scaling unknown’ and the scaling factor is set to 1.

Table 4.2: Spectre transistor model parameters with their scaling factor and a descriptive reasoning of the scaling parameter. If an ad-
equate scaling function could not be found ‘scaling unknown’ is entered, the scaling factor is then set to 1. Scaling follows
observartions in [98], [99]

Spectre Parameter  Scaling Description

tox 1/x Oxide thickness

Xj 1/x Junction depth

tpg 1 Gate material

delta scaling unknown Width effect on threshold

1d scaling unknown Lateral length diffusion

kp scaling unknown Transconductance parameter
theta scaling unknown Mobility modulation

rsh 1/(A-x) Diffusion sheet resistance

nsub A-x Substrate doping

vmax Alx Maximum drift velocity of carriers
eta Alx Static feedback

kappa scaling unknown  Saturation field vector

cgdo 1/x Gate drain overlap capacitance
cgso 1/x Gate source overlap capacitance
cgbo 1/x Gate bulk overlap capacitance

Cj 1/x Bulk junction bottom capacitance
mj 1/x Bulk junction bottom grading coefficient
cjsw 1/x Bulk junction sidewall capacitance
mjsw 1/x Bulk junction sidewall grading coefficient
pb Al Bulk junction potential

vto Alx Zero bias threshold voltage

Wear-out Mechanism Scaling
The aging mechanisms HCI and BTI were also scaled down. Radiation effects were scaled down via the resized
transistor parameters. For HCI the currents were again re-calibrated following the same procedure as was
used to set up the original model. The lower threshold voltage in the scaled circuit increased the substrate
leakage current to 178.8 nA. The drain current remained nearly equal at 2.1861 pA. Next to this, the smaller
device sizes increased the statistical spread of the HCI effect (see Equation 3.32). The factor K in this same
Equation was set to K = 7.2 to include the effects of the smaller technological feature size.

The main driving factors in BTI scaling are transistor dimensions and the operating voltages. The di-
mension scaling, length, width and oxide thickness, increases the Gaussian spread on the threshold voltage
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variation, as can be seen from Equation 3.28. The oxide thickness also has an impact on the mean value of the
threshold voltage shift. With equal bias conditions, transistors with thinner oxides suffer more from BTI than
thicker ones [70], [71]. From the data presented in [70] it follows that halving the oxide thickness results in a
tripled threshold voltage shift under same bias conditions. This factor was added to the down-sized model as
well. However, the downscaled circuit will not suffer three times more BTI degradation, as the supply voltage
was reduced as well.

Scaling Experiments

The down-sized circuit was simulated without any aging effects but with downscaled process variations to
define a nominal measurement. The following operating conditions were applied to the downscaled circuit.
The aging temperature was set to: 300K, 350K and 400K, the workload was set to the worst-case workload.
The experiment was performed on the combination of memory cells, reference cells, sense amplifier and
precharge devices. The other components are scaled down as well, but do not suffer from aging effects.

4.5. Initial Circuit Performance

In order to evaluate the results from the experiments, it is needed to know how the circuit behaves originally. A
reference was made by doing a Monte-Carlo simulation on the circuit with all wear-out mechanisms in place
and the time set to ¢ = 0s. The time setting ensures that no wear-out effects will manifest themselves. The
results thus only depend on the initial mismatch of the transistor given by Pelgrom’s model. The references
were made by performing 300 Monte-Carlo iterations from which the mean and standard deviation could be
found for every metric. The results for the unaltered, normal circuit are presented in Table 4.3a and for the
downscaled circuit in Table 4.3b. Next to the dynamic energy consumption (e.g. Energy OW1 in the tables)
also the static energy consumption was measured. The static energy consumption for one clock cycle in the
unscaled circuit was 467 aJ.

Table 4.3: Nominal circuit measurements

(a) Unaltered circuit results for all metrics (b) Downscaled circuit results for all metrics

Metric Mean  Std. Deviation Unit Metric Mean  Std. Deviation Unit
Retention time 57.496 4.627 ms Retention time 34.583 4.912 ms
Delay IRI 0.695 1.210-1072 ns Delay IRI 0.583  1.204-1072 ns
Delay ORO 0.555  6.587-1073 ns Delay OR0O 0.505  7.567-1073 ns
Delay 1W0 38.941 1.724-1072 ns Delay 1W0 37.953 1.077-1072 ns
Delay 0W1 40.244 1.430-1072 ns Delay 0W1 38.433 1.117-1072 ns
Delay 0W0 10.162  4.167-107! ns Delay 0W0 6.152  4.465-1072 ns
Energy 1RI 9274 1.922-1072 pJ Energy 1RI 62.074 4.837-107" pJ
Energy OR0 9.029 1.213-1072 pJ Energy OR0 61.815 4.726-107! pJ
Energy 1W1 9317  2.110-1072 pJ Energy 1W1 62.273 4.837-107! pJ
Energy 1W0 14.016  2.269-1072 pJ Energy 1W0 65.945 4.727-107! pJ
Energy OW1 13.940 1.825-1072 pJ Energy 0W1I 68.336  4.835-107! pJ
Energy 0W0 9.084  1.225-1072 pJ Energy 0W0 61.864 4.725-107! pJ
Voltage IRI 2401  3.913-107° \% Voltage IRI 2.201 1.797-107° \%
Voltage OR0 0.418  1.504-1072 \Y% Voltage OR0 0.175  1.147-1072 %
Voltage 1W1 2401  3.914-107° \Y% Voltage 1W1 2201 2.422-107° Y%
Voltage 1W0 0.525  1.436-1072 \% Voltage 1W0 0219  1.129-1072 \%
Voltage OW1 2236 3.346-1073 \Y% Voltage OW1 2178  6.419-1074 \Y%
Voltage OW0 0.418  1.504-1072 \Y% Voltage OW0 0.175  1.147-1072 \Y%






Experimental Results and Reliability
Prediction Model

Following the structure from Section 4.4, the results of the performed experiments are presented in this chapter.
In Section 5.2 the individual impact of the aging models will be examined, while in Section 5.3 the results of
the combination of aging models will be presented. Then, in Section 5.4 the impact of downscaling the circuit
is presented. The findings of the previous sections will be summarized in Section 5.5. The chapter finishes with
the a reliability prediction model based on the results of this research in Section 5.6.

5.1. Introduction

From the resulting measurements it turned out that the worst-case workload only increased the effects that
can be seen under best-case workload situations. The same argument holds for the temperature dependence;
increasing the temperature increases the effects seen on lower temperatures. It was therefore chosen to in-
troduce the observed effects in detail the first time they appear in the text and summarize the effects in the
following parts by showing only degradation under worst-case workload or for the highest and lowest tem-
perature. The retention time figures are plotted as error bars. The error in this plot indicates 1o of standard
deviation.

Retention time is taken as the prime metric to evaluate the results. It was found that the delay and energy
metrics do not vary as much as the retention time metric does. Therefore these metrics are described more
briefly in a table. The tables present the absolute change in delay, and the relative delay and energy consump-
tion changes. The voltage measurements are only included when certain behavior needs to be explained as
these measurements do not directly result alter the circuit performance. The prediction model however, will
give equal priority to the delay and energy metrics and retention time.

5.2. Individual Impact of Aging Models

In this section, the impact of the individual wear-out mechanisms will be described. First, the effects of BTI
on the DRAM will be presented, then the HCI effects and finally the effects of radiation trapping. First the
results of applying the aging models to the memory cells only are presented to be followed by the combina-
tions memory cell and reference cells, memory cells, precharge devices, sense amplifier and memory cells,
reference cells, precharge devices, sense amplifier.

5.2.1. Bias Temperature Instability
In this section the impact of BTI on the different arrangements of subcomponents will presented.

Impact on Memory Cells
Figure 5.1a and 5.1b show the impact of BTT on the memory cell only for the best-case workload for the worst-
case, respectively.

From the figures, one clearly sees the impact of workload on the degradation of the DRAM; in the best-case
scenario almost no degradation is observed, even not at higher ages or temperatures while in the worst-case
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scenario the retention time drops with higher temperature and higher age. The decreasing retention time
can be explained easily by the fact that a PMOS transistor is used as an access device to the cell capacitor, as
was presented in Section 3.4.1. BTI increases the threshold voltage of the transistor and thus increases the
minimum cell voltage after a logical ‘0’ is written. With all the other components unaltered and not suffering
from wear-out, the total amount of charge that needs to be dissipated in order to switch the stored value in
the cell decreases and so the retention time of the cell decreases. The overall degradation is even in the worst
possible setting relatively small. This is caused by the low duty factor of the cell, which limits the threshold
voltage shift that occurs.

Table 5.1 summarizes the changes in delay and energy metrics for the worst-case workload at the highest
temperature after ¢ = 1-10%s of aging. The most notable entry is given by the 0W0 delay, which increases by
0.759 %. This is caused by the increased threshold voltage of the cell transistor. Note that, as was defined
explained in Section 4.2.3, no delay measurement can be made for 1W1 operations.

Retention Time Cell, BTI, best-case Retention Time Cell, BTI, worst-case
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Figure 5.1: BTI impact on memory cell

Table 5.1: Cell BTI worst-case workload, T = 400K, r=1- 108s

Operation Delay [ps] Delay [%] Energy [%]

ORO 0.216 0.039 0.001
1RI -0.080 -0.011 0.021
owo 77.083 0.759 -0.003
ow1 0.588 0.001 -0.004
1wo 3.029 0.008 -0.007
1w1 — — -0.005

Impact on Memory Cells and Reference Cells
The effects of BTI on the reference cells and the memory cells are presented in Figure 5.2 and in Table 5.2.
Note that in Figure 5.2 only 7 = 300K and T = 400K are plotted, preventing cluttering of the figure.

From the figure it becomes clear that BTI effects increase the retention time. This is caused by the in-
crease in absolute threshold voltage of the reference cell’s access transistors. The minimum voltage on the
lowest reference capacitor increases due to the increased threshold voltage. Then, when the reference cells
are equalized, the reference voltage, Viet, also increases, as was explained in Section 3.4.1. Figure 5.3 illus-
trates why a small change of the reference voltage can increase the retention time significantly. Because
charging of a capacitor with constant series resistance is not linear, the time it takes to charge it from one
voltage to another is also non-linear for the same voltage step. The small increase in reference voltage thus
significantly improves the retention time of the circuit. The drawback of this is that the voltage range for a
logical ‘1’ decreases, i.e., the maximum voltage that is read as a logical ‘0’ increases, therefore decreasing the
range in which an ‘1’ is read.
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Figure 5.3: Differences in capacitor charging time for equal voltage increments
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Impact on Memory Cells, Precharge Devices and Sense Amplifier

Figure 5.4 and Table 5.3 show the results of BTI wear-out on the memory cell, the precharge devices and the
sense amplifier. From the figure it can be seen that the retention time and its spread increase slightly after
longer periods of aging. This phenomenon will be described in more detail in Section 5.3.1. Furthermore,
from Table 5.3 it can be seen that the sensing delays and the 0WO0 writing delay increase slightly. The in-
crease in writing delay is related to the increase in cell threshold voltage, as can be seen in the analysis for
the cell only. The sensing delays increase because both the threshold voltage of NMOS and PMOS transistors
increases, which slows down the sensing operation. PMOS transistors are more affected by BTI than by HCI,
while NMOS transistors have it the other way around. Section 5.2.2 will show how this difference affects sense
amplifier degradation.

Retention Time Cell Sense Precharge BTI
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Figure 5.4: Cell Sense Precharge BTI

Impact on Memory Cells, Reference Cells, Precharge Devices and Sense Amplifier

The effects when the memory cells, the reference cells, the precharge devices and the sense amplifier are aged
with BTI only can be seen in Figure 5.5 and Table 5.4. The results basically show an addition of the previous
results; the retention time increases mainly due to the aging of the reference cells with a small contribution
of the sense amplifier and the precharge devices, both compensating for the small reduction of retention
time from the cell only. The sensing delays are affected by both the reference cells and the precharge devices
resulting in a small ORO sensing delay decrease and relatively large increase of 1.273 % for 1R1. The writing
delay for OWO0 is again set by the memory cell degradation only. It also becomes clear that for all operations
the energy consumption is slightly reduced, except for the IWI-operation.

5.2.2. Hot Carrier Injection
The effects of hot carrier degradation on all the individual subcomponents will be presented in this section.

Impact on Memory Cells

In Figure 5.6 and Table 5.5, the influence of HCI on the memory cell is shown. The degradation is less than
when the cell is stressed by BTI which can be explained by the fact that PMOS transistors, used as the access
device, are less prone to HCI than BTI. Furthermore, the duty factor is low which also leads to less degrada-
tion.

Impact on Memory Cells and Reference Cells

As was the case with BTI, Vet again increases which leads to an increase in retention time and IRI sensing
delay and a decrease of OR0 sensing delay, as can be seen in Figure 5.7 and Table 5.6. The impact of HCI is
larger than for BTI which can be explained by the different impact of duty factor on both wear-out mecha-
nisms. As was described in Section 3.4.4, HCI stressed transistors do not experience any recovery and thus
the duty factor linearly influences the threshold voltage shift. BTI, however, has a recovering component and
thus the duty factor does not have a linear impact on the threshold voltage shift, as was stated in Section 3.4.4.
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Table 5.4: Cell Reference Sense Precharge BTI worst-case workload,

T =400K, t=1-10%s

Operation Delay [ps] Delay [%] Energy [%]
ORO -0.875 -0.158 -0.107

1RI 8.846 1.273 -0.001
owo 76.909 0.757 -0.110
owl 11.014 0.027 -0.658
1wWo -21.490 -0.055 -0.567
1wl1 — — 0.006

Table 5.5: Cell HCI worst-case workload, T = 400K, t=1- 108s

Operation Delay [ps] Delay [%] Energy [%]
ORO -0.213 -0.038 -0.006

1RI -0.118 -0.017 0.020

owo -6.033 -0.059 -0.010
owl 0.041 0.000 -0.007
1wWo -0.288 -0.001 -0.008
1wi — — -0.006
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Figure 5.8 shows the fitted duty factor curve for BTI and the linear impact of duty factor for HCI. From this
figure it can be seen that for a duty factor DF < 0.4 BTI has the highest relative impact and for a higher duty
factor HCI has most impact. Under the worst-case workload, the duty factor for a reference cell is equal to
DFyef, we = DFco1, we - DFrer = 0.5112. The higher duty factor leads to a higher threshold voltage shift under
HCI stress than BTT stress and thus a net higher reference voltage. Since the duty factor for the memory cell is
also relatively low in the worst-case scenario, BTI is more important as a degrading factor which also comes
back in the 0WO0 delay measurement.
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Figure 5.7: Cell Reference HCI
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Figure 5.8: Impact of duty factor on relative threshold voltage shift for BTI and HCI

Impact on Memory Cells, Precharge Devices and Sense Amplifier

Stressing the memory cell, the precharge devices and the sense amplifier again slightly increases the mean
retention time and increases its spread, as can be seen in Figure 5.9. The causes of this will be explained
in Section 5.3.1. From Table 5.7 it follows that both sensing delays increase again; OR0 11.996 % and IRI
14.112 %. Because the bit lines are precharged to Vpp, the sensing delay is mainly dependent on the discharge
delay of the bit line with the lowest voltage. Discharging the bit lines is done via the NMOS transistors in the
sense amplifier. Since NMOS transistors suffer more from HCI than PMOS transistors and the workload for
these column devices is high, as mentioned above, aging causes the sensing delays to increase. The delay for
a 1RI operation is higher because in this case one of two bit lines needs to be discharged almost from Vpp to
ground, while for a OR0 operation one bit line is already closer to ground level. From Table 5.7 it also follows
that the writing delay for a OW0 operation increases more than what would be expected of cell wear-out only.
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An explanation for this can be found in the timing of the sense amplifier. When a value is written to a cell the
local sense amplifier is still enabled and thus helps to drive the cell to the desired voltage. When the sense
amplifier degrades, the writing delay will then increase. The overall energy consumption decreases for all
operations slightly. This can be attributed by the increased threshold voltages which lowers leakage currents.

Retention Time Cell Precharge Sense HCI
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Figure 5.9: Cell Precharge Sense HCI

Impact on Memory Cells, Reference Cells, Precharge Devices and Sense Amplifier

Application of HCI to all subcomponents again results in a summation of the previously seen results, pre-
sented in Figure 5.10 and Table 5.8. From the figure again the total increase in retention time can be clearly
seen under the worst-case workload. Also the increase in spread caused by the sense amplifier degradation, is
clearly visible. From the table it can be seen that the combination of sense amplifier and reference cell degra-
dation causes the 1RI sensing delay to increase more than 17 %. The ORO operation sensing delay caused
by the sense amplifier degradation, is partially covered by the delay decrease caused by the reference cell
degradation. Overall, the energy consumption decreases.

Retention Time, Cell Reference Precharge Sense, HCI
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Figure 5.10: Cell Reference Precharge Sense HCI

5.2.3. Radiation Effects
This section will describe the effects of radiation trapping on all subcomponents.
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Impact on Memory Cells
The impact of radiation trapping on the memory cells only is depicted in Figures 5.11a and 5.11b respec-
tively shielded by a 10 mm and 0.5 mm thick layer of aluminum. The corresponding dose rates are then:
D = 29.59prad/s for 10 mm aluminum and 1.26 mrad/s for 0.5 mm aluminum. As was presented in Section
3.4.4, the radiation model is temperature independent and the total amount of trapped charge depends on
the workload but charge trapping also occurs when a transistor is unbiased. From the figures it follows that
the thickness of shielding, and thus the total accumulated dose, is the most important parameter describing
the circuit degradation. The cell leakage currents start to increase notably with the thin layer of shielding after
t=1-10"s and have increased so much at # = 1-10%s that none of the cells are able to store data.

Table 5.9 shows that the delay and energy metrics do not vary much. An explanation for this is that the
leakage currents involved with radiation trapping are relatively small and are only active for a short period of
time, as was described in Section 3.4.4.
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Figure 5.11: Retention time of a memory cell suffering from radiation wear-out

Table 5.9: Cell, Radiation, worst-case workload, D = 1.26 mrad/s, t =1- 1085

Operation Delay [ps] Delay [%] Energy [%]

ORO -0.346 -0.062 -0.008
1R1 -0.130 -0.019 0.020

owo -35.106 -0.345 -0.012
ow1 -0.116 -0.000 -0.007
1wo -1.353 -0.003 -0.008
1w1 — — -0.006

Impact on Memory Cells and Reference Cells

Figure 5.12 and Table 5.10 show the results when radiation trapping is applied to the memory cells and the
reference cells. Again it becomes clear that when a total dose between 126 krad and 1.26 Mrad is accumulated,
the circuit fails to store data. From the table oit becomes clear that delays and energy consumption are not
affected significantly by radiation.

Impact on Memory Cells, Precharge Devices and Sense Amplifier

In Figure 5.13 and Table 5.11 the impact of radiation on the memory cell, sense amplifier and precharge de-
vices is shown. There are no entries for ¢ > 1-108s because the circuit degrades so much that it becomes
impossible to perform a successful read operation, meaning the hardware is unable to provide a valid output
signal. From the table follows again that no significant degradation occurs to the delay and energy consump-
tion metrics.
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Figure 5.12: Cell Reference rad

Table 5.10: Cell Reference Radiation worst-case workload, D =
1.26mrad/s, t=1-108s

Operation Delay [ps] Delay[%] Energy [%]
ORO -0.324 -0.058 -0.007

1R1 -0.245 -0.035 0.019
owo -35.089 -0.345 -0.010
oWl 0.026 0.000 -0.004
1wo -1.336 -0.003 -0.007
1W1 — — -0.007

Retention Time Cell Sense Precharge rad Al=0.05 mm

Retention Time [ms]

60

55

HHH\ T \HHH\ T \HHH\
—— Best-case
—— Worst-case

103 10* 10°

108

Time [s]

107

108

Figure 5.13: Cell Sense Precharge rad

Table 5.11: Cell Sense Precharge Radiation worst-case workload,
D=126mrad/s, t=1-108s

Operation Delay [ps] Delay [%] Energy [%]
ORO -0.118 -0.021 -0.002
1R1 0.018 0.003 -0.001
owo -34.796 -0.342 -0.004
oWl -0.443 -0.001 -0.002
1wo -1.226 -0.003 -0.001
1Wi — — -0.001
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Impact on Memory Cells, Reference Cells, Precharge Devices and Sense Amplifier
Again, the circuit fails when the TID exceeds 126 krad and the delay and energy consumption are nearly un-
altered, as can be seen in Figure 5.14 and Table 5.12.
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g 55| | owo -34.783  -0.342 -0.004
e owl1 -0.473 -0.001 -0.005
L 1 1 1 1 1Wo -1.223 -0.003 -0.001
T T | \HHH-\- 1| IWI - - _0002

103 10* 10° 10%° 107 108
Time [s]

Figure 5.14: Cell Reference Sense Precharge rad

5.3. Combined Impact of Aging Models

In the previous section the impact of all individual wear-out effects was presented. This section combines
the BTI and HCI wear-out effects and then also adds the effects of radiation to this combination. The same
order of subcomponents as was used in the previous section, is used here. First the results of applying the
aging models to the memory cells only are presented to be followed by the combinations memory cell and
reference cells, memory cells, precharge devices, sense amplifier and memory cells, reference cells, precharge
devices, sense amplifier.

5.3.1. Bias Temperature Instability and Hot Carrier Injection

Impact on Memory Cellss

In Figure 5.15 and Table 5.13 the combination of BTI and HCI and its application to a single memory cell
is shown. From the individual analysis of wear-out mechanisms it can be concluded that BTI is the most
important factor for this degradation which is caused by its low duty factor. HCI effects are smaller than the
effects of BTT but can not be neglected. From the table it becomes clear that the 0W0 writing delay increases
slightly in comparison with BTT only degradation which must therefore be attributed to the threshold voltage
increase caused by HCIL

Impact on Memory Cells and Reference Cells

Figure 5.16 presents the increase of retention time when both the reference and the memory cells are stressed
with BTT and HCI. From Section 5.2 it followed that HCI has a larger impact than BTT has caused by the high
duty factor of the reference cells. Next to that, Table 5.14 shows again the previously seen decrease in OR0O
and increase in 1RI sensing delay. The slight decrease in delay of the 0W0 caused by HCI is not enough to
compensate the increased delay caused by BTI but the increase is less than with BTI degradation only.

Impact on Memory Cells, Precharge Devices and Sense Amplifier

Figure 5.17 and Table 5.15 show the results for the sense amplifier and the precharge devices suffering from
BTI and HCI wear-out. The figure shows again a slight increase in retention time as was expected from the in-
dividual contributions. Figure 5.18 splits the retention time degradation into two parts to explain the increase
in retention time: retention time degradation caused by aging of the memory cell and precharge transistors
and caused by degradation of the memory cell and sense amplifier. From the figure it becomes clear that
sense amplifier degradation causes the increase in standard deviation. This is caused by the mismatch be-
tween the two cross-coupled inverters that form the sense amplifier. If the threshold voltages of the NMOS
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Figure 5.16: Cell Reference HCI+BTI

transistors shift in different directions, increasing the flipping threshold voltage and decreasing the voltage on
the bit line to be read, the retention time will increase. If the contrary is true however, the retention time will
decrease. This mismatch is the cause of the slight increase in retention time that is observed. As was shown
in Figure 5.3, an equal voltage increment when charging a capacitor results in different charging times for dif-
ferent starting voltages; i.e., the capacitor does not charge linearly. Therefore, the mismatch of the transistors
causes unequal shifts of the retention time, effectively increasing it slightly.

Table 5.15 shows again the earlier observed increase in sensing delay caused by aging. The individual
wear-out mechanisms show that HCI is the most important cause for this degradation. This is caused by the
fact that HCI has a more severe impact on NMOS transistors which are the discharge components and thus
are the bottleneck when it comes to sensing speed. Also, as explained before, the duty factor of the sense
amplifier makes the HCI impact more pronounced than that of BTI. From the table it also becomes clear that
the writing delay increases. Again this is mainly attributed to the HCI degradation with a small addition of
the BTI.

Impact on Memory Cells, Reference Cells, Precharge Devices and Sense Amplifier

The effect of the combination of all subcomponents and both BTT and HCI results in the retention time devel-
opment as shown in Figure 5.19. The delay and energy consumption changes are presented in Table 5.16. As
was the case with the individual wear-out analysis, a summation of the previously described effects is seen.
After longer aging times the retention time starts to increase and the spread of it increases as well. Next to
that, as can be read from the table, the sensing delays increase by 9.665 % for the OR0 operation and even
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Retention Time Cell Sense Precharge HCI and BTI
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Figure 5.17: Cell Sense Precharge HCI+BTI
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Figure 5.18: Individual impact of sense amplifier and precharge device on in combination with cell degradation HCI+BTI

by 18.773 % for a 1RI operation. The difference between the two is caused by the fact that degradation of
the reference cells decreases the ORO0 delay and increases the 1R delay. Degradation of the sense amplifier
and precharge devices both increase these delay. The result of which is a net delay increase for both opera-
tions. From the table it also follows that the writing delay for a 0WO0 operation increases as well, which was
attributed to the memory cell transistor and sense amplifier degradation. The energy consumption decreases
for all operations, again caused by the increase of the threshold voltage.

5.3.2. Bias Temperature Instability, Hot Carrier Injection and Radiation Effects
In this section the effect of both aging mechanisms and radiation trapping effects will be described.

Impact on Memory Cells

The effects on the memory cell when suffering both BTI, HCI and radiation effects are presented in Figure
5.20 and Table 5.17. The figure shows clearly that at higher ages total ionizing dose effects have more impact
than BTI and HCI have. Also it becomes clear that with a 10 mm thick layer of shielding the radiation effects
can be mitigated. In Table 5.17 the combination of the three effects is visible in the OWO0 writing delay. BTI
and HCI have an increasing effect on this as was previously seen while radiation slightly reduces these effects.

Impact on Memory Cells and Reference Cells
When also the reference cells start to suffer from radiation effects, interesting behavior is shown by the cir-
cuit which can be seen in Figure 5.21. As was presented before, BTT and HCI increase the retention time of
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Figure 5.20: Cell HCI+BTI+Rad

the circuit and radiation will lower it at higher ages. The combination of these effects can be seen in the
figure for the experiments where the aluminum shielding thickness was 0.5 mm and the worst-case work-
load is applied. The mean retention time first increases and suddenly starts to drop fast once TID =Dt =
1.26mrad/s-1-10%s = 126krad is accumulated. The data presented in Table 5.18 show a previously seen ef-
fect. The sensing delay for a OR0 operation decreases while it increases for a 1RI operation and the writing
delay for a OW0 operation increases as well.

Impact on Memory Cells, Precharge Devices and Sense Amplifier

Figure 5.22 and Table 5.19 present the results when the memory cell, precharge devices and sense amplifier
are subjected to BTI, HCI and radiation effects. When the shielding layer is thick, again the slight increase
in retention time manifests itself while thinner shielding clearly shows that radiation effects are the signifi-
cant degradation factor. The table shows again that BTT and HCI have more impact on alterations in delay
measurements and energy consumption than radiation effects have. This was expected from the individual
contributions described previously.

Impact on Memory Cells, Reference Cells, Precharge Devices and Sense Amplifier

Finally the combination of all wear-out mechanisms applied to all subcomponents of the circuit can be eval-
uated. As was the case in previously seen analyses on all subcomponents, the effects are a combination of
all subcomponents behaviors. From Figure 5.23, one can see the increase in spread of the retention time due
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Figure 5.21: Cell Reference HCI+BTI+Rad
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Figure 5.22: Cell Sense Precharge HCI+BTI+Rad

to sense amplifier aging, the increase in retention time due to the aging of the reference cells as well as the
decrease in retention time when higher total ionizing doses are accumulated. From Table 5.20 it follows again
that the reference cells reduce the increase of the OR0 sensing delay caused by aging of the sense amplifier
while the 1R1 delay increases more. Also all operations consume less energy because the threshold voltages
of the transistors increase.

5.4. Impact of Transistor Scaling

The effects of transistor scaling are presented in this section. As was mentioned in Section 4.4.3, the scaling
was applied to all components in the circuit while the wear-out mechanisms are applied to the memory and
reference cells, the local precharge devices and the local sense amplifier.

5.4.1. Bias Temperature Instability

In Figure 5.24 the retention time development for the downscaled circuit suffering from BTI is presented.
As was the case in the unscaled circuit, the retention time increases over time which is again caused by the
increase in reference voltage. It can also be seen that workload has more impact on the retention time degra-
dation than temperature has, although a slight increase in retention time can be observed in the best-case
workload at higher temperatures. Table 5.21 presents the variations in delays and energy consumption. As
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Figure 5.23: Cell, Reference, Sense, Precharge HCI+BTI+Rad

was the case with the unscaled circuit, the OR0 sensing delay decreases while the IR1 delay increases. Also
it can be seen from the table that the energy consumption decreases for all operations. This is caused by
the increase in threshold voltage of the transistors which, as explained in Section 3.2, reduces the leakage
currents.

Retention Time Scaled BTI
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Figure 5.24: Scaled BTI

5.4.2. Hot Carrier Injection

The larger impact of HCI compared to BTI due to its high duty factor can be seen in Figure 5.25 and Table 5.22.
As was expected the spread in retention time increases and the mean value increases as well with increasing
aging time. From the table it becomes directly clear that the downscaled circuit is more susceptible to HCI
than the unscaled one, the sensing delays increase by 21.522 % for a OR0 operation and 31.653 % for an IRI
operation and the OWO0 increases by 2.176 %. Again, the energy consumption of all operations decreases due
to the increase in transistor threshold voltage.

5.4.3. Radiation Effects

Figure 5.26 shows the mean retention time and its standard deviation when the circuit suffers from radiation
only. There are no data in this plot after £ = 6-10” s because the circuit fails reading the cells when the total
dose is more than D -t = 1.26mrad/s-6-10"s = 75.6krad. Also it again becomes visible that a thicker layer
of shielding reduces the effects of space radiation on the DRAM circuit significantly. Table 5.23 presents
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Retention Time Scaled HCI
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Figure 5.25: Scaled HCI

the delay and energy consumption metrics. Note that the samples in this table are taken at t = 6-10"s as
the circuit fails after longer aging times. From the table it becomes clear that the sensing delay for a IR1
operation decreases slightly. Next to that, almost no metrics have changed, which could be attributed to the
shorter aging time.
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Figure 5.26: Scaled Rad

5.4.4. Bias Temperature Instability and Hot Carrier Injection

The combination of BTT and HCI applied to the downscaled circuit results in the plots in Figure 5.27 and the
data in Table 5.24. The retention time increases significantly under the worst-case workload and the sensing
delays and OW0 writing delay do as well. All four metrics vary slightly more from their original value under
this combined stress than under HCI stress only, thus suggesting only a small impact of BTI. The energy
consumption also decreases more than was the case with either BTT or HCI.

5.4.5. Bias Temperature Instability, Hot Carrier Injection and Radiation Effects

Finally, the effects of all wear-out mechanisms on the downscaled circuit are presented in Figure 5.28 and
Table 5.25. From the figure it becomes clear that BTI and HCI increase the retention time and that radiation
effects start to reduce it after ¢ = 1-10” s. Note that the circuit fails to operate correctly when the TID becomes
more than 126 krad and thus no data can be presented. The table shows the effect where the ORO sensing
delay increases less than the IR1I sensing delay which is caused by the combination of reference cell aging
and sense amplifier aging. From the table it also becomes clear that the 0W0 writing delay increases, but not
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Retention Time Scaled BTI+HCI

100 LHHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ \7
—— T =300K, best-case

—— T =400K, best-case

E 80 |- T = 300K, worst-case B Table 5.24: Scaling BTI+HCI Worst-case workload, £ =1-10%s

E T = 400K, worst-case Operation Delay [ps] Delay (%] Energy [%]
60| | 0RO 112.048  22.167 -1.076
S 1R1 191.762 32.899 -1.070
E_, owo 152.705 2.482 -1.078
L 40| T T T i 1 0wl -40.349 -0.105 -2.071
il 1 1 L 1 1 1wo -65.626 -0.173 -1.782
1W1 — — -1.092

103 10* 10° 105 107 10%® 10°
Time [s]

Figure 5.27: Scaled BTT+HCI

as much as it would without radiation effects. Next to that, the overall energy consumption is reduced.

Retention Time Scaled BTI+HCI+Rad, T = 400K
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Figure 5.28: Scaled BTI+HCI+Rad
5.5. Results Summary

This section summarizes the findings of the previous three sections.

It is found that threshold voltage shifts, caused by BTI and HCI, slightly decrease the retention time of a
memory cell. This is caused by the increased minimum cell voltage that is written to a cell. In contrast, aging
of the reference cells increases the retention time, as the reference voltage of the circuit increases. The voltage
at which the sense amplifiers will read a logical ‘0’ is increased, hence increasing the retention time. BTI and
HCI affect the sense amplifier as well. An increase of threshold voltage will slow down the sensing operation.
Furthermore, the statistical properties of the aging effects increase the mismatch between the transistors
in the sense amplifier and therefore increase the standard deviation of the retention time. This mismatch
then increases the retention time of the circuit slightly. The impact of BT and HCI depends not only on the
transistor type that is affected (NMOS or PMOS) but also on the duty factor of the transistor. Equally typed
transistors with a low duty factor suffer more from BTI wear-out than from HCI, while transistors with a higher
duty factor suffer more from HCI. These effects manifests themselves in the DRAM as well. The memory cells
have a lower duty factor than column devices like the sense amplifier and the reference cells, and suffer more
from BTI. The column devices, however suffer more from HCI effects.

Radiation trapping effects cause the retention time to drop when significant TID is accumulated. This
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is caused by the increased leakage current that is generated by the trapping of these charges in the memory
cells. When the TID increases even further, the leakage in the other circuit components breaks down the
circuit. It becomes then impossible to read out a cell. From the results it follows that a TID of 126 krad starts
to degrade the performance of the unscaled circuit and a TID of 37.8 krad degrades the performance of the
downscaled circuit. The total amount of charge that is accumulated in the device depends strongly on the
thickness of the shielding layer protecting it, the duration of ionization and the radiation environment.

The downscaled version of the circuit suffers from the same problems as the unscaled one. The observed
wear-out is more severe, though. This is caused by the fact that the aging effects are more severe in smaller
devices. The radiation trapping effects on other subcircuits than the memory cell render the circuit broken at
even lower TID.

5.6. Towards a Prediction Model

Now that the circuit performance for all experiments, stressed subcomponents and failure mechanisms is
known, a reliability prediction can be made. In Section 3.1 the basics of reliability engineering were intro-
duced including the definition of the reliability function, R () = 1 — F (¢). In order to define the reliability of
the circuit it must therefore first be decided when the circuit fails. In this research, the failure of different
subcomponents is defined based on a shift in the metrics which were defined in Section 4.2. The maximum
allowed shift in a metric is given by six times its standard deviation at ¢ = 0s, or in short AX < 60 ;~¢s, where X
is the shifted parameter, e.g. the retention time. Note that this includes a shift of the metric in two directions,
the metrics may increase and decrease. This might seem odd as for example a decrease in energy consump-
tion generally is a favorable property for a circuit. However from the definition of reliability it becomes clear
why this was chosen: “Reliability is defined as the ability of a circuit to conform to its specifications over a spec-
ified period of time under specified conditions.” [1]. In order to be reliable, the circuit should conform to its
specifications. Hence, a shift in either direction should result in failure of the circuit.

The reliability of the circuit can be predicted by multiple methods, as was described in Section 3.1. More
extensive reliability models, which for example include redundancy of circuit parts or inter-component cor-
relations, are not useful for this research as the DRAM circuit used in this work lacks among other an address
decoder or control logic. It was therefore chosen to evaluate the reliability of the circuit using the method
specified by the military handbook [4]. From the handbook it follows that the overall circuit reliability is de-
fined by a weighted multiplication of all subcomponent reliabilities which might also be constructed from
such a multiplication. A description of the system reliability in this fashion is presented in Equation 5.1 in
which Wj denotes the weighting factor for every subcomponents’ k € subcomponents reliability function Ry.

Rgys (1) = [[ Wi R (1) (5.1)
k

The reliability of a subcomponent again depends on a multiplication of the reliability functions of different
metrics as can be seen for the memory cell as an example in Equation 5.2.

Reeii (1) = Wiret Ryrer (1) - WenergyRenergy (0- Wdeludeelay (1) (5.2)

Again these reliability functions are expressed by multiplication of the reliability of for example the energy
consumption per operation for the Reergy (£) function as shown in Equation 5.3.

Renergy (t) = Woro energy () Roro energy (1) Wiw energy () Riw1 energy (1) - Wow1 energy () Row1 energy (1)...
(5.3)
This concept is applied to the results from the DRAM aging experiments. The system reliability is given
by a equally weighted multiplication of all component reliabilities which are the result of an equally weighted
multiplication of the reliabilities for every metric, i.e., Wyrer = Wenergy = Waeray and Weep = Wi ... In Fig-
ure 5.29 four reliability functions are plotted for BTI and HCI stress under the worst-case workload for a vary-
ing set of aged subcomponents. Figure 5.29d shows the reliability curve for the circuit with all components
combined. It becomes clear that the increased delay due to the sense amplifier aging is a larger reliability
degrading factor than the increase in retention time caused by the reference cell is. This makes the sense
amplifier the most critical part for an aging DRAM. The combination of all subcomponents again results in
the highest circuit degradation. From the figures it also becomes clear that temperature has a large influence
on the reliability of the circuit; at T = 300K and ¢ = 1-10®s under worst-case workload 84 % of the complete
circuit population would still survive while at T = 400K the entire population would have failed already after
r=1-10"s.
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In order to make an accurate reliability prediction for a complete DRAM circuit description, the procedure
that was used above can be followed. Based on the relevant metrics, the reliability per subcomponent can
be derived which then will be used to calculate the system reliability. It is also important to note that all
subcomponents have an equal weighting factor in this prediction. In a complete DRAM circuit the cells might
have a higher weighting factor as there are much more of these than column devices like the sense amplifier
or reference cells.

Cell Reliability Reference Reliability
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Figure 5.29: Reliability functions under BTI and HCI stress under worst-case workload

In Section 3.4.3 and Table 3.6, the ideal reliability prediction method was presented. For ease of read-
ability, Table 3.6 is copied below as Table 5.26. The reliability prediction model presented above, has three
important features that other reliability prediction models lack. These properties are: dynamic simulation
level, prediction of lifetime and reliability and the ability to evaluate reliability for different metrics per sub-
component.

Dynamic simulation level can be achieved by deriving a reliability function for a subcircuit, metric or a
wear-out mechanism. This reliability function can then later be used in the derivation of the system reliability
as described in Equation 5.1. The reliability for a subcomponent now only needs to be determined once and
can be used in multiple other reliability investigations. This can greatly reduce simulation time for a reliability
prediction. The derivation of the reliability functions allows to include different metrics or different weighting
functions for the metrics to be used. Hence, the circuit reliability can be determined by the best suited metrics
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for every subcomponent. Predicting both reliability and lifetime is possible with this method as the circuit
operation is investigated before a reliability function can be made. In this investigation exact lifetimes of the
circuit can be found.
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Conclusion

This chapter rounds off this thesis. First a summary of this thesis will be presented in Section 6.1. A general
conclusion will be drawn in Section 6.2 which is followed by a discussion of the limitations of the work in
Section 6.3. This chapter finishes with some future work recommendations in Section 6.4.

6.1. Summary

This section will summarize the contents of all previous chapters.

6.1.1. Chapter 2 - DRAM Design and Technology

This chapter introduces computer memory and more specifically DRAM, to the reader. It starts with an intro-
duction of computer memory and its hierarchy. After this, DRAM is introduced in more detail. The differences
between the classifications and the resulting differences in architecture are presented. The chapter continues
with a description and circuit representation of the subcomponents of DRAM: the memory cell, the precharge
circuit, the sense amplifier, reference cells and the memory array. Then, three operations on the DRAM, read-
ing, writing and refreshing, are presented and the corresponding timing diagrams are presented as well. The
chapter is finalized with an overview of the technology involved in making a DRAM starting with an introduc-
tion of general IC fabrication technology and finishing with the manufacturing technology needed to make
the DRAM capacitor as this is an extraordinary structure in comparison with regular IC design.

6.1.2. Chapter 3 - DRAM Reliability

IC and DRAM reliability modeling is introduced in this chapter. Next to that, also the circuit description and
the aging models are presented. The reader is presented with the terminology and mathematics related to
reliability engineering first. Terms like reliability, failure or hazard rate and mean-time-to-failure are intro-
duced. The reader is also presented with the reliability bathtub curve and the three periods defining it. After
this, CMOS wear-out mechanisms are introduced starting with a general introduction of the MOSFET. The
background knowledge of MOSFET operation is used to describe the wear-out mechanisms bias tempera-
ture instability (BTI), hot carrier injection (HCI), radiation, time dependent dielectric breakdown (TDDB),
and electromigration (EM). Then DRAM specific failures, soft and hard faults, are introduced. Now that the
background knowledge has become clear to the reader, the model description used in this research is pre-
sented. The investigated circuit is a commercial DRAM manufactured in the 1990s. The memory cell, refer-
ence cells, sense amplifiers and precharge devices that constitute this circuit are presented in detail. Next,
two workloads are defined based on a reference chip. The first workload is the best-case in which the cells are
stressed only due to refreshing of the cell contents. The second workload is the worst-case workload which
is based on the highest number of L2-cache misses in a benchmark analysis. A comparison of different aging
methods and models from literature is then presented. Based on this comparison, the wear-out models used
in this research are developed. Transistor variations are modeled using Pelgrom’s model. BTT is modeled with
the RD-model and Hot carrier injection is implemented as the lucky electron model. Statistical spread was
introduced to both BTI and HCI and the parameters for this were experimentally verified. The calibration of
both was done after measurements from literature. Both BTI, HCI and the transistor mismatch properties
are included as threshold voltage shifts in the transistor model. The radiation effects on the circuit are im-
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plemented as a gate-induced-drain leakage current source. This current was derived from irradiated DRAM
retention time measurements. The model shows an increase in leakage current for higher accumulated ioniz-
ing doses. Next to this leakage based model, a model based on charge trapping was implemented as well. Due
to the lack of measurement data, this model was not used in this research. The space radiation environment
of the Sentinel-1 mission was presented and is used as the source for the radiation experiments.

6.1.3. Chapter 4 - Framework

The simulation framework is described in this chapter. First, the software that is used in this research is
presented. Then, the five metrics that are used to determine the DRAM degradation are presented next.
These are: retention time, internal cell voltage, sensing and writing delay and energy consumption of the
circuit. Graphs illustrate the measurement descriptions where necessary. Next, the operating conditions of
the DRAM are defined. The workload is set to the best-case and the worst-case. The circuit is stressed on
three different temperatures, 300K, 350K and 400K, and its performance is verified on one temperature:
300K. Three experiments are described after this. First, the impact of the wear-out mechanisms individually
is examined, then the combination of them. In the third experiment, a downscaled version of the circuit is
subjected to individual and combined stresses. The chapter concludes with an overview of the initial circuit
performance for the previously presented metrics.

6.1.4. Chapter 5 — Experimental Results and Reliability Prediction Model

The results from the experiments defined in the previous chapter are presented and discussed in this chapter.
First the individual impact of wear-out mechanisms is presented. It is found that the wear-out factor that has
the most influence on the circuit degradation is determined by the duty factor of the transistor. The memory
cells that have a relative low workload, suffer more from BTI effects while the column devices, which have a
higher workload then the memory cells, suffer more from HCI. The increase in threshold voltage caused by
BTI and HCI reduces the retention time when applied to cells only because the minimal voltage written to
the cell increases due to the increase of the threshold voltage. Aging increases the reference voltage. This in-
creases the threshold voltage where a logical ‘1’ is read, therefore increasing the retention time. Degradation
of the sense amplifier and the precharge devices results in a slight increase in retention time as the mismatch
between the transistors in the sense amplifier is increased. Next to that, the sensing delays increase signif-
icantly due to their threshold voltage increase. Application of radiation wear-out to the circuit, results in a
decrease of retention time for higher total ionizing dose (TID). The leakage currents caused by these high
doses become so large that storing data in the memory cells becomes impossible. If the TID becomes larger
than 126 krad, the circuit is unable to perform a successful read operation and thus fails completely.

Combination of the wear-out mechanisms results in a combination of the individual effects. Combina-
tion of BTT and HCI effects results in more degradation of the retention time when only the memory cell is
stressed, but is mainly caused by the BTI degradation. The reference voltage also increases slightly more with
the combination of both of them, resulting in increased retention times. The inclusion of radiation again de-
creases retention time when high doses are accumulated. Combining BTI, HCI and radiation effects results in
an increase of retention time for low ages while it decreases at higher ages. The radiation shielding thickness
and the workload of the DRAM, are important factors in determining the overall degradation observed.

The effects seen in the previous two experiments manifest themselves again in the downscaled circuit.
Downscaling of the circuit results in a degradation of overall retention time due to the increased internal
leakage currents. The reference voltage increases due to aging, increasing the retention time with it. The
degradation of the sense amplifier also increases the sensing delays as was seen in the unscaled circuit. Also
the effects of radiation seen on the circuit are equal, retention time drops with higher TID accumulation.

The chapter concludes with a first-order reliability prediction model. The system reliability is described
as the multiplication of the component reliability which again is a multiplication of the reliability per experi-
mental metric. It becomes clear that the increase in sensing delay is a more important factor when evaluating
the reliability of the DRAM than the increase of reference voltage is, which thus points to the sense amplifier
as the most critical part in DRAM reliability. Furthermore, a comparison with state-of-the-art reliability pre-
diction methods and this work was made. The ability to predict reliability on a dynamic level as well as the
prediction based on varying metrics is new and proves useful in the reliability analysis of DRAM.
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6.2. Conclusion

This thesis presented a framework to analyze DRAM aging and presented a reliability prediction model. It
was shown that BTI and HCI wear-out can increase the overall retention time of a DRAM chip due to the
increase of the reference voltage. Next to the retention time, the sensing delays increase as well which lead
to timing violations if they increase too much and thus reduce reliability. Radiation trapping effects proved
to be a severe degrading factor for DRAMs because of the cell leakage current increase it generates. Overall
degradation of the circuit is worse under increasing aging temperatures and with higher workloads of the
chip. Based on the first-order reliability prediction model, it can be concluded that the sense amplifier is the
most vulnerable component of this DRAM as it has the highest impact on the system reliability degradation.

6.3. Limitations
The results presented in this research are limited by the following aspects.

¢ Circuit Model
The circuit used in this research was designed and produced in the 1990s. More modern circuits might
be using different techniques to reduce for example leakage or speed up overall operation. It is impor-
tant to remember that the results in this research are relevant to this old design but not necessarily to
newer ones. The methodology however, remains valid for newer and older circuits.

Downscaling of the circuit was done manually as no other sources were available. The involved scaling
was performed using standard CMOS scaling techniques and assumptions. Since DRAM transistors are
designed to have a low leakage characteristic this scaling method might not be completely suited for
this circuit.

¢ Aging Models

Since a fitting function was used to include duty factor into the BTI model, an error may arise from
this for low duty factors, which are present in the memory cells. For these low duty factors it might
be beneficial to include either measurements of these low duty factors into the curve fitting or use a
different model to determine the impact of these low duty factors. That being said, from the results it
follows that both BTT and HCI have an impact on the retention time of the memory but are negligible
when also other subcomponents are experiencing aging as well. This would suggest that the small error
that might exist from the duty factor fitting is small and can be neglected.

The HCI model was calibrated with averaged peak current measurements on the unaged circuit. These
peak currents might result in an overestimation of the actual HCI degradation. The model should be
calibrated based on actual transistor measurements to guarantee a good prediction.

The model used to simulate the impact of radiation on the circuit was based on secondary DRAM re-
tention time measurements and not verified by actual data. Therefore, important characteristics for
different kinds and sizes of transistors could not be derived properly, which might present a source of
€erTor.

¢ Operating Conditions The workload of the DRAM and hence the duty factors of the subcomponents
that arise from this, are subjected to some assumptions as well. The best-case workload, in which
only refresh operations form the DRAM workload, of the chip might be too optimistic in real-world
applications. Next to that, the worst-case scenario assumes that a block with a size of 32 kB is replaced
on a cache miss. The total size of this block strongly impacts the worst-case workload experienced by
the circuit and might overestimate the impact.

* Reliability Prediction Model
The circuit reliability is predicted by a first order prediction model which does not include correlation
effects of the different subcomponents. Next to that, due to the lack of a complete DRAM circuit, relia-
bility prediction of a complete chip could not be made.

6.4. Future Work

The work presented in this thesis allows for the analysis of DRAM wear-out due to aging. The research could
be improved and extended as described below.
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Circuit Model

The methods presented in this research could be applied to a more modern DRAM circuit and tran-
sistor library to find out how it would perform under aging. Also the addition of missing components,
e.g. address decoders or control logic, to the DRAM circuit would improve the accuracy of the final
reliability prediction.

Aging Models

When this research is applied to modern devices, the impact of BTI for low duty factors as well as the
impact of radiation in the models should be verified and set to the according technology constraints. It
could also prove useful to measure the trap forming in transistors caused by various wear-out mecha-
nisms and add all these effects in a trap based model as proposed in [85].

Reliability Prediction Model

The reliability prediction model in this work could be used as a basis for a more advanced prediction
model. The model should be extended with reliability functions of the missing circuit components and
appropriate weighting functions. Further improvement could be achieved by including correlations of
the components and wear-out mechanisms.

Extension

This research could also be extended in the depth of its analysis. Future work should include variations
and wear-out of the cell capacitor like cell capacitance mismatch, imperfections that increase leakage
current or decrease charging current and dielectric breakdown. TDDB should also be included in the
transistor aging model to estimate the impact of its increased leakage current. Furthermore, if a com-
plete design becomes available, an analysis of EM degradation should be included as well.
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Radiation GIDL Verilog-A Model

Below the two Verilog-A modules for NMOS and PMOS transistors respectively are presented. The modules
are written in Verilog-A and were used by the Virtuoso Spectre circuit simulator, version 14.1.0 64bit [93].

A.1. Radiation GIDL Verilog-A Model - NMOS

/1 Implementation of additional GIDL caused by radiation trapping

‘include "disciplines.h"
‘include "constants.h"

module radiation_gidl nmos(d, g, s, b);

inout d, g, s, b;
electrical d, g, s, b;

/1 Alterable parameters

parameter real W = 600e—9; // m

parameter real L = 450e—-9; // m

parameter real Tox = 8e—-9; // m

parameter real NF = 1; // number of fingers (finFet)

parameter real krad = 0; // Amount of trapped radiation in krad

parameter real AGIDL = 0.0002;
parameter real BGIDL = 2.1e9;
parameter real CGIDL = 0.0002;

parameter real EGIDL = 0.8;

/1 Add an multiplier based on DF to deal with bias conditions during
irradiation

parameter real DF = 1;

parameter real ON_RAD = 250;

parameter real OFF RAD = 100;

real multiplier = ((ON_RAD-OFF RAD) *DF+OFF_RAD) / ON_RAD;

/1l Transistor parameters
real TOXE = Tox;
real WL = 0;

real WIC = WL;
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84 A. Radiation GIDL Verilog-A Model
real WINT = 0;
real DWC = WINT;
real DWJ = DWG;
real XW = 0;
real Wdrawn = W;
real WIN = 1;
real WAN = 1;
real WAL = 0;
real WWIC = WWL;
real WWC = WWL;
real WeffC] = Wdrawn/NF+XW —2:x(DWJ+WLC/ (L *WIN) AWWC/ (Wx sSWAN) +WWILC/ (L#*WIN =
We:WAN) ) 5
real rad_factor;
real Igidl;
analog begin
@(initial_step)begin
rad_factor = multiplier = 0.050 = $exp(krad = 0.1315); //
derived from fitting script
end
if ((V(g,s) < 1.0) && (V(d,s) > (V(g,s)+EGIDL))) begin
Igidl = rad_factor = AGIDL * WeffCJ] = NF * (V(d,s)-V(g,s)—
EGIDL) / (3*TOXE) * $exp(—(3*TOXE+BGIDL) / (V(d,s)-V(g,s)—
EGIDL)) = (V(d,b)=*x3)/(CGIDL+V(d,b)*%3) + 1le—20; //Added
le—20 to prevent too small currents
I(d,b) <+ —abs(Igidl);
I(b,s) <+ 1le-20;
end
else if ((V(g,d) < 1.0) & (V(s,d) > (V(g,d)+EGIDL))) begin
Igidl = rad_factor = AGIDL * WeffC] * NF = (-V(d,s)-V(g,d)—
EGIDL) / (3+TOXE) =* $exp(—(3+*TOXE«BGIDL)/(-V(d,s)-V(g,d)—
EGIDL)) = (V(b,s)=%3)/(CGIDL+V(b,s)**3) + le—20; //Added
le—20 to prevent too small currents
I(s,b) <+ —abs(Igidl);
I(d,b) <+ 1le-20;
end
else begin
Igidl = 1e-20;
I(d,b) <+ —Igidl;
I(s,b) <+ —Igidl;
end
end
endmodule

A.2. Radiation GIDL Verilog-A Model - PMOS

/1 Implementation of additional GISL caused by radiation trapping

‘include "disciplines.h"
‘include "constants.h"

module radiation_gidl pmos(d, g, s, b);

inout

d, g, s, b;
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electrical d, g, s, b;

/1 Alterable parameters

parameter real W = 600e—9; // m

parameter real L = 450e-9; // m

parameter real Tox = 8e—-9; // m

parameter real NF = 1; // number of fingers (finFet)

parameter real krad = 0; // Amount of trapped radiation in krad

parameter real AGIDL = 0.0002;
parameter real BGIDL = 2.1e9;
parameter real CGIDL 0.0002;
parameter real EGIDL = 0.8;

/1 Add an multiplier based on DF to deal with bias conditions during
irradiation

parameter real DF = 1;

parameter real ON_RAD = 400;

parameter real OFF RAD = 350;

real multiplier = ((ON_RAD-OFF_RAD) *DF+OFF_RAD) / ON_RAD;

/1 Transistor parameters
real TOXE = Tox;
real WL = 0;
real WIC = WL;
real WINT = 0;
real DWC = WINT;
real DW] = DWG;
real XW = 0;
real Wdrawn = W;
real WIN = 1;
real WAN = 1;
real WAL = 0;
real WWIC = WWL;
real WAWC = WWL;

real WeffC] = Wdrawn/NF+XW —2x(DWJH+WLC/ (L **WIN) tWWC/ (W sWAN) +WWLC/ (L**WIN =

W:-WAN) ) ;

real rad_factor;
real Igidl;

analog begin

@(initial_step)begin

rad_factor = multiplier = 0.050e7 * $exp(krad * 0.1315); //

derived from fitting script
end

if ((V(s,g) < 1.0) & (V(s,d) > (V(s,g)+EGIDL))) begin

Igidl = abs(rad_factor * AGIDL * WeffC] = NF * (V(s,d)-V(s,g
)-EGIDL) / (3*TOXE) * $exp (—(3+*TOXE+BGIDL) / (V(s,d)-V(s,g)—

EGIDL)) = (V(b,d)*+*3)/(CGIDL+V(b,d) **3) + le—20);
le—20 to prevent too small currents

/ /Added
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I(d,b) <+ —-Igidl;
I(b,s) <+ —1e-20;
end
else if ((V(d,g) < 1.0) && (V(d,s) > (V(d,g)+EGIDL))) begin
Igidl = abs(rad_factor * AGIDL * WeffCJ] = NF * (-V(s,d)-V(d,
g)—-EGIDL) / (3+*TOXE) * $exp (—(3+*TOXE+BGIDL)/(-V(s,d)-V(d,g)
—EGIDL)) = (V(s,b)*%3)/(CGIDL+V(s,b)**3) + 1le—20); //
Added 1e—20 to prevent too small currents
I(b,s) <+ Igidl;
I(d,b) <+ —1e-20;
end
else begin
Igidl = —1le—-20;
I(d,b) <+ Igidl;
I(b,s) <+ Igidl;
end
end
endmodule
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Ionizing Radiation Modeling in DRAM Transistors

Moritz Fieback  Mottagiallah Taouil
Delft University of Technology

Faculty of Electrical Engineering, Mathematics and Computer Science

Mekelweg 4, 2628CD Delft, The Netherlands

Abstract—Electronics in space suffer from increased wear-out
due to the accumulation of high concentrations of ionizing dose.
The costs of a space mission in combination with the harsh space
environment force space agencies to demand electronic compo-
nents with extreme high reliability to guarantee mission success.
One of the main reliability concerns for DRAM is the retention
time degradation due to radiation, as radiation increases the
Gate Induced Drain Leakage (GIDL). In this work we present a
methodology to develop a Spice-based radiation model that could
be used to simulate this retention time degradation. The model
estimates the GIDL based on existing silicon measurements of the
retention time and gives designers the opportunity to measure the
impact of radiation during the design stage. Simulation results
show a strong retention time degradation for small Total Ionizing
Dose (TID) while this stabilizes with larger TID. The application
of the model with space radiation environment data shows that
the damage that spacecrafts suffer depends strongly on altitude
and aging time.

Index Terms—Retention Time, Radiation, DRAM, GIDL,
Leakage

I. INTRODUCTION

Radiation is a prime wear-out mechanism for IC’s in space
[1]. Ionized particles may get trapped in the transistors which
leads to increased leakage currents or even oxide break-
down [1], [2]. The breakdown or leakage currents of one
of these transistors may result in a complete system failure,
rendering the spacecraft useless. This is especially true for
DRAMs, where low leakage is vital for functional cells. The
failure probability in this harsh space environment forces
space agencies to demand an extremely high reliability for
their components [3]. Increase in Total Ionizing Dose (TID)
increases the off-current of a transistor and causes a threshold
voltage shift [2], [4]. With the gate oxide becoming thinner, the
impact of TID effects becomes less apparent in the transistor
itself but is still an important parameter as the isolating struc-
tures surrounding it form parasitic channels that degrade the
transistor performance [5], [6]. During the design phase, the
designer may increase the reliability of a system. For example,
a clever circuit design could result in hardened circuits to
radiation effects [1], [7]. Another solution is mitigating charge
trapping by having thick layers of shielding material. This is
however an unwanted property due to its weight. To verify
the design with respect to radiation impact, appropriate aging
models are required. Lack of these models requires expensive
and tedious test chips and structures that need to be measured
under irradiation. A faster and cheaper characterization method
during the design phase is therefore desired.

Said Hamdioui

Marco Rovatti
European Space Agency (ESA)
European Space Technology Center ESTEC
Noordwijk, The Netherlands

Several researchers have investigated the effects of radiation
on transistor performance and develped models for it. Barnaby
et al. presented a model that simulates the parasitic effects
through calculations of the surface potential [7]. This physics
based surface modeling approach was later extended to include
the effects of traps generated by Bias Temperature Instability
(BTD [8]. The aforementioned physics based approach has
the benefit that it can include the effects of charge trapping
on the transistor performance very accurately. However, a
disadvantage is that this high accuracy level requires very
accurate and extensive measurements of transistors, making
it a tedious task to develop these models. In addition, the
extensive accuracy can result in long computation times. Li
et al. proposed a simulation model that relies on body biasing
to incorporate radiation effects in transistors [9]. This simpler
model achieves reasonable accuracy when the transistor is
on but is not accurate enough in the sub-threshold region.
Therefore, this model is not suitable enough for low leakage
designs like DRAMs. Some specific research is performed on
the effects of radiation on DRAMs. Most of these works focus
on Single Event Upsets (SEU) caused by radiation [10], [11]
rather than on actual circuit damage caused by the radiation
effects. In [12], the authors presented the effects of ionizing
radiation on the retention time of a DRAM. They found
that the ionizing radiation causes traps which increases the
transistor’s Gate Induced Drain Leakage (GIDL) current. The
above clearly shows that there is a need for a model that allows
for fast simulation of radiation impact on the retention time
that is valid for sub-threshold currents.

This work proposes a novel model that allows to measure
the impact of radiation on the retention time by creating
a Spice model of GIDL. The model is based on indirect
measurements of the retention time of the cells presented in
[12]. From these secondary measurements, the GIDL current
is estimated and included as a current source in the transistor
model. The benefits of the proposed method is that is simple
(i.e., a low computation complexity as it is not based on
physical modeling) and that is does not require an extensive
characterization based on test chips. The contributions of this
paper are as follows.

« A novel radiation model based on existing silicon mea-
surements.

o Verification of the model using Spice simulations.

o Case studies that show the impact of the altitude and
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aging time on the retention time.

The remainder of this paper is organized as follows. Section
II provides background information on the DRAM memory
cell, GIDL and radiation trapping. Section III presents the
derivation and implementation of the radiation trapping tran-
sistor model, as well as the experiments that are performed in
this paper. Section IV shows the results of these experiments.
Finally Section VI concludes this paper.

II. BACKGROUND

In this section, background information will be provided on
the DRAM memory cell, gate induced drain leakage and trap
formation due to radiation will be given.

A. DRAM Memory Cell

A good description of DRAM architectures and their com-
ponents is given in [13]. A short summary on the memory cell
is given below. In a DRAM, data is stored in a memory array
consisting of memory cells. The memory cells store the data as
charge on capacitors. Figure 1 shows a typical DRAM memory
cell. The capacitor can be accessed via a pass transistor that
is connected to the word line and the bit line. The word lines
are connected to the row address decoder and the bit lines to
the sense amplifiers and precharge circuit. The data flows to
and from the cell via the bit line.

The charge on the capacitor slowly leaks away. Hence, after
a certain time the data written to the cell is lost. This time is
called the retention time and should be as high as possible
to prevent data loss in DRAMs. Therefore, cells have to be
refreshed regularly to compensate for the charge loss due to
leakage. When the leakage current becomes so high that the
cell is unable to hold data for its designed retention time, the
cell and thus the memory will fail.

B. Gate Induced Drain Leakage

Gate Induced Drain Leakage occurs in the overlapping area
between the gate and the drain of a transistor [14]. If the
gate of a NMOS device is biased at a low voltage, while the
gate is at a high voltage, a deep-depletion region is formed in
the overlapping region. For a PMOS device, this occurs when
the gate is biased at high voltage while the drain is biased
at a low voltage. Carriers can tunnel through the drain-to-
bulk band gap and are then swept away [14]. This process is
schematically presented in Figure 2 [14]. GIDL is an important
leakage mechanism in DRAMs. Since the cells are accessed

* electron
s hole

Ve

It

Fig. 2. Deep-depletion in the gate drain overlapping region causes GIDL [14]

infrequently, the charge stored on the capacitor creates a strong
electric field between in the gate and drain; this gives rise to
GIDL currents. Hence GIDL decreases the retention time of
a memory cell.

When there are traps present in the gate drain overlapping
region, GIDL current increases. The traps form energy states in
the band gap that can be occupied by the carriers. From these
states, the carriers may either continue to cross the band gap
or fall back in their previous energy band. Since these energy
states are within the band gap a carrier needs less energy to
cross the complete band gap [15].

C. Radiation Trap Formation

Highly energized particles generate electron-hole pairs in a
semiconductor. These holes will travel through the oxide and
once they arrive at the oxide-substrate interface they are swept
away in the substrate [2], [15]. However, some of the holes
can occupy trapping sites in the oxide-silicon interface. This
shifts the threshold voltage and may give rise to additional
leakage current as explained in the previous section [2], [14],
[15].

An illustration of the space radiation environment is pre-
sented in Figure 3 [16]. It can be seen that the total amount of
charge that will get trapped strongly depends on the altitude
of the spacecraft which thus makes it mission dependent. The
total trapped charge is measured in krad for a specific material,
in this case silicon.

III. FRAMEWORK

This section describes first the radiation GIDL model sub-
sequently followed by the experimental set-up.

A. Radiation Gate Induced Drain Leakage Model

In [12], the authors developed a model that relates the
measurements of retention time under irradiation to GIDL
leakage in transistors. The authors link the degradation of
retention time to the generation of interface traps in the
oxide of the transistor, which increases the gate induced drain
leakage current. In our model we try to fit the degraded
parameters to physical ones that can be used on transistor
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Fig. 3. Space Radiation Environment around earth in a 4 mm diameter
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TABLE I
GIDL CURRENT PARAMETERS

Parameter  Description

IaiprL Gate Induced Drain Leakage Current
Werrca Effective Source/Drain Diffusion Width
tox Transistor Oxide Thickness

Vap Drain-Bulk Voltage

Vs Drain-Source Voltage

Vs Gate-Source Voltage

AGIDL Pre-exponential Coefficient

BGIDL Exponential Coefficient

CGIDL Parameter for Body-Bias Effect
EGIDL Fitting Parameter for Band Bending

level Spice simulations. It is important to mention that the
data presented in [12] are all measurements from a single
commercial DRAM chip. Therefore, the accuracy of the model
could be improved if more chips are taken into account.

In order to model the effect of the increased leakage current
on the retention time, first a general GIDL model was imple-
mented based on the one used in the BSIM4 physics based
transistor model [17]. Equation 1 shows this GIDL current.
The parameters of this equation are described in Table L.

Vas — V4s — EGIDL

IGIDL, normal = AGIDL - Weff .

3 to
3 toy - BGIDL %4 M
e — . ’
*P\ " V4 - V,. —EGIDL ) CGIDL + V3,

To allow modeling of trapped charge due to radiation, we
add an extra multiplier to the GIDL current equation. Its value
depends solely on the total amount of radiation trapped in the
oxide, Tp measured in krad, and the duty factor, DF, or
activity factor of the transistor. The resulting GIDL current,
IRad, cIDL, 18 presented in Equation 2.

Irad cipr = Icipr - f (Tp, DF) 2

Fig. 4. Cells with ¢,¢ < 300ms and fitted curve versus TID [12]

Figure 4 shows the amount of cells with a retention time
less than 300 ms based on the data from [12], as well as a
fitting curve through these points. The data suggests that the
degradation of the circuit is exponentially dependent on TID.

The multiplier function f (Tp, DF) is further described
in Equation 3. In this function, f (DF') is a function that
describes the impact of the duty factor on total radiation
and X7 is a dimensionless fitting parameter. F, presents the
activation energy in eV, k is the Boltzmann constant and 7" the
temperature in K. The exponential term links the TID to the
shift in retention time under radiation. The term —1 ensures
that f (Tp, DF) = 0 when Tp = Okrad. Below these terms
will be explained in more detail.

f(Tp,DF)=f(DF)-X; (exp (%) — 1) 3)

In [6], [18], the authors show that the bias conditions during
radiation have an impact on the total amount of charges that
get trapped in a transistor. This suggests that the duty factor
of the transistor needs to be included in the model as well
via f(DF). However [6], [18] provide no specific details
regarding this function, except for the on-state (DF = 1)
and off-state (DF = 0). They mention that more charges get
trapped during irradiation when the device is on. Since the
device under test in [12] was unbiased during irradiation, this
model sets f(DF =0) = 1, effectively excluding the duty
factor effects in this work. Nevertheless, the impact of this
duty factor can be added in case the same experiments of [12]
are repeated for different duty factors.

X, and E, can be found by analyzing the discharge current
graphs of a memory cell for different TID. In this work, we
calcualte the discharge current from the retention time mea-
surements in [12]. Figure 5 shows the change in the retention
time density after a total dose of 60 krad is accumulated. The
mean retention time shifts down from pgxraq =~ 2800 ms to
1460 krad =~ 1300 ms, which is a factor ﬁ ~ 2.15.

The retention time of a cell is described by Equation 4 [19].

Vi—Va) - Cee
tror = w )

Ileak, average
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Fig. 5. Change in retention time density function due to radiation [12]

In this Equation, V; denotes the high voltage (i.e., the voltage
on the capacitor right after writing to it), V» the voltage where
the logic cell value flips, C¢; is the cell capacitance and ;¢
is the retention time of the cell. The values of V7, V5 and Cey
are design dependent. Finally, [jcqk, average 15 the average cur-
rent that flows when the capacitor is discharging and consists
of two components, Ileak, average — IRad GIDL, average +
I1other, average- LOther, average 1 the leakage current in the
cell caused by sources different from radiation trapping ef-
fects, and Igaq GIDL, average 18 the current that is caused
by radiation trapping effects. When no charges are trapped
(TID = Okrad), there is no additional leakage current and
hence Irad GIDL, average = 0A. The retention time of the
cell is affected only by Iother, average- As Was seen in the
previous paragraph, the mean retention time decreases 2.15
times once 60 krad of charge is accumulated in the transistor.
This means that the average leakage current (Ijcak, average)
must have increased 2.15 times. Since Iother, average dO€s
not change (as we assume that this is unaffected by ra-
diation), IRrad GIDL, average Must have increased. Setting
tret,l = 215 tret,2 and SOlVil’lg for Iraq GIDL, average
yieldS IRad GIDL, average — 1.15- IOther, average- Therefore,
the exponential term in Equation 3 should have a slope of
f% = 0.0128 in order to satisfy this relation. Calculating
the average current is nearly impossible in an actual circuit
because the current strongly depends on the bias voltages of
the pass transistor. These voltages change over time as the
charge leaks away from the capacitor and the voltage on the bit
line may change depending on the performed operations. We
therefore chose to fit X; based on retention time simulations.

Figure 5 clearly shows not only a degradation of the mean
retention time but also an increase in standard deviation.
These statistical properties are not taken into account in this
model due to a lack of detailed measurement data. It is for
example impossible to know how a single cell degrades as
only complete chip distributions are presented. This makes it
harder to derive how radiation will affect the tail distribution,

or

GOJH—»—OB

Fig. 6. NMOS trapped radiation GIDL model

i.e., the cells with the lowest retention times, as they have the
most impact on the complete DRAM reliability [20].

The extra GIDL current generated due to trapped charges
is implemented as a Verilog-A controlled current source. This
simplifies the simulation of the radiated circuit. The current
source discharges either from drain to bulk for NMOS tran-
sistors or from bulk to source for PMOS transistors. Figure 6
shows the NMOS radiation circuit.

B. Experimental Set-up

The experiments with the presented model are described
next. We perform two types of experiments with respect to
the presented radiation model; they are described below.

1) GIDL Current: The induced GIDL current is measured
for varying TID and varying drain voltage (Vpg). This verifies
the correct operation of the model.

2) Retention Time: The radiation model is applied to a
commercial DRAM netlist. The retention time of the circuit
is measured to see how it changes under irradiation.

IV. RESULTS
A. GIDL Current

Figure 7 and 8 show the leakage currents Ir,q ¢rpr due
to radiation (as described in Equation 2) and the normal
GIDL current Igrpr, normat Without radiation (as described
in Equation 1) for a single NMOS and PMOS transistor,
respectively. The horizontal axis shows the drain voltage
relative to Vpp. All other nodes are grounded for the NMOS
transistor and connected to Vpp for the PMOS transistor.
From the figures it becomes clear that the total current depends
strongly on the total amount of trapped charges, as was
expected from Equation 3 and the results presented in [6]. For
the NMOS transistor, Ir.q ¢rpr increases fast with increasing
drain voltage. This can be explained by the increasing voltage
difference between gate and drain. In the PMOS transistor,
Irad grpr increases with decreasing drain voltage. Note that
GIDL in a PMOS occurs when the gate is biased high while the
drain is biased low. From both figures it also becomes clear
that the GIDL current becomes negligible when the electric
field between the gate and the drain weakens.

B. Retention Time

Figure 9 presents the simulated retention time for varying
TID. Here, the radiation model is applied to the pass transistor
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Fig. 8. GIDL current due to charge trapping in a PMOS transistor

of a commercial cell design. The figure shows a strong depen-
dency on low TID. When TID becomes larger than 10 krad
the retention time starts to decrease slower. This degradation
can be explained by Figure 10. The figure shows the increase
of the cell voltage directly after a low voltage was written. The
DRAM netlist uses PMOS transistors as pass transistors in the
cells and therefore the leakage increases towards Vpp. The
leakage currents increase with increasing TID. This results in
faster discharging of the capacitor. The impact of Ir.q gIpL
reduces when Vp approaches GND for NMOS transistors and
Vpp for PMOS transistors. The capacitor discharges then
via other leakage mechanisms. This effects explains why the
irradiated cells in Figure 10 discharge very fast for a short
period of time only, before other leakage mechanisms take
over with lower leakage currents.

Next, the retention time degradation of the DRAM netlist
was investigated for different altitudes and aging times. The
radiation data from [16] is used to evaluate the retention time
after 1 month, 1 year and 3 years of operation. Four different

Fig. 10. Increase of memory cell voltage directly after a write operation for
varying TID

altitudes were investigated, 900 km, 2000 km and 35 786 km.
The first two altitudes are in the lower earth orbit, while the
thirth altitude is at the geostationary orbit. Figure 11 presents
the results of this analysis. It becomes clear that the altitude
has a significant impact on the retention time, as expected
from the TID in Figure 3 [16]. If the circuit is irradiated for
a longer period, the retention time will drop further.

V. DISCUSSION

This study presented a radiation model which includes the
leakage effects of ionizing radiation in DRAM transistors. The
effects are modeled based on retention time measurements of
an irradiated DRAM. This secondary metric allows for a faster
characterization of the leakage currents that are caused by
radiation trapping. The model can be used during the design
phase of a circuit to estimate the effects of radiation on it.

The model simulates the effects of radiation trapped charges
as a current source. This current is a function of the nodal
voltages and TID. It is important to note though that this
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Fig. 11. Retention time versus altitude for varying time

does not include all effects in an irradiated transistor. For
example, the trapped charged may shift the threshold voltage
or damage the structure of the transistor which can lead to
oxide breakdown. In addition, the stochastic nature of radiation
trapping effects is not included in the model due to a lack of
data. Nevertheless, the model can be extended by incorporating
the statistics of the retention time measurements. To do this,
more measurements on DRAMs need to be performed to
measure the stochastic nature of individual cells. Similarly,
the impact of the duty factor could be investigated as well.

Experiments of the model show a strong increase in leakage
current with respect to TID when the transistor is in its off-
state. Application of the model to a commercial DRAM netlist
shows the importance of analyzing radiation effects. It is
found that the retention time drops steeply when small doses
get trapped. With further increasing doses, the retention time
degradation weakens. Note that thicker layers of shielding can
reduce the TID significantly [2].

Although the radiation leakage model may be less accurate
than a physics based one, the methodology presented in this
paper can be used to easily incorporate radiation effects in
transistor models. The model aids the designer when designing
a circuit that is hardened to radiation. This is a favored
option over shielding the circuit with thicker, heavier layers
of shielding material, which increases the costs of a space
mission. Furthermore, since the model does not simulate the
physical phenomena in detail, the simulation time is very low.

VI. CONCLUSION

This work presented a simple radiation model that estimates
the effect of gate induced drain leakage current on the retention
time for space applications, by evaluating the impact of total
ionizing dose. This model can be used during the design phase
for circuits that will endure high doses of radiation. This allows
designers to verify correct operation prior to manufacturing.
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