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ABSTRACT 

 Nuclear and space agencies spend an enormous amount of money on radiation 

hardened (rad-hard) devices for electronic applications in high radiation environments. 

However, there are several limitations associated with the rad-hard components such as 

high cost, large size, reduced functionality etc. Hence, research focused on replacing the 

rad-hard parts with their commercial equivalent has expanded in the recent times.  In 

order to use the commercial-off-the-shelf (COTS) parts in space and military 

applications, their radiation sensitivity needs to be evaluated completely. Thus, the COTS 

devices have to be tested extensively and analyzed in order to determine their irradiation 

failure mechanism. 

 In this dissertation, commercial non-volatile static random access memory 

(SRAM) devices have been irradiated and tested to quantify the effect of ionizing dose.  

The memory chips were irradiated using Cesium-137 and the irradiated devices were 

tested for functional failures. The pre-irradiation data pattern is observed to be imprinted 

on high dose devices. The functional behavior of the devices over time was studied and a 

physical model explaining this behavior was developed. 

 Test results from 30 SRAM devices irradiated with dose levels ranging from 

100R to 100kR are presented. Memory imprinting as a function of total ionizing dose 

(TID) is reported. Based on the test data, a model for the imprinting behavior has been 

put forth. A thorough literature review on TID effects on metal-oxide-semiconductors 

(MOS) devices has been conducted and an overview has been provided here in order to 

explain the model. Recovery rate and the annealing mechanism of the imprinted SRAM 

devices is noted. 
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CHAPTER I 

INTRODUCTION 

 Background and Motivation 1.1

The interest in the field of ionizing radiation effects on semiconductor devices 

grew in 1962 with the failure of the first communication satellite, Telstar 1. The failure 

was caused by a significant increase in the radiation present in the Earth’s Van Allen 

Belt, due to several nuclear tests and high altitude blasts that took place in the same year. 

This prompted research in the direction of developing space systems immune to radiation 

[1]. In today’s world where we rely heavily on satellites and space systems for 

communication, navigation, surveillance, research, meteorological, and defense purposes, 

radiation induced defects in electronic devices are an even greater concern, than it was 

half a century ago. Furthermore, the scaling and high density of semiconductor devices 

has made them more susceptible to the radiation environment [1]. Our ability to 

understand and respond to the radiation environment and its effects on the evolving 

semiconductor technology also determines the future of our space explorations. Today, 

radiation hardened (rad-hard) devices are used not only in space applications but also in 

nuclear power plants, nuclear detectors, nuclear weapon environment and warfare. In 

space and nuclear environment, remote machine operations are inevitable and the main 

factor affecting the cost of such operations is the amount of radiation the electronics can 

sustain without replacement [2].  It is hence essential to understand the different types of 

radiations that dominate these environments and their effect on semiconductors.  

Radiation environment consists of low earth orbit, the geostationary orbit, deep 

space environment and the nuclear environment [3]. The nuclear detonation environment 

can be modelled as a burst of gamma rays followed by a burst of neutrons. 

Electromagnetic pulses (EMP) are also a serious concern in the nuclear environment [4]. 

The space radiation can broadly be classified into two: namely solar radiation and 

penetrating radiation. Solar radiation consists of uv rays, visible light, infrared radiation; 
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and penetrating radiation consists of protons, electrons, alpha particles and gamma rays 

[5].  

The major contributors to the space radiation are the trapped radiation, cosmic 

rays and solar flares [2], as shown in Figure 1.1. The charged particles, mainly electrons 

with energy up-to 7MeV and protons with energy up-to several hundred MeV, get 

trapped where the Earth’s magnetic field lines are close. Van Allen Belt is a region of 

high energy particles trapped around the Earth due to Earth’s magnetic field and poses a 

serious threat to space electronics. Though space and military application electronics 

generally require a tolerance of 100kRad (Si), this limit can easily be crossed for 

satellites stationed in the low earth orbit for a long period of time [4]. Galactic cosmic 

rays consist of low fluxes of energetic heavy ions and are the rays associated with the 

galaxy and mostly generated outside of the solar system. They are a source of continuous 

low energy radiation in the space. Solar eruptions mainly produce high energy protons 

and small amounts of alpha particles, electrons and heavy ions. Solar flares are generated 

during solar storms and hence their fluxes can change sporadically [2].  When operated in 

these radiation environments, semiconductor devices are prone to different failure 

mechanisms. These failure modes are explained later in section 1.4.  

 

Figure 1.1 The near earth radiation environment [6]. 

Solar Protons 

& Heavy Ions 

Trapped Particles 

Cosmic Rays  
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Up until the failure of Telstar 1, radiation studies were focused on bipolar 

transistors. The most radiation sensitive parameter in bipolar transistors was their 

minority carrier lifetime and since the MOS transistor operations does not depend on this 

parameter, MOS transistors were initially believed to be insensitive to radiation [T.P. 

Ma].  However, the studies by Hughes and Giroux [7] showed that both n-channel and p-

channel MOS transistors are very sensitive to radiation.  

Nevertheless, since volume and weight are major concerns in space applications, 

CMOS technology provided an attractive alternative to bipolar devices.  CMOS devices 

have the advantages of low power requirement, high density and high noise immunity 

[2,8]. Due to these features, CMOS devices are perfectly suited for operations in remote, 

severe environments [2]. Hence, studies began exploring the effects of radiation on MOS 

technology and their suitability for use in radiation environment.  

The studies on total ionizing dose (TID) effects on MOS devices and their basic 

failure mechanisms, began by exposing MOS transistors and capacitors to Cobalt-60 

gamma rays, x-rays, and high energy electrons [1, 7, 9-14]. Studies conducted in this 

field in 1960s identified different failure modes for the MOS devices. The buildup of 

oxide traps and the creation of interface traps, and the occurrence of latchup in CMOS 

devices were attributed as the main causes of failures in CMOS devices. These failures 

are explained in detail in Chapter 2.  

 Radiation Hardening 1.2

Due to the discovery of CMOS failures, efforts began to protect the CMOS 

integrated circuits from the harmful effects of ionizing radiation by radiation hardening. 

Radiation hardness is the maximum dose of radiation a device can withstand without 

degrading or rendering useless its critical parameters. Initial efforts were directed towards 

hardening the oxide by using different gate oxides and controlling the growth and doping 

process [1, 15]. However, advances in technology and increasing density of integrated 

circuits posed new challenges for radiation hardening [16-18]. Over the years, different 
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radiation hardening techniques have evolved namely Radiation Hardened by Shielding 

(RHBS), Radiation Hardened by Process (RHBP) and Radiation Hardened by Design 

(RHBD).  

1.2.1 Radiation Hardened by Shield 

A simple method of protecting electronic devices from the harsh radiation 

environments is by shielding the circuit by metals that attenuate radiation. The type of 

shield used for protection depends on different factors such as the circuit’s radiation 

design margin (RDM) and self-shield analysis [3]. RDM is the ratio of the maximum 

amount of radiation the circuit can handle without becoming dysfunctional to the amount 

of expected radiation [19].  

Depending on the final application, shield can be used in two different manners 

namely local shield or spot shield. Local shield is used when several adjacent components 

have to be shielded. For example, the entire circuit board to be used in a nuclear power 

plant can be shielded using a single local shield. Box shielding is often used to counter 

the effects of EMP [4]. However, weight and volume are often the deciding factors when 

designing a shield, particularly in space applications. Hence, due to weight constraints, 

spot shield is used in space applications [3].  

Several metals as well as different combinations of materials are used for 

shielding purposes such as lead, aluminum, polyethylene, tungsten, tantalum etc. [3]. [5] 

compares the relative radiation resistance (and hence the usability) of several polymer 

insulation materials as a function of gamma dose. A comparison of shield effectiveness of 

different pure materials and their different combinations as a function of weight and 

volume is provided in [3]. Low density materials are not good for stopping high energy 

particles as compared to heavier materials and require more volume to perform the same 

task. On the contrary, when ions hit the high density materials, they produce secondary 

radiation (like x-rays and gamma-rays) which in turn need to be shielded before reaching 
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the electronic components. Moreover, shielding is almost ineffective against heavy ions 

[4].  

In addition to the above mentioned disadvantages, in space applications, add-on 

shielding should be used as a last resort, after other approaches are exhausted, due to the 

high price of payload per kilogram [2]. For example, the JUICE mission to Jupiter, 

expected to launch in 2022, will have to go through very harsh environments and should 

be able to tolerate doses upto several Mrads. This $1 billion mission will be carrying a 

payload of 100kg. Hence, reduction in 1kg of shielding material corresponds to revenue 

of $10 million that can be used elsewhere in the mission [20]. 

1.2.2 Radiation Hardened by Process 

Hardening of integrated circuits against radiation can also be achieved by utilizing 

different fabrication techniques. Components that are manufactured in this manner are 

said to be radiation hardened by process (RHBP). Some of the techniques used in RHBP 

are to change the way the transistors are manufactured as well as how they combine to 

form the circuits. An example of the former is to make all the oxide layers, used in the 

operating and insulating region, as thin as possible without compromising on the 

reliability. However, this requires high precision and introduces constrains on processing 

temperatures [21]. The radiation resistance of the circuit can also be increased by varying 

the parameters affecting it. For example, chips with wider interconnections can carry 

higher current than their commercial counterparts and are, hence, tolerant to radiation-

induced currents [21]. Latchup and single event upsets (SEU) can also be mitigated by 

isolating a device from the surrounding components [22]. Isolation is usually achieved in 

rad-hard devices by using technologies such as silicon-on-saphire (SOS) and silicon-on-

insulator (SOI) that are immune to latch-ups due to their insulating substrate. Even 

though the various fabrication techniques increase the radiation hardness of the integrated 

circuit, design changes are required to obtain inherent radiation hardness of the chip [21]. 

Moreover, since the RHBP devices are manufactured in low volumes, they have issues 

such as low yield, process instability and high manufacturing cost [23, 24]. 
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1.2.3 Radiation Hardened by Design 

Components that are radiation hardened by design (RHBD) are manufactured in 

un-hardened commercial foundries but employ certain layout and design techniques that 

help mitigate the harmful radiation effects and meet the specified radiation performance 

[23]. Design hardening is majorly used to mitigate single event upsets (SEU) where the 

data in a cell gets flipped due to the charge deposition from a single energetic particle. 

System level hardening is often done using redundancy and error correction coding where 

information is stored in multiple places and the data is compared and corrected using 

different error correction methods [22]. The main disadvantage of using redundancy is 

the high area overhead and high power dissipation [22].  However, several designs with 

lower overhead have been proposed [22, 25]. Anyhow, if the logic circuit is affected or if 

the data in all the redundant cells (2 or 3 generally) changes simultaneously due to the 

charge deposited by a single particle, the information is corrupted/lost. This is avoided by 

making layout changes to ensure that the sensitive nodes are spaced in the cell’s layout 

[26]. Another method used for RHBD is current monitoring using built in current sensors, 

where the power supply current is constantly monitored and a fluctuation triggers the 

error correction sequence [22].   

A combination of these 3 methods is primarily used to protect the electronic 

device and make it a Radiation Hardness Assured (RHA) device suitable for radiation 

environments. However, each of the above mentioned techniques highly increases the 

cost of the component and puts the circuitry a few generations behind the current 

technology. Finally, it should be noted that there is no clear procedure to radiation harden 

semiconductor devices, and the techniques that work for one fabrication process may not 

work for another [2].  

Hence, the focus has been shifting to the use of commercial-off-the-shelf (COTS) 

components in military and space projects [2]. Several studies have been conducted on 

commercial devices to determine their total dose failure levels [27-31].  The major 

reasons for this shift are the decrease in the number of rad-hard semiconductor 
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manufacturers and their high minimum buy requirements. Given the limited market for 

rad-hard parts, manufacturers have very little incentive to set up a special rad-hard 

production line in conjunction with the commercial production [2]. Hence, the delivery 

times associated with the rad-hard parts are often too long and advanced. In addition, 

complex functions are not easily available.  

The advantages of using COTS parts are mainly their availability, performance 

and high complexity [2]. However, the use of COTS does come with additional testing 

cost and certain risks. Study conducted by NASA specified that the approach has shifted 

from avoiding risks to managing risks. Hence, they recommend that risk associated with 

the use of such parts should be clearly understood and their mitigation measures 

implemented [2, 32]. Our study is focused on this principle of evaluating the risk 

associated with the use of a commercial SRAM part and recommending measures to 

remove or revert this impact.    

 Research Objective 1.3

Memory devices are ubiquitous in nature and often occupy most of a chip’s area 

[33]. In space shuttle/satellites, memories are used for storing critical data such as 

navigation control signals, data acquired in space, etc. Nonvolatile memories are mostly 

used to store startup data such as boot code, debug information, calibration tables, and 

device configuration [34]. Moreover, second only to the processing unit, memory is often 

the device that limits the capability of a space system. Hence, an enormous amount of 

research has been done on studying the effect of radiation on memory devices and 

making them rad-hard [2]. 

The purpose of this dissertation is to study the total dose effect of ionizing radiation 

on commercial non-volatile CMOS SRAM devices. The functionality of the COTS 

SRAM devices exposed to gamma radiation is studied. A model is presented to describe 

the observed functional behavior of the irradiated memory chips. This study is conducted 

on 30 SRAM devices irradiated with a constant dose rate (set to 3.8R/s) for different total 
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doses of gamma rays from Cs-137 source. Extended memory testing was performed in 

order to observe and quantify the results of radiation on these devices. Memory 

imprinting effect was observed corresponding to the existence of a preferred state after 

exposure to radiation.  

Previous studies [71-76] conducted on the total dose imprinting effect in memory 

devices have been focused on reproducing the imprinted patterns. Our study aims at 

understanding these preferred states in radiated memory devices, and proposing an 

annealing model that explains these memory devices’ return to their pre-irradiated normal 

behavior.  

 Radiation effects on semiconductors 1.4

Radiation is energy that may take such forms as light or tiny particles too small to 

see. Based on its interaction with materials, radiation can be broadly classified into non-

ionizing and ionizing radiation. Visible light, ultraviolet light and radiowaves all fall 

under the class of non-ionizing radiation. Ionizing radiation is radiation with sufficient 

energy to break atomic bonds and to create electron-hole pairs. The basic types of 

ionizing radiations are alpha particles, beta particles, gamma rays, x-rays and neutrons. 

[35] 

Alpha particles consist of two protons and two neutrons and are emitted from 

naturally occurring heavy elements like radium, uranium etc. Beta particles are fast 

moving electrons emitted by radioactive elements like carbon-14, sulphur-35 etc. Gamma 

rays and x-rays are highly penetrating electromagnetic radiation emitted by radioactive 

materials like cesium-137, cobalt-60 etc. [35] 

These radiations, upon interaction with semiconductor material, produce three 

major effects namely displacement damage effect (DDE), single event effects (SEE) and 

total ionizing dose (TID) effects. Both SEE and TID effect are ionization processes 

whereby the energetic particle incident on the solid loses its energy by ionizing the 
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material. Single event effects are caused by the bombardment of a single energetic 

particle whereas total dose effects are caused by long term exposure to radiation. [36] 

1.4.1 Displacement Damage Effect  

Displacement damage is a non-ionizing process where an atom is displaced from 

its normal lattice position to another location due to protons, high energy electrons or 

neutrons [37]. The major effect of DDE is the degradation of minority carrier lifetime and 

gain degradation in bipolar transistors. A detailed study of displacement damage and its 

effects on bulk silicon as well as solar cells is provided by J.R.Srour et al in [38].   

1.4.2 Single Event Effect 

Single event effect results in failure of semiconductor device due to charge 

deposition by direct or indirect ionization of the sensitive part of the device. If the electric 

charge accumulated is greater than the critical charge (Qc) required to change the 

functional state of the device, an error due to SEE occurs. Scaling of feature size has led 

to devices with smaller capacitance, lower operating voltage and information storage 

using less charge. This has increased the susceptibility of the scaled devices to SEE. SEE 

can further be classified into single event upset (SEU), single event latch-up (SEL) and 

single event burnout (SEB). [39] 

SEU occurs in memory and logic circuits where charge accumulation greater than 

Qc can result in a bit flip from 0 to 1 or 1 to 0 in a cell. In highly dense circuits, charge 

collection may also cause change in logic state of several adjacent memory cells leading 

to multiple bit upsets (MBU). SEU effects are non-permanent (soft errors) and can be 

removed by re-writing data onto the memory or re-booting the memory. SEU and MBU 

can be corrected by using error correction codes operating on word-by-word basis and 

ensuring that the physically adjacent memory cells do not belong to the same word, as 

mentioned in the RHBD methodology.  

SEL occurs due to the formation of parasitic p-n-p-n structure in CMOS devices. 

When the energy from a single particle is injected into this parasitic structure, a short 
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circuit can be triggered causing the destruction of the device. SEL may be corrected by 

power cycle, before a permanent damage occurs. 

SEB occurs when a high current flows in the device. The gate oxide can be 

ruptured as the result of plasma formation due to a high energy particle passing through 

the dielectric. This leads to a non-reversible destruction of the device and is mainly a 

concern in power MOSFETs. 

SEEs occur in space, atmospheric and terrestrial environments and is a major 

concern for memory devices. However, it is random in nature and it is difficult to predict 

its occurrence based solely on theoretical analysis. [39] 

1.4.3 Total Ionizing Dose Effect 

Total ionizing dose effect is due to the trapped charge build-up, affecting the 

normal operation and control of the device [40]. TID effects caused in natural 

environments such as the Van Allan Belt are the primary radiation problem for 

spacecraft.  The TID effects can also be caused due to x-rays and gamma rays produced 

by a nuclear weapon detonation [41]. 

Space environment poses major problems to electronics from gamma ray 

irradiation and single event phenomenon. Electronic systems operating in tactical 

environments are mainly affected by gamma ray dose rate irradiation and neutron 

irradiation. Although the commercial environment has the least stringent radiation 

hardness requirements, its major concerns are gamma ray total dose irradiation and 

neutron radiation. [42]  

Our study evaluates the gamma radiation effect on commercial SRAMs based on 

experimentally collected data and the understanding of TID effects on CMOS devices. 

TID effect on MOS devices is described in detail in the following chapter.  
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CHAPTER II 

TOTAL IONIZING DOSE EFFECT ON MOS STRUCTURE 

In order to better understand the defects in MOS devices due to ionizing radiation, 

we need to first get an understanding of the basic MOS structure and its functioning. The 

first section of this chapter explains the energy band diagram of an ideal MOS system 

under different modes of operation. Since C-V characteristics are the most common tool 

used to measure and study the radiation induced defects, section 2.2 will describe the C-V 

characteristics of an ideal MOS capacitor under different modes of operation. Section 2.3 

gives a brief description of the different types of defects present in a real world MOS 

structure and how these defects affect the C-V curve. Section 2.4 describes how defects 

are formed due to ionizing radiation and the properties of these defects. 

MOS structure consists of a metal, oxide and a semiconductor layer. The metal is 

also known as the gate electrode because it can control the charges on the surface of the 

silicon layer. Aluminum was the most commonly used material for the metal region and 

was later replaced by polysilicon due the latter’s ability to withstand high temperature 

processes. Silicon is the most widely used semiconductor because both the semiconductor 

region (single crystal silicon) and the insulator layer (SiO2) can be produced using 

silicon. [43] 

2.1 Ideal MOS system 

When a MOS system is in equilibrium, the Fermi energy level is constant 

throughout all the three materials: metal, oxide and semiconductor. This equilibrium is 

reached by the transfer of electrons between the different materials. The material with the 

higher Fermi level transfers negative charge to the lower Fermi level material, thus 

lowering the Fermi level of the first material and raising the Fermi level of the latter. In 

the case of a p-type semiconductor, the metal, having a higher Fermi level (or smaller 

work function), transfers electrons to the semiconductor material, with a lower Fermi 
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level (or larger work function). Hence, at equilibrium, the silicon has a sheet of negative 

charge on its surface and the metal stores positive charge.  

The different energy levels depicted in Figure 2.1 are briefly explained here. Fermi 

level (EF) can be defined as the energy level below which all the energy states are filled, 

and above which all the energy states are empty, at absolute zero temperature. Fermi-

Dirac function gives the probability of finding an electron at a particular energy level. 

Hence, the Fermi-Dirac function has a value close to unity for energy levels below EF and 

close to zero for energy levels above EF. For intrinsic semiconductors, the concentration 

of holes is equal to the concentration of the electrons and hence the Fermi level lies in the 

middle of the forbidden energy gap, in between the conduction (EC) and valence band 

(EV). This is known as the intrinsic Fermi level (EI).  

 

Figure 2.1 Energy band diagram of a MOS structure during flat band condition. [44] 

Flat band voltage is the voltage at which the energy bands are flat in a MOS 

system and the system is no longer in equilibrium. Flat band voltage equals the difference 

in the work function of the metal and the semiconductor. This voltage can be thought of 

the voltage required to remove the charges from the semiconductor surface that helped 

bring the system in equilibrium. Hence, in order to achieve a flat band, a negative voltage 
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has to be applied to the gate so as to remove the negative charges from the silicon surface 

and shift the Fermi level of the silicon back to the level it was at, before it became a part 

of the MOS system. Hence, when the flat band voltage is applied at the gate, the 

semiconductor surface is free of any stored charged. 

(Vg<VFB): When the voltage at the gate is increased beyond the flat band voltage, 

keeping it negative, holes are attracted towards the silicon surface. For a p-type 

semiconductor, when the hole population is greater than the acceptor density at the 

semiconductor surface, the condition is known as accumulation with the surface being 

called the accumulation layer. 

(Vg>0): When no bias voltage is applied at the gate, the silicon surface has 

negative charges and the metal has positive charges on it, due to the transfer of charge 

between the metal and the silicon as mentioned above. This negative charge on the 

silicon surface is due to the depletion of its majority carriers, holes. If the voltage at the 

gate is increased, keeping it positive with respect to the silicon, the silicon surface 

becomes further depleted and more uncompensated acceptors are left in the region. This 

phenomenon is known as surface depletion. 

(Vg>Vth): Once the voltage is increased to a point where the surface of the p-type 

silicon contains more electrons than holes, the system is said to be in inversion because of 

the increase in the minority carriers at the surface. If the electron density in the inversion 

layer is greater than the hole density in the bulk of the silicon, the system is in strong 

inversion and below this point it is said to be in weak inversion. The voltage at which the 

density of electrons at the surface equals the density of holes in the bulk is known as the 

threshold voltage. 

2.2 Capacitance-Voltage Characteristics 

The capacitance vs. the gate voltage (C-V) characteristic (shown in Figure 2.3) is a 

standard tool used in MOS systems to analyze a technology under research or in 

production [92]. In order to make C-V measurements, a MOS capacitor is biased using a 
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dc voltage (to make it operate in the desired mode) and then a small ac voltage is 

superimposed on that dc voltage. The phasor voltage across the capacitor and the current 

through it is measured and the capacitance is determined using the impedance. 

In order to measure the capacitance in the accumulation mode, the gate is biased 

with respect to the silicon using a dc voltage such that the silicon surface gets 

accumulated with majority carriers. A small ac voltage is then applied to the gate which 

produces a small change in the amount of charge carriers at the silicon surface. However, 

the accumulation layer is very thin and very close to the oxide region. Hence, the increase 

or decrease in thickness of the accumulation layer, due to the ac bias, in comparison to 

the thickness of the oxide is very small. Moreover, as the magnitude of the dc voltage at 

the gate is increased, charges are pulled more towards the oxide-semiconductor interface 

and hence the accumulation layer becomes thinner. Thus, as the distance between the 

charges in the metal and the accumulation layer approaches the oxide thickness, the 

capacitance measured also approaches the oxide capacitance, Cox. As can be observed in 

Figure 2.2 and Figure 2.3, the measured capacitance in the accumulation region always 

corresponds to Cox.  

The dc gate voltage is now changed such that it causes the silicon surface region to 

be depleted of majority carriers. In this case, the changes in the charges, due to the 

applied ac voltage, occur only at the edge of the depletion layer. Thus, because the 

charges between the metal and the silicon are now separated by the oxide layer and the 

depletion region, the measured capacitance is a series combination of the oxide 

capacitance and the depletion layer capacitance and can be given by C = (1/Cox 

+1/Cdep)
-1

. 
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Figure 2.1 C-V measurements under DC steady state bias [45] 

 

 

Figure 2.3 C-V characteristics for an n-type Si substrate under DC bias and AC small-signal [43] 

During inversion, the measured capacitance is a function of frequency because 

inversion layer consists of minority carriers and the minority carriers cannot respond as 

quickly to the voltage change as the majority carriers can. The inversion capacitance is 
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determined by how fast the minority carriers can respond to the ac voltage provided at the 

gate.  

During low frequency measurement, both the dc gate bias as well as the small ac 

voltage is changed very slowly. Hence, the minority carriers have the time to respond to 

both of the applied signal. Thus, when the minority carriers in the inversion layer can be 

generated at the same rate at which the voltage is changing, then the small change in the 

charge due to the applied ac voltage occurs at the oxide region itself, as in the case of 

accumulation. Therefore, the measured capacitance in inversion (during low-frequency 

measurement) is equal to the oxide capacitance, Cox, as shown in Figure 2.2 and Figure 

2.3. 

On the other hand, during high-frequency measurement, the dc voltage is changed 

slowly such that the minority carriers have the time to respond to the change. But the ac 

voltage is changed very fast and at this frequency, only the majority carriers can respond 

to the applied ac signal. Hence, the change in the charge occurs at the edge of the 

depletion region, where the majority carriers are located. Consequently, the measured 

capacitance is once again the series combination of the oxide capacitance and the 

depletion layer capacitance, as in the case of depletion mode. During high frequency 

measurement, in the inversion mode, the capacitance reaches its minimum value because 

the depletion layer has maximum width and hence minimum capacitance just before 

inversion occurs. This can be observed in the high frequency curve shown in the Figure 

2.3. 

2.3 Non-ideal MOS system  

A non-ideal MOS structure can have different types of defects and each of these 

affects the C-V measurements differently. The 4 types of charges present in a non-ideal 

MOS system are mobile charge (Qm), fixed oxide charge (Qf), oxide trapped charge 

(Qox) and interface trapped charge (Qit) [46]. These defects are shown in Figure 2.4 and 

each of them is described in the section below.  
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Figure 2.4 Charges in Si-SiO2 system [46] 

Mobile charges (Qm) are introduced due to the alkali ions present in SiO2.  

Because these ions are mobile in nature, they affect the threshold voltage and have 

maximum impact when moved towards the Si-SiO2 interface by a positive gate voltage. 

These impurities are reduced by ensuring high quality processing techniques as well as 

by introducing other impurities like chlorine that can immobilize these alkali ions.  

The fixed oxide charge (Qf) is located in the silicon dioxide, very close to the Si-

SiO2 interface, and is positive in nature. These charges are fixed and are not affected by 

the gate voltage, however, their presence does shift the threshold voltage of the MOS 

system. Consequently, these fixed charges lead to the C-V curve shifting along the 

voltage axis. The fixed charges are produced due to the presence of incomplete Si-Si 

bonds. Some of these incomplete bonds, or broken bonds, can be completed by annealing 

at a high temperature.   

The oxide trapped charge (Qox) is distributed throughout the oxide layer and can 

be either positive or negative depending on whether holes or electrons are trapped. These 

charges are usually fixed and are not affected by the gate bias. Exposure of ionizing 

radiation is one cause for trapped oxide charges. [43, 46] These charges can usually be 

annealed at lower temperatures. 



Texas Tech University, Dhanya Nair, August 2013 

18 
 

The interface trapped charges (Qit) are located at the Si-SiO2 interface and have 

energy levels in the silicon forbidden gap. They can be positive or negative in nature. 

Due to the stoichiometric differences in the structure at the Si-SiO2 interface and the bulk 

semiconductor, extra allowed energy states are always present at the interface. When the 

gate voltage exceeds the energy level associated with the interface traps, the traps either 

charge or discharge. The charge on the interface traps depends on the gate voltage, and 

hence the threshold voltage also depends on the gate voltage. This change in the 

threshold voltage with respect to the gate voltage causes the C-V curve to distort. 

Radiation and similar bond-breaking processes can produce interface trapped charges 

[46] and these traps are typically annealed in the presence of forming gas [43].  

2.4 Ionizing radiation effects on MOS system 

Ionizing radiation corresponds to high energy photons or particles such as 

electrons, protons or ions that can break atomic bonds and produce electron-hole pairs 

[1]. When operated in the presence of ionizing radiation, MOSFETs suffer parametric 

degradations such as threshold voltage shift, decrease in gain and speed and increase in 

leakage currents. These degradations occur due to the buildup of trapped oxide charge 

and increase in fixed oxide charge and interface traps due to the interaction of ionizing 

radiation with the MOS structure. The amount of these charges increases with an increase 

in the total dose. Oxide trapped charge and interface trapped charge can be introduced 

when the device is operating in space or in a radiation environment. Electron-hole pairs 

(ehp) are generated in the oxide region, if a high energy photon (with energy greater than 

the bandgap of SiO2) is incident on it. Due to the very few free carriers in the oxide, the 

recombination probability of the generated ehp is very small. Also, because of the high 

mobility of the electrons, the generated electrons are quickly swept out of the oxide 

region whereas the holes get trapped in the oxide. 

The study of radiation effects on MOS devices began in 1960s with the discovery 

by Naval Research Laboratory (NRL) that MOS devices are sensitive to radiation. This 

was contrary to the prior assumption that MOS transistors, unlike bipolar transistors, 
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would not be radiation sensitive [47]. Succeeding research established TID effects to be 

the main cause of radiation induced damage in MOS devices [48-52]. The defects in 

MOS oxides were later related to oxide traps which showed bias dependence [53]. It was 

also observed that most of these traps were located near the Si-SiO2 interface. A detailed 

summary of the studies conducted in MOS radiation effects and the evolution of radiation 

hardening techniques is provided in [47]. [1], [54], and [55] give a detailed description of 

the TID effects in MOS devices. Below is a summary of the major effects of ionizing 

radiation on MOS structures. 

The oxide layer is the most sensitive region in the MOS structure. Radiation 

response of MOS structure can be divided into four major processes as shown in Figure 

2.5. When highly penetrating radiation (e.g., gamma rays in our case) passes the oxide 

layer, it loses its energy by breaking bonds and creating electron-hole pairs. On an 

average, one electron-hole pair is generated in an oxide when 18eV of energy is 

deposited in it [1]. The electrons being highly mobile are swept out of the oxide in the 

order of picoseconds [56]. In the first few picoseconds, some fraction of the electron-hole 

pairs will recombine depending on the applied field and the type and energy of the 

incident particle. The holes that escape this initial recombination remain near their point 

of generation itself due to their relative immobility. This causes a negative threshold 

voltage shift in MOSFETs. This electron-hole pair generation leading to the initial 

(maximum) voltage shift is the first physical process in the MOS radiation response. 

 The second major factor in the MOS response is hole transport process. When 

a positive bias is applied to the gate of the MOS structure as shown in Fig. 2.5, the holes 

undergo an unusual stochastic hopping transport through the oxide towards the Si 

substrate. The time period for this process is typically from 10
-7

s to the order of seconds 

at room temperature. This hole transport process is mainly dependent on the applied field, 

temperature and oxide thickness, and leads to a short-term recovery in the voltage shift.  
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Figure 2.5 Energy band diagram for MOS structure showing the major radiation response for a positive 

gate bias [55] 

 The third major process determining the MOS response is the hole trapping (oxide 

traps) near the Si-SiO2 interface. When the holes reach the SiO2 interface, a fraction of 

them are captured in long term trapping sites (within SiO2) causing a negative voltage 

shift that can persist from hours to years. This is the most commonly observed form of 

radiation damage in MOS devices and is dependent on the oxide processing, applied field 

and temperature.  These traps do not interact with the gate potential and are fixed in the 

oxide region near the interface.  

 The fourth factor is the buildup of interface traps at the Si-SiO2 interface. 

These are localized states within the Si band gap that may be formed immediately after 

radiation or in a time-dependent fashion with a time period of thousand to tens of 

thousands of seconds at room temperature. This interface trap buildup is also dependent 

on the oxide processing, applied field and temperature [1, 54, 55]. Both, oxide trapped 

charge and interface trapped charge, are greater for positive gate bias than for negative 

[1]. 
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The origin and nature of these hole traps and interface traps are discussed in detail below: 

2.4.1 Oxide Traps  

Initially, all the radiation hardening efforts were directed in reducing the amount 

of hole traps from the gate oxide. Hole traps are oxide traps that are normally neutral in 

nature and become positively charged by capturing holes. At room temperature, these 

traps can retain the captured holes for a long period of time. Hole traps are typically 

found near the Si-SiO2 interface and extend a few nanometers from the interface into the 

bulk of the oxide. When the free moving holes, generated due to the incident radiation, 

reach these hole traps, some of them get trapped in this region. The remaining holes keep 

moving into the substrate and recombine with electrons there. The holes trapped in 

regions within few nanometers (2-5nm) of the silicon get annealed over a long period of 

time, due to the tunneling of electrons from the silicon. This entire process of hole 

trapping is shown in Figure 2.6. 

 

Figure 2.6 Hole trapping and removal process under positive gate bias [57] 

These deep hole traps occur in the SiO2 layer at the Si-SiO2 interface because the 

oxidation in these regions is not complete. Hence, the Si-O-Si bonds near the interface 

have bond angles of 120° instead of the regular 144° angles in the bulk of the SiO2 [1]. 

Hole trapping occurs due to the breaking of these strained Si-O bonds near the interface. 

These bonds are easy to break and result in a trivalent Si atom that is bonded to three 

oxygen atoms. This trivalent silicon atom with an oxygen vacancy is known as E’ center 
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which is the primary cause of hole traps in SiO2. Because the degraded oxides can trap 

charges, the degradation process is generally called trap generation. [93] 

 The trivalent Si atom thus fills this oxygen vacancy by forming a bond with 

another Si atom (Si being in excess in this region). This Si-Si bond is weak and can be 

broken easily by a trapped positive charge and the lattice relaxes as shown in Figure 

2.7(b). The E’ center is normally neutral and gets positive charge by trapping a hole. The 

neutral nature of the E’ center arises from the fact that when the bond is broken, the 

structure becomes asymmetrical. The electron is associated with one of the silicon atoms 

instead of being shared. The atom with the electron hence has a negative charge and the 

other silicon atom has a positive charge. The structure is hence neutral in nature. When a 

hole is incident on such a strained bond, one of the Si atoms gets a positive charge 

whereas the other Si atom remains neutral, resulting in a positively charged structure.  

 

Figure 2.7 Model of hole trapping, permanent annealing and compensation processes. [54] 
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The traps can be annealed by either tunneling (at temperatures below 150°C) or by 

the release of the holes from the traps due to thermal activation at temperatures above 

150°C [1]. Hence, these traps get annealed at higher temperatures but even at room 

temperatures, annealing does take place though it is a long term process which may even 

take years. This defect can be annealed by introducing an electron into this vacancy so 

that the Si-Si bond is reformed, as shown in transition from (c) to (a) in Figure 2.7. 

Moreover, half the trapped charges only get neutralized (and not annealed) giving the 

appearance of being annealed but they do reappear once a negative bias is applied to the 

gate, as shown in Figure 2.7. This is because during the annealing process, the electrons 

tunnel to the neutral Si atom (instead of the positive Si atom) and thereby forming a 

dipole and neutralizing the defect without actually removing it. Hence, a portion of these 

trapped charges remain and are restored easily. 

2.4.2 Interface Traps 

Interface traps are energy levels within the silicon bandgap due to the lattice 

mismatch near the Si-SiO2 interface. Interface traps are caused due to the formation of Pb 

centers, which is a trivalent silicon atom bonded to three other silicon atoms. When the 

oxide is grown on the silicon substrate, there are a lot of unpassivated trivalent Si atoms 

which eventually get passivated by hydrogen during the subsequent processes. Radiation 

induced holes free the hydrogen, in the form of protons that are transported to the 

interface, whereby they break the Si-H bond releasing H2 and leaving behind a trivalent 

Si defect. Thus, this defect formation requires a positive bias at the gate so that the 

protons are transported to the Si-SiO2 interface.  

Under positive gate bias, the radiation induced holes reach the Si-SiO2 interface. 

They interact with the interface and break the weak Si-H bonds leaving a trivalent Si 

atom with a dangling bond. These states can capture and emit electrons and hence are 

termed traps. The state of charge of these traps depends on the polarity at the gate of the 

MOS device. Based on their charged and uncharged states, the interface traps are further 

divided into two types: positive donor-like interface traps and negative acceptor-like 

interface traps. Donor-like traps are positively charged when empty, and neutral when 



Texas Tech University, Dhanya Nair, August 2013 

24 
 

filled; and acceptor-like traps are negatively charged when filled, and neutral when 

empty. A filled state corresponds to the presence of an electron in the trap. In p-channel 

transistors, the interface traps are donor type and in n-channel the traps are acceptor type. 

Hence, in n-channel transistors, initially, the negative interface traps cancel the effect of 

the positive oxide trap. [1] 

The interface traps interact freely with the silicon and hence their charge state 

depends on the gate voltage such that if the gate voltage is positive the interface traps are 

negatively charged and if the gate voltage is negative the traps are positive. In a p-type 

semiconductor, the amount of charge in a positive donor-like interface trap is maximum 

during accumulation and decreases in depletion and since most of the traps are filled 

during inversion, it is least in inversion. Since their states change with the gate voltage, 

they produce distortions in the C-V characteristics. However, the oxide trapped charges 

are generally positive. Hence, the oxide trapped charges shift the C-V curve in the 

negative direction.  

Interface traps are generally located very close to the silicon lattice, within one to 

two atomic bond distance (approx. 0.5nm). Their state always becomes more positive 

(either neutral to positive or negative to neutral) when moved from an energy level lower 

than the Fermi level to above the Fermi level. Hence, irrespective of whether they are 

donor type or acceptor type, they will produce the same distortion in the C-V curve. 

Thus, it is not possible to tell whether the interface traps are acceptors or donors based 

solely on the C-V measurements.  

The density of interface traps tends to saturate within a short while after the 

irradiation and almost no interface traps are formed for a certain time period after 

saturation. However, a very long time after the irradiation (> 10
6
 s, i.e. > 11 days), there 

is a sudden increase in the number of interface traps. Two possible reasons for latent 

buildup of interface traps are the direct conversion of oxide traps to interface traps and 

the diffusion of molecular hydrogen from adjacent structures.  
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Furthermore, when the n-channel transistors are exposed to low dose rate radiation, 

they exhibit a phenomenon called rebound. Rebound is a phenomenon exhibited by an n-

channel transistor due to which its threshold voltage recovers beyond its pre-irradiation 

value. This occurs when the oxide traps (trapped holes) are annealed and the only effect 

on the threshold voltage is due to the interface traps. Since the trapped holes take a long 

time to anneal, this phenomenon is observed only at low dose rates or a long time after 

irradiation. [1] 

The magnitude of latent interface traps increases with dose and is strongly 

thermally activated [58] as shown in Figure 2.8(a). It has also been observed in certain 

cases (Sandia CMOS IIIA transistors) that there is a significant increase in the density of 

the interface traps for the n-channel than for the p-channel transistors as shown in Figure 

2.8(b). 

 

 (a)      (b) 

Figure 2.8. (a) Voltage shift due to interface trap charge versus anneal time at different temperature for OKI 

transistors. (b) Interface trap density versus anneal time for n-channel and p-channel Sandia CMOS IIIA 

transistors. [1] 

As observed by T. P. Ma [1], for samples with low initial damage (density of 

interface traps right after irradiation), the latent interface trap generation process is likely 

to occur, especially under positive gate bias, whereas for highly damaged samples with 

densities above 10
12 

traps/cm
2
, room temperature annealing tends to occur. Furthermore, 
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latent interface trap generation also occurs in samples with no gate bias, if their initial 

damage level is sufficiently low. It is observed that an appreciable amount of room 

temperature annealing does occur in samples stored with no bias whereas the presence of 

positive bias during storage retards the rate of change of interface traps. 

These properties of the defects in MOS devices are used to explain the 

experimental results obtained by radiating and testing SRAM devices. The experimental 

setup used to radiate and test these devices will be explained in the next chapter followed 

by the observations. This section will be referred to while explaining the observations 
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CHAPTER III 

RADIATION AND TESTING FACILITY 

This study describes the effects of ionizing radiation on commercial SRAM devices. 

Hence, several SRAM devices were exposed to ionizing radiation at an outside facility. 

The devices were tested, both before and after radiation, in order to quantify these effects. 

This chapter provides details of the radiation facility and the testing performed on the 

devices. 

 Radiation Facility 3.1

The devices were irradiated at Ludlum Measurement, Inc. (LMI). LMI designs and 

manufactures radiation detection and measurement equipment majorly for health safety 

application. The irradiation source used was Cesium-137 (Cs-137) isotope. Cs-137 is 

radioactive in nature and is the product of splitting uranium and plutonium by fission 

[59]. Gamma radiation is emitted when an unstable nuclei transitions to a lower energy 

nuclear level [60]. Most commonly, the parent radionuclide decays by giving off beta 

rays and producing the excited daughter nucleus. However, due to the thickness of the 

encapsulation, the only particle radiation that reaches the surface is the gamma radiation. 

[60] 

For Cs-137, the beta decay is a very slow process as the half-life of the isotope is 

30 years. But the half-life of the decay product, Barium-137m (Ba-137m), is only 153 

seconds. Hence, it quickly decays by emitting gamma rays with energy corresponding to 

the difference in the energy state between the Ba-137m and Ba-137 nucleus, which 

equals 0.662MeV.  [60] As shown in the Figure 3.1, almost 95% of the nuclear decay 

produces the daughter isotope of Ba-137m. The rest 5% decay directly leads to the stable 

Ba-137.  Ba-137m reaches its ground state by emitting 85% of the excitation energy in 

the form of gamma decay and transferring the rest 10% to its atomic orbital electron. The 

latter process is known as internal conversion (IC) as mentioned in the figure [Ervin]. 



Texas Tech University, Dhanya Nair, August 2013 

28 
 

 

Figure 3.1 Decay scheme of Cs-137 [61] 

There are two types of irradiators based on whether the source in the irradiator is 

fixed or moving.  In the fixed source irradiator, the shield contains a rotor where the 

sample is placed. During operation, the rotor turns 180° exposing the sample to the 

source. Irradiators with moving source have the source placed inside a shielded rod that 

can moved from an off position (completely shielded) to an irradiate position. [62] The 

irradiator used in this study is one with a moving source. It has an exposure rate of 

3.88R/sec. Hence, to attain the total dose levels mentioned in the next chapter, the 

devices were exposed for the required time.  

 Memory Testing 3.2

Semiconductor memories can be classified into volatile and non-volatile memories. 

Volatile memories loose the data stored in them once the power is removed whereas the 

non-volatile memories can retain their information even after a power cycle. Static 

Random Access Memory (SRAM) and Dynamic Random Access Memory (DRAM) are 

2 common types of volatile memories. The main types of non-volatile memories are 

Read-Only-Memory (ROM) and Flash memory. Each of these memories has its own 

advantages and applications. SRAM is the fastest memory and is used in high speed 
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applications. DRAM requires periodic refreshing and hence is not as fast as SRAM in 

accessing data. However, DRAM has the advantage of high density. Non-volatile 

memories are used to store critical data that is required even after the system is shutdown 

or powered off, for example the boot program in a computer. Traditional ROM devices 

are permanent data storage devices and cannot be re-written, however Erasable 

Programmable Read Only Memory (EPROM) and Electrically Erasable Programmable 

Read Only Memory (EEPROM) can both be reprogrammed, but writing onto these 

memories is a slow process. Flash memories on the other hand are non-volatile random 

access memories capable of storing data in the absence of power with the advantage of 

faster writing speed than EPROM and EEPROM.  

3.2.1 Device under Test 

The device used in this study is a Non-volatile SRAM (NVSRAM) part, bq4010ly. 

Compared to the other non-volatile memories mentioned above, it has the advantages of 

higher writing speed while being able to retain the data in the absence of external power. 

Just like a traditional SRAM, it also allows unlimited write cycles. The bq4010ly is a 64 

kb CMOS static RAM organized as 8192 words of 8 bits each. This SRAM part has a 

built-in Lithium battery, as shown in Figure 3.2, which provides power to the device in 

the absence of external power. Hence, the SRAM part can retain the stored data for more 

than 10 years after external power has been removed. It also has automatic write 

protection during power cycles that protects its contents once the Vcc falls below 2.9V 

(Its typical Vcc is 3.3V). The chip has 13 address pins for accessing the 8k address 

locations, 8 data pins for providing the 8 bit data and 3 control pins for operating the 

device in write or read mode or storing the data in standby mode. 
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Figure 3.2 Block diagram of bq4010ly [63] 

Table 3.1 Truth table for the mode selection in bq4010ly [63]

 

Chip Enable (CE_bar), Write Enable (WE_bar) and Output Enable (OE_bar) are 

the 3 pins used for controlling the device’s operating mode, as shown in Table 3.1. When 

the CE_bar is set to logic high, the device is in standby mode and stores the data written 

in it. In order to select the device, the CE_bar has to be set to logic low and to write on 

the chip, the WE_bar has to be set to low. The data in the chip can be read out by 

selecting the read mode with the WE_bar set to high and enabling the output by setting 

OE_bar to low. These control signals are used to select the appropriate mode while 

testing the bq4010ly IC, as mentioned in the next section.  

3.2.1.1 Standard SRAM Cell 

A standard SRAM cell consists of four or six transistors. A six transistor SRAM 

cell, shown in the Figure 3.3, consists of two pull-down transistors (M1 and M3), two 
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pull-up transistors (M2 and M4) and two access transistors (M5 and M6). The word line 

(WL) controls the access transistors and connects the cell to the bit lines (BL and 

BL_bar). The bit lines are used to transfer data to or from the cell during a write or a read 

operation. 

 

Figure 3.3 A six transistor SRAM cell 

When an address is provided to the address pins of the SRAM chip, the address 

decoder decodes it and provides a logical high voltage (Vdd) to the WL of all the 

memory cells to be accessed. A high at the WL turns on both the access transistors and 

the cell gets connected to the bit lines. For writing into the cell, the data to be written is 

provided at the bit lines before switching on the access transistors. If a ‘0’ is to be written 

into the cell, the BL is pulled-down by connecting it to the ground and the BL_bar is 

connected to the power supply. The word line connects the cell to this data and hence Q 

gets the 0V and Q_bar gets the Vdd.  

After writing the data in the cell, the WL turns off the access transistors thus 

disconnecting the cell from the bit lines. The cell is now in the standby mode and it can 

store the data as long as the cell is connected to the power supply. The cell stores the data 

in the cross-coupled inverters formed by the transistors M1-M4. For example, when Q 
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gets pulled-down, while writing a ‘0’ in the cell, it turns the n-channel transistor M1 off 

and turns the p-channel transistor M2 on. On the other side, Q_bar gets a ‘1’ and turns 

M3 on and M4 off. Now, since M2 and M3 are on, Q_bar is connected to the Vdd of the 

cell through M2, and Q is connected to the ground through M3. Thus, this structure can 

store a stable ‘0’ or ‘1’ as long as the cell is connected to Vdd and ground through one 

pull-up and one pull-down transistor respectively.  

In order to read the data from the cell, both the bit lines are pre-charged to the 

logical high voltage. Once charged, the bit lines are disconnected from the external pre-

charge circuitry and then the word line is powered high thus connecting the cell to the bit 

lines. The data stored in the cell is thus transferred to the bit lines. If the cell has a ‘0’ 

stored, BL connects to Q and hence discharges through M3 to ground, whereas the 

BL_bar is connected to a ‘1’ at Q_bar and hence remains at its pre-charged voltage. A 

sense amplifier senses the difference in the voltage between the two bit lines and reads 

the data as ‘0’ if the BL is discharged and reads a ‘1’ if BL_bar is discharged.      

3.2.2 Tests Performed 

The bq4010ly ICs were subject to various parametric tests to verify that their 

operation lies within the specifications provided in the datasheet. Continuity test, standby 

supply current test, leakage current test, output voltage and output current tests were 

performed on all the devices before irradiation. The devices all performed within the 

datasheet specifications.  

Memory devices can have different functional faults due to fabrication flaws. In 

order to ensure that the SRAM devices used in this study are free of such faults, these 

memories were thoroughly tested before being irradiated. The functional faults observed 

in memory devices can be broadly classified into address decoder faults, static functional 

faults and dynamic functional faults [64]. In the presence of an address decoder fault, for 

the faulty address, the correct cell cannot be accessed or multiple cells are accessed. 

Static functional faults are the faults that are sensitized by performing a single operation, 

and dynamic functional faults are sensitized by a sequence of operations. These faults are 
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subdivided into several faults and based on the behavior of the faulty memory device, 

each of these faults has been classified into a functional fault model [33, 64].  

Based on the fault models, different memory testing algorithms have been 

developed to detect the presence of one or more of the functional faults. These algorithms 

have been termed March Test algorithms and are widely used in memory functional fault 

detection due to its effectiveness, simplicity and linear length with respect to the memory 

size [65]. March test consists of a sequence of march elements. March elements are a 

sequence of operations performed on each memory cell before proceeding to the next 

cell. The operations can be write operations such as write 0 (w0), write 1 (w1), 

corresponding to the logical value to be written into the cell, or read operations such as 

read 0 (r0) or read 1 (r1) corresponding to logical high or logical low expected to be read 

back from the cell. 

Different march test algorithms have different fault coverage. The March SS 

algorithm can detect all the static functional faults and the March MD2 provides good 

coverage for dynamic functional faults [65-67], hence these tests were performed on the 

SRAM devices to ensure maximum fault coverage. All the memory chips used in this 

study passed these tests indicating that they did not have any functional faults prior to 

being irradiated. 

 Test Equipment 3.3

Different testers were used in this study, each for their unique features. Genesis 

Memory Tester, an automated test equipment (ATE), was mainly used to perform 

functionality test on the SRAM devices. Since the Genesis Memory Tester is specifically 

designed to test memories, it can be programmed to run several March Tests sequentially 

and test the SRAM chip for in-built or processing faults within a few seconds. A 

LabVIEW based memory test system was designed due to its ability to store the data 

from the SRAM chips in excel format and hence the ease of performing data analysis. 
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Moreover, it provided programming flexibility and ease of transportation. The VLCT was 

used for parametric measurements performed on the SRAM chip after it was irradiated.  

3.3.1 Genesis Memory Tester 

Genesis II test system, a general purpose memory tester from Megatest 

Corporation, is designed for testing standard as well as ASIC type memory devices [68]. 

The Genesis II test system consists of a computer, a mainframe and a testhead. (Figure 

3.4) 

 

Figure 3.4 Simplified block diagram of Genesis II memory test system 

The mainframe consists of a timing generator (TG) that provides the clocks 

required for testing the DUT, an algorithm pattern generator (APG) that generates the 
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addresses and data for the DUT based on the testing algorithm, a data buffer memory 

(DBM) and an error catch memory used for testing ROM type devices, and a test head 

support (THS). THS acts as the communication channel between the mainframe and the 

test head and provides the formatted DUT input data to the associated pin electronics 

(PE) boards.  The PE board provides the voltage waveform for the DUT input pins as 

well as tests the voltage from the DUT output pins. Detailed information about the 

capabilities of the Genesis II test system and the test programs used for testing the 

bq4010ly devices are provided in [69-70]. 

Genesis II test system can perform both parametric and functional tests on 

memory devices. The system provides the DUT with the address, data and control signals 

using the APG and the TG. During a write operation, the system supplies the DUT with 

the data input whereas during a read operation, the system provides an expected read data 

which is compared with the actual data read from the DUT. Based on the comparison 

results, the system provides the user with a pass/fail output. The data read from the DUT 

can also be recorded in the data buffer memory. However, the hardware for copying the 

data from the DBM to external drive was not functional and hence, further analysis on the 

data from the DUT was not possible. In order to overcome this limitation, a LabVIEW 

based memory test setup was designed to read the data from the DUT and store it in excel 

format. 

3.3.2 LabVIEW Memory Tester 

A LabVIEW based memory test setup was designed to perform the functionality 

test on the bq4010ly ICs and store the data from the DUT into an excel file for further 

analysis. The LabVIEW-based memory tester comprises of a computer, two National 

Instruments Data Acquisition Boards (NI USB 6009) and a LabVIEW program capable 

of storing and managing data read from the SRAM. The LabVIEW based test system has 

the advantage of being anautomated bench test equipment which is inexpensive, mobile 

and provides more flexibility in design.  



Texas Tech University, Dhanya Nair, August 2013 

36 
 

NI USB 6009 has 8 analog inputs, 2 analog outputs and 12 digital I/O lines. The 

analog outputs can be programmed to provide up-to 5V and one of these analog outputs 

is used to provide the power supply voltage (3.3V) to the bq4010ly ICs. The USB 6009 

board has only 12 digital pins and bq4010ly has 13 address pins, 8 data pins and 3 control 

pins (CE, WE and OE) which require a total of 24 digital pins. Hence, the digital pins 

from one USB 6009 board were used to provide the address signals to the IC, and the 

data and control signals were provided using another NI USB 6009, as shown in 

Figure3.5(a). This setup was later improved into a tester using NI USB 6259 which has 

48 digital I/O pins and hence the setup used only a single DAQ, as show in Figure 3.5(b) 

Moreover, NI USB 6259 can operate at a sampling rate of 1.25MS/s with 10MHz digital 

lines as compared to the NI USB 6009 which operates at a maximum rate of 150Hz 

collecting samples at 48kS/s.  

      

(a)                                                                                                 (b) 

Figure 3.5 LabVIEW memory test system using (a) NI USB 6009 and (b) NI USB 6259 

After the devices were irradiated, they were again subject to all of the tests 

mentioned in section 3.2.2. It was observed that the irradiated parts still passed all of the 

parametric as well as functionality tests. However, even though the irradiated devices 

were able to pass all the march tests performed on them, their data retention capability 

had been considerably affected as mentioned in the next chapter. Hence, it became 
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utmost important that the data read from the devices be recorded and analyzed further. 

This was made possible by the LabVIEW based memory test setup capable of writing on 

the devices, and reading and storing the data from the devices. The data presented in the 

next chapter has been collected using this LabVIEW test system. 
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CHAPTER IV 

EXPERIMENTS AND OBSERVATIONS 

The results mentioned in this chapter expand the current understanding of data 

retention capabilities of irradiated commercial SRAM devices. The following section 

describes the testing and setup details prior to and during irradiation. The experiments 

performed after irradiation are described along with their results in section 4.2. 

4.1 Experimental details 

30 SRAM ICs (bq4010ly) were tested, using various March patterns, to ensure their 

proper functionality. On each of these ICs, all the 8k memory locations (words) were then 

written with an identical 8 bit word which was randomly selected to be 11110001. The 

chips were read back immediately to verify that the correct word was stored on all 

locations. 

The chips were then placed unbiased, with no external connections, in the radiation 

chamber. In order to expose them to a uniform radiation environment, only two chips 

were placed in the chamber at any given time. Each of the 30 devices was exposed to 

gamma radiation at a rate of 3.88 R/s, as mentioned in section 3.1. The total dose on the 

chips varied from 100 R to 100kR. 

 The irradiation was performed in two sets. In set 1, 16 chips were irradiated with 

two chips each being exposed to a dose of 100R, 500R, 1kR, 2kR, 5kR, 50kR, 70kR, and 

100kR. The dose rate was 3.88 R/s for all the devices and the exposure time varied from 

26 seconds for devices exposed to 100R to 7 hours for devices receiving 100kR total 

dose. In set 2, 14 more chips were irradiated, with two chips of each dose mentioned 

above except for the 100kR dose. Set 2 devices were irradiated 3 months after set 1 

devices. 

4.2 Experimental results and observations 

 Once the devices were received from the irradiation facility, they were subject to 

all the parametric and functionality tests mentioned in section 3.2.2. However, before 
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performing march tests and writing new data onto these devices, the data pattern in the 

devices was recorded.  

4.2.1 Initial bit flips  

 Based on the initially read data, it was observed that out of the 20 devices 

(together from set 1 and set 2 irradiation) exposed to a total dose less than 50kR, only two 

devices incurred bit flips. In both of these devices, over 99% of the word locations had bit 

flips. The rest 18 devices had the pre-irradiated data pattern of 11110001 in 100% of the 

word locations. Out of the 2 devices that had bit flips, one was exposed to 100R and the 

other to 1kR. The 100R device had the correct pre-irradiated pattern in only 0.26% of the 

word locations and the 1kR device had correct data on 0.56% locations. 

 As for the 10 devices exposed to a dose equal to or greater than 50kR, all the 

devices had bit flips. The percentage of word locations that had the correct 8 bit pattern is 

summarized in Table 4.1. As can be seen from the table, the 50kR devices had maximum 

bit flips, followed by 70kR and the 100kR devices had less than 1% words with bit flips.  

Table 4.1 Words retaining the correct pre-irradiation data 

Total Dose set 1 (chip1) set 1 (chip 2) set 2 (chip 1) set 2 (chip 2) 

50 kR 18.88% 29.10% 0% 39% 

70 kR 85.08% Cannot be read 69.60% 70.80% 

100 kR 99.71% 99.51% - - 

 

 One of the devices irradiated with 70kR total dose was not functional (i.e. could 

not be read from) for almost 2 years after irradiation. However, after 2 years, the device 

came back to life and could be read from and written onto. Once back in working 

condition, the device showed the same behavior of reverting to the pre-irradiated data as 

mentioned below. Since, the following observations were made during the time frame 

when this 70kR part was not functional; this report does not contain data regarding this 

part. Hence, the results mentioned in this report are from 29 of the 30 irradiated parts.   



Texas Tech University, Dhanya Nair, August 2013 

40 
 

 After recording the initial data from the irradiated devices, march tests were 

performed on all the devices. All of the 29 functional devices passed the march tests 

performed on them, indicating that new data could be written as well as read from the 

irradiated devices and that the devices had not incurred any static or dynamic functional 

faults due to irradiation. The devices were then subject to further experiments where the 

data storage capability of these devices was tested.  

 The following experiments were performed after all the devices (set 1 and set2) 

had been irradiated i.e. 2 days after the set 2 devices were irradiated and 3 months after 

set 1 devices were irradiated.  

4.2.2 Ability to store new data pattern 

 All the devices were written with an all zero data pattern (00000000) and the data 

was read back to verify that it was correctly written. The devices were then disconnected 

from the power supply and kept unbiased for a few minutes and the data was read back 

again (within 10mins) to verify that the devices had not become volatile. The devices had 

the correct data pattern (00000000) stored in all the word locations.  

 Having verified that the device can write and record a new data pattern, the 

devices were stored unbiased at room temperature for 1 day. They were read back after a 

day and the data stored in the devices was recorded. It was observed that at the end of day 

1, all the 20 devices irradiated to total dose less than 50kR had the correct data 

(00000000) in 100% of their memory locations.  

 Similarly, for devices with dose equal to 50kR, the chips irradiated in set 2 had 

the correct pattern in 100% of the locations. However, for the devices irradiated to 50kR 

in set 1 as well as those with dose greater than 50kR, none of the memory locations 

(words) had the correct all zero pattern. For the devices that did not retain the newly 

stored all zero data, majority of the memory cells (bits) had flipped to the data stored on 

them during irradiation.  
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 This tendency of the memory cells to revert to the pre-irradiation data will be 

referred to as imprinting effect, throughout this document. The pre-irradiation data 

pattern (11110001 in this case) will be referred to as the imprinted data and the words 

that revert to this imprinted pattern completely i.e. words where all the 8 bits are exactly 

identical with the imprinted data will be referred as the imprinted word. Similarly, the 

memory bits that store the pre-irradiation data of 0 or 1 are the imprinted cells. 

4.2.2.1 Devices exposed to dose greater than 50kR 

 Fig. 4.1 shows the total percentage of words that reverted to the pre-irradiation 

pattern one day after writing an all zero pattern, for each of the devices exposed to more 

than 50kR dose. It can be seen that over 90% of the words had imprinted for the 2 

devices with 100kR dose and over 70% words imprinted for the three 70kR devices. 

Moreover, the words that did not have the imprinted pattern in them mostly had just 1 bit 

that differed from the imprinted pattern, i.e. 7 out 8 bits in those words had reverted to the 

imprinted data. This is shown in Figure 4.1 as the section corresponding to 1 bit 

variation.  
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Figure 4.1 Words that reverted to pre-irradiation pattern 1 day after being written with 00000000, for 

devices 70kR and 100kR devices 

 For devices exposed to 100kR total dose, 93% (average of the 2 chips) of the 

words had the imprinted pattern and the rest 7% words that differed from the imprinted 

pattern showed only 1 bit variation. Whereas, for 70kR devices an average of 74% words 

reverted to the imprinted pattern, 22.5% words showed 1 bit variation, 3.1% words 

showed 2 bit variations, 0.3% had 3 bit variation and less than 0.1% had 4 bit variation 

from the imprinted pattern.  

 Figure 4.2 shows the same data but in terms of the percentage of overall memory 

cells that reverted to the pre-irradiation data. As can be seen from this figure, on an 

average, 99% of the total memory cells were imprinted for 100kR, and 70kR had 96% 

imprinted memory cells. 

 

Figure 4.2 Memory cells that reverted to pre-irradiation data 1 day after writing an all zero pattern, for 

100kR and 70kR devices 
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4.2.2.2 Devices exposed to 50kR total dose 

 For set 1 devices exposed to 50kR, an average of 15% word locations reverted to 

the imprinted pattern and the rest of the words showed several bit variations from the 

imprinted pattern, as seen in Figure 4.3.a. However, when the corresponding data for the 

total number of memory cells is considered from Figure 4.3.b, it is clarified that the 

devices with 50kR total dose do revert to the pre-irradiation pattern with an average of 

79% of the memory cells having reverted to the imprinted data within a day after writing 

an all zero pattern. The percentage of words that reverted to the imprinted pattern is low 

because the imprinted memory bits are not concentrated within the same word, as in the 

case of devices with 100kR, but are more spread out throughout the entire memory. 

Hence, even though very few memory words completely revert to the pre-irradiation 

pattern, the memory device does show a high imprinting behavior.  

 Set 2 devices exposed to a total dose of 50kR, however, did not exhibit any 

imprinting effect. During the time frame while this test was performed, which was 

approx. 2 days after these devices were irradiated, both the devices were able to store the 

new data correctly in the entire memory. 
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Figure 4.3 Data collected 1 day after the 50kR devices were written with a new pattern (a) Words that 

reverted to pre-irradiation pattern (b) Bits that reverted to pre-irradiation data 

 From the above data, it can be inferred that all the devices exposed to a total dose 

of 100kR and 70kR showed imprinting effect with none of them being able to retain the 

new data correctly and all the devices exposed to less than 50kR could retain the correct 

new pattern in all the memory words. The devices exposed to 50kR, however, showed 

behavioral variation between the irradiation set 1 and set 2, where set 1 devices showed 

imprinting behavior similar to the higher total dose devices (70kR and 100kR) and set 2 

devices showed behavior similar to the devices with lower dose (less than 50kR). 

4.2.2.3 Effect of different patterns 

 In order to understand how the imprinting behavior in these devices is dependent 

on the new data pattern written, 3 patterns (11111111 or FF, 00000000 or 00 and 

10101010 or AA) were written throughout the 8k memory locations, one by one, for all 

the 29 functional devices. After each pattern was written, the device were stored 

unbiased, at room temperature, for 1 day. They were read back after 1 day and then the 

new pattern was written. The data thus collected is summarized in Figure 4.4. 

 

       (a)            (b) 

Figure 4.4 Average of the data collected from the two 100kR devices is shown, along with the average of 

the data from the three 70kR devices and the average of the data from 50kR-set1 devices. (a) The average 
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amount of imprinted words (for each dose) when the devices were read back 1 day after writing one of the 

3 patterns is shown as a function of the pattern written. (b) The average amount of bits that vary from the 

imprinted pattern is plotted as a function of the newly written pattern. 

 All the 20 devices that received a total dose less than 50kR were able to retain 

each of the new patterns in 100% of the memory locations. As for the devices with 50kR 

dose, once again the set 1 devices exhibit imprinting effect as observed in Fig. 4.4 and set 

2 devices were able to store each of the new pattern without any errors. The 100kR and 

70kR devices also showed the same amount of imprinting irrespective of the new data 

that was written on the devices. Hence, it was established that the imprinting effect in 

these devices did not depend on the data pattern written.  

4.2.3 Ability to store data over time 

Now, in order to understand the imprinted pattern further and analyze how the devices 

behaved once the data reverted to the pre-irradiation pattern, the devices were written 

with an all zero pattern again and they were read back after 1 day, 2 day, 4 day and 5 day 

period. No new data was written on the devices in between these reads. The devices were 

stored unbiased and at room temperature during the storage period.  
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Figure 4.5 Imprinted words in the devices as a function of time, after writing an all zero pattern on all the 

locations, for the 100kR chips 
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Figure 4.6 Imprinted words in the devices as a function of time, after writing an all zero pattern on all the 

locations, for the 70kR chips 

As shown in Figure 4.5, all the memory locations that reverted to the pre-irradiation 

data after day 1 did not stay there for the 5 day observation period. For example, in the 

case of 100kR-chip1, some of the memory locations that had reverted to the imprinted 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1 2 4 5

ad
d

re
ss

 l
o

ca
ti

o
n

s 

days 

70kR-chip 2 

3 bit variation 2 bit variation
1 bit variation Pre-irradiation pattern

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1 2 4 5

ad
d

re
ss

 l
o

ca
ti

o
n

s 

days 

70kR-set2 -chip # 1 

3 bit variation 2 bit variation

1 bit variation Pre-irradiation pattern



Texas Tech University, Dhanya Nair, August 2013 

48 
 

pattern within a day had 1 bit variation by the next day, hence decreasing the number of 

locations that had the imprinted pattern, and then the number of words with the imprinted 

pattern again increased. This change in the stored pattern can be understood with the help 

of Figure 4.6. In Figure 4.6, the region labeled “imprinted pattern” corresponds to the 

amount of memory locations which reverted to the imprinted pattern within day 1 and 

stayed there for the entire 5 day observation period. Even though there were changes 

from the imprinted pattern over time, for chip 1, 92% of the words that reverted to the 

imprinted pattern stayed there for all the 5 days.  Similarly, 2% of the 8k words reverted 

to a data other than the imprinted pattern (but different from the imprinted pattern by only 

1 bit) and stayed there without any changes, for the 5 day period. The major reason for 

the change from the imprinted pattern over the different days was because 6% of the 

words that reverted to the imprinted pattern had a single bit that flipped between 0 and 1 

for the different days. There were also a very small number (0.1% for chip 1 and 0.2% for 

chip 2) of words that had different bits in them that were changing during the observed 

period.  
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Figure 4.6 Variation of data over 5 day period for each of the 100kR devices 

 Thus, most of the memory cells were stable at the pre-irradiation data. However, 

there were a few bits (6% for 100kR-chip 1 and 11% for 100kR-chip 2) that were 

unstable and were toggling between 0 and 1 very often. Also, a very small number of bits 

were not completely stable at the imprinted data (but more stable than the toggling bits), 

due to which they did change from their data but not very often. This can be better 

understood by comparing Fig. 4.5 and Fig. 4.6. If there were different bits within single 

word that were flipping between 0 and 1 very often, we should observe more than 1 bit 

variation from the imprinted pattern, which is not the case for 100kR-chip 1, as shown in 

Figure 4.5.  

4.2.4 Annealing of the imprinted pattern  

 In order to understand how the imprinted pattern behavior changed over an 

extended period of time, i.e. months and years, all the devices were subject to the same 

experiments repeatedly. Once again, an all zero pattern was written on the device and the 
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 The 20 devices with dose less than 50kR, did not exhibit any data retention issues 

within the time frame of this study. These devices were capable of storing new data 

patterns written in them in 100% of the memory cells, for up-to a year. 

 As for the devices irradiated with total dose equal to 50kR, the set 2 devices that 

had no data retention issues during the initial tests began to show imprinting effect 

approx. 4 months after irradiation. i.e. these devices were able to store new data for the 

first few months without any bits flipping but, after 4 months these devices too started 

reverting to the imprinted pattern within a day after writing the new pattern. The amount 

of imprinted cells in these devices (average 73%) was similar to that in the 50kR-set 1 

devices (average 78%). At this point, it should be noted that the initial data retention tests 

were performed once all the 4 devices exposed to 50kR were irradiated, i.e., 3 months 

after set 1 devices were irradiated, and only 2 days after set 2 devices were irradiated. As 

explained in chapter 5, at room temperature, the physical defects leading to the observed 

imprinting behavior can take over 10
7 

seconds (approx. 115 days) to develop. Hence, the 

set 2 devices were able to function normally during the initial tests and the set 1 devices 

exhibited imprinting.  

 

   (a)                                (b) 

Figure 4.7 Data collected from writing an all zero pattern and reading the chip every day for 5 days, for 

100kR-chip1 (a) during initial testing and (b) testing performed after 9 months. 
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 Devices irradiated with total dose greater than 50kR saw an overall reduction in 

the memory cells that reverted to the pre-irradiation data and stayed there stably. It was 

observed that the number of words reverting to the imprinted pattern had reduced from an 

average of 93% to 75% for devices exposed to 100 kR, (shown in Figure 4.7) and from 

61% to 48% for devices exposed to 70 kR. The number of locations reverting to and 

remaining stable at the pre-irradiation pattern had reduced from an average of 90% to 

63% for parts exposed to 100 kR and from 55% to 30% for parts exposed to 70 kR. 

Instability in the 8 bit words was mainly due to flipping of the same bit(s), over days. 

Figure 4.7.b shows this increase in instability from 6% to 25%, in 9 months, for 100kR-

chip1. Also, there had been a 0.1% to 2.2% increase in the words with different bits 

flipping between days. In summary, it is observed that there are fewer cells that are stable 

at the imprinted data when the same test was performed 9 months after the initial round 

of tests. Hence, it is inferred that the irradiated devices are annealing from their 

imprinting behavior with more number of memory cells changing from the imprinted data 

and trying to find a more stable low-energy state. 

Table 4.1 Data collected during initial testing (after set 2 devices were irradiated) compared with data 

collected 9 months later for all the devices irradiated with 70kr and 100kR. 

chip # Tested 
Imprinted 

pattern 

something 

else 

different 

bits 

change 

same bits 

flip 

100kR-set1-chip 

1 

After set 2 irradiated 92.20% 1.84% 0.07% 5.88% 

9 months after initial 70.65% 1.76% 2.22% 25.21% 

100kR-set1-chip 

2 

After set 2 irradiated 86.95% 2.16% 0.24% 10.64% 

9 months after initial 56.08% 31.73% 0.54% 11.66% 

70kR-set2-chip 1 
After set 2 irradiated 56.98% 30.25% 0.40% 12.34% 

9 months after initial 43.55% 14.43% 5.29% 36.51% 

70kR-set2-chip 2 
After set 2 irradiated 60.00% 8.97% 2.61% 28.36% 

9 months after initial 21.64% 40.25% 5.51% 32.07% 

70kR-set1-chip 1 
After set 2 irradiated 45.46% 35.53% 1.12% 17.82% 

9 months after initial 24.65% 10.50% 17.09% 45.97% 
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 The results presented in this chapter provide a fresh look at the imprinting 

behavior in memory devices. The physical behavior of the irradiated SRAM devices can 

be better understood from these results. The next chapter explains the physics involved in 

and leading to the observed imprinting behavior. Also, based on the data, an annealing 

rate for these imprinted devices has been proposed. 
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CHAPTER V 

IMPRINTING AND ANNEALING MODEL 

 Pattern imprinting has been reported earlier [71-76], however, none of these 

studies reported a detailed systematic analysis of the imprinting behavior. In [77], SRAM 

memories are shown to have patterns burned-in when exposed to incremental dose levels 

of ionizing irradiation. However, in this case, pattern burn-in was described as the 

device’s inability to write the complementary pattern. [72] and 73] report that the 

imprinted pattern (or preferred state)  is restored after a power cycle whereas [71] reports 

that the imprinted pattern can be restored by writing the complementary pattern and 

exposing the device to a dose rate higher than the upset rate. Our experiments conducted 

on non-volatile SRAMs show the restoration of the imprinted patterns even without a 

power cycle or further irradiation. [74] and [75] reported a very small increase (3%) in 

functional errors due to imprinting effect, for total dose between 25 krad(Si) and 600 

krad(Si). To our knowledge, little or no study has been conducted on the data retention 

capability of the imprinted devices. The emphasis of our work lies in understanding the 

data retention capability of the irradiated memory devices and their room temperature 

annealing behavior. Hence, this chapter will provide a physical explanation for the 

observed imprinting and annealing behavior. 

 Defects in the imprinted SRAM 5.1

 The SRAM chips exposed to a total dose less than 50kR did not show any 

imprinting effect in the 3 years following the irradiation, whereas all the devices exposed 

to dose equal to or greater than 50kR exhibited imprinting effect. Also, the devices with a 

higher total dose had higher number of memory cells that were imprinted with the pre-

irradiation data. This shows that the physical defects causing the memory cells to be 

imprinted are dependent on total dose and increase with the dose.  Hence, the imprinting 

behavior is attributed to the oxide and interface traps created within the SRAM cells 

exposed to ionizing radiation. The density of these traps is known to increase with 

increasing dose. [1, 54, 78] 



Texas Tech University, Dhanya Nair, August 2013 

54 
 

 Moreover, the devices exposed to total dose equal to 50kR functioned normally 

for almost 3 months before exhibiting the imprinting behavior, whereas the devices 

exposed to 70kR and 100kR had most of their memory cells imprinted soon after 

irradiation. This implies that the imprinting behavior is dependent on a physical process 

that takes place at a faster pace for higher total dose and is slow for lower total dose. 

Hence, buildup of latent interface traps is believed to play a role in the observed 

behavior. Latent interface trap buildup has a strong dependence on dose and the process 

may take from days to months. The latent interface trap generation process is likely to 

occur, especially under positive gate bias and is dependent on the initial damage level of 

the MOS device. [1, 79, 80] 

 When an n-channel transistor is positively biased while being irradiated, it will 

develop negatively charged interface traps. Similarly, when a p-channel transistor is 

positively biased while being irradiated, it will develop positively charged interface traps 

[81-86]. The positively charged oxide traps, also generated during irradiation, get 

annealed (at room temperature) in due course of time. Hence, in the initial stages, just 

after irradiation, these positively charged oxide traps either compensate or enhance the 

effect of the interface traps depending on whether the interface traps are negative or 

positive. Once these oxide traps are annealed, the threshold shift observed is due to the 

interface traps alone. Also, based on how the chips are encapsulated, latent interface trap 

build-up may occur in due course of time. Moreover, the interface trap density right after 

irradiation (initial damage level) plays an important role in determining the occurrence of 

latent interface trap build-up [83], i.e., devices with low initial damage tend to show 

latent interface trap buildup whereas room temperature annealing tends to occur in highly 

damaged devices. 

 Pattern imprinting in SRAM 5.2

 Now, consider the SRAM cell shown in Figure 5.1 has a ‘0’ stored in it while 

being irradiated. Thus, transistors M1 and M2 would have 0V at the gate whereas 

transistors M3 and M4 will be positively biased during irradiation. Since interface trap 
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formation occurs in transistors with positive gate bias, negative and positive interface 

traps will be developed in M3 and M4 respectively, during the initial phase.  

 

Figure 5.1 Six transistor SRAM cell (Imprinted SRAM cell) 

 After irradiation, the devices with high total dose will show an increase in the 

magnitude of the latent interface traps. The latent interface trap buildup tends to occur in 

the initially low damaged transistors [83] and is much higher for n-channel devices as 

compared to p-channel devices. Moreover, the latent interface buildup can be up to a 

factor of four more than the normal buildup [79]. Hence, in due course of time, the n-

channel transistor with low initial dose, M1 will have a very high density of interface 

traps. Negative interface traps increase the threshold voltage of the transistor and hence, 

once the interface trap buildup is complete, M1 will turn OFF. 

 Considering that the interface trap buildup in p-channel transistors is not as 

significant as that in n-channel transistors, the p-channel transistors will still function 

normally. Also, the interface trap density and hence the threshold shift in M3 is not 

expected to be high enough to turn it OFF, as it does not experience latent trap buildup. 

 Once the latent buildup process is complete, irrespective of the new data stored in 

the memory cell, M1 turns OFF and M3 and M4 get positively biased turning M3 ON 

and M4 OFF and thus eventually storing a ‘0’ in the cell.  
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 Tunneling of electrons or thermal detrapping of positive oxide trapped charge 

causes oxide traps to anneal. Long term annealing does take place at room temperature, 

reducing the shift in the threshold voltage due to the oxide traps. However, half of the 

traps only neutralize and do not undergo true annealing. These traps have been seen to be 

restored by annealing the device under negative gate bias. [87-91] 

 Assuming that a write cycle on the imprinted memory cells causes the gate oxide 

traps to resurface (just like negative gate bias does), the negative interface traps and the 

positive oxide traps in the n-channel transistor M1 will compensate each other reducing 

the threshold voltage shift. The cell will then be able to store the required data for a 

while. Once these oxide traps neutralize and the interface traps are the sole contributors 

to the voltage shift, the memory cell will switch back to the data written on it before 

irradiation, as described above. 

 It could be during the annealing of oxide traps and latent generation of interface 

traps that the data in the cell flips, as observed while reading the memory chips after 

irradiation without writing any new data onto it. This explains why the chips irradiated 

with a higher total dose (70 kR) had fewer bit flips (since the latent interface trap 

generation process might have been completed in most of the locations, by the time the 

chip was tested) whereas the chip with lower total dose (50 kR) had more bit flips due to 

the latent generation and annealing still being in process. 

 Annealing of the imprinted cells 5.3

 The reduction in imprinted memory cells over long-term room temperature 

storage implies that the defects present in these memory cells are annealing over time. 

Interface traps are formed due to the presence of trivalent silicon atoms with a dangling 

bond (Pb centers) at the Si-SiO2 interface. These traps are generally known to anneal at 

elevated temperatures in the presence of hydrogen  [94]. The hydrogen atoms reaching 

the interface bond with the trivalent silicon atom and passivating it. For metal gate 

devices, interface traps can anneal in the absence of externally supplied hydrogen too. 
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However, for poly-silicon gate devices, only partial annealing is observed in the absence 

of hydrogen ambient and this process is very slow. [54]  

 Considering the interface trap densities developed in the affected n-channel 

transistor cell reduce over time, this will decrease the threshold voltage shift for the 

particular transistor and during this process, the corresponding memory cell can flip 

between the two states. Also, since the interface traps are reduced by bonding with 

hydrogen atoms, this process will slow down as time progresses due to the limited 

amount of hydrogen present (trapped) within the device. Hence, it is believed that this 

process will reduce exponentially.  

 The irradiated devices were observed and tested for 3 years and the average 

amount of words and memory cells reverting to the pre-irradiation pattern every year, for 

chip 1 with 100kR dose, is shown in Figure 5.2. 

 

    (a)       (b) 

Figure 5.2 Data for 100kR-chip 1 showing (a) reduction in the number of imprinted words as a function of 

time and (b) reduction in the number of imprinted cells as a function of time. 

 An exponential curve has been fitted into the data in Fig. 5.2.b. Based on this 

exponential curve it is obtained that the time constant for such an exponential decay is 

approx. 28 years and at this rate it will take approx. 150 years for almost the entire 
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memory cells (more than 99%) to shift from their imprinted state. This is an extremely 

long annealing process which may not have a practical application unless it can be 

speeded up.  

 Hence, the 100kR and 70kR devices were annealed at 85°C, the maximum 

storage temperature specified in the datasheet, for a total annealing period of 20 hours. 

However, data collected after this 20 hour annealing at 85°C did not show any reduction 

in imprinted memory cells.  
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CHAPTER VI 

CONCLUSION & FUTURE WORK 

 In this study, 30 non-radiation hardened battery-backed SRAM ICs were exposed 

to ionizing gamma radiations at a constant rate of 3.88R/s for different amounts of time. 

The effect of total ionizing dose on these chips was investigated. It was observed that 

even though the devices were all capable of writing new data, the data retention 

capability of the devices exposed to higher dose than 50kR was affected [95]. The 

devices exposed to dose less than 50kR were capable of storing all new patterns written 

on them, for over a year, without any errors. Devices exposed to dose equal to or greater 

than 50kR showed imprinting effect, i.e., the data reverted to the pre-irradiation pattern. 

Based on the experimental analysis, a physical model has been presented that explains the 

observed behavior [96]. Room temperature annealing of the devices has been recorded 

but it is an extremely slow process. It has been observed that annealing the devices at 

85°C for 20 hours does not produce any noticeable difference in the amount of imprinted 

cells. 

 In order to obtain a more practical annealing rate, it is necessary to anneal the 

devices at a higher temperature, maybe even in the presence of hydrogen. This remains a 

future work and can be done by depackaging the bq4010ly IC and annealing it at a higher 

temperature, as the lithium battery within the IC should not be exposed to a temperature 

higher than 85°C. Alternatively, irradiating the equivalent SRAM chip from 

STMicroelectronics (M48Z58Y) which has a storage temperature of up-to 125°C can also 

help understand the annealing behavior better. This chip has a higher storage temperature 

because the battery and the memory chip are packaged in two different modules and can 

be stored separately. Irradiating the M48Z58Y chips can also help in studying the effect 

of radiation on the memory module and the battery independently.    
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